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Drude theory of metals: DC

« Under the action of a constant external electric field
- electrons get accelerated

F=——¢E

- if the average time between collisions is 7, then

<p> eE
<p>__e€E_
m m

<p>=Fr = <v>=
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Drude theory of metals: AC

« Under the action of an oscillating external electric field

- within a time interval dt electrons get accelerated by the field, but also loose
speed due to collisions

d<1)>__<n>_§
dt T m

- assume a harmonic time dependence for both E and <u> ~ e‘i“’t
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Metal dielectric function

* Maxwell’s equation for non-magnetic conductive media

VxE:—la—H VxH=4_”J+18_E
c ot c c ot
o Combine the two Vx(VxE):Vx(_%%{j

Plasmonics: Experiment, Theory and Applications

Az &) 1 0°E
VX(VxE)=——F—-——
” ( ) c® ot c? ot?
)il ° Use the vector identiy
5 Vx(VxE)=V-(V-E)-VE
ey
<
= and due to Maxwell's first equaton V-E =0
>
8
£ L, 470) 1 0°E
5
£
-
i
8
S
IS
3
o

Metal dielectric function

o Thus the metal dielectric function is

2
:>V2E+w—2(1+i4”—o-]E =0
C [0
—
) =il A )]

o’s(w)
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Metal dielectric function

« Back to the wave equation

o’e(w)
CZ

V2E + E=0
V’E+k?*E=0

« wave solution F ~ elkre-iet — gilkr—at) vkt = —|k| gkt = _k2glkr
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AINAEKTPIKN cuvaptnon: e(co) =& + iei Agiktng 81GBAaong: N =N, + il’]i
MoAwoHOTNTA TOU UALKOU Kal anoppo@non Alaokedaopog Kal anoppo@non
MpokUTTEL amo TNV NAEKTPOVIKN Slapoppwon KaBopilel Tig 1610tnTEG S1ddoong

. Wave propagation | — Eoei(kr—wt) _ Eoei((k,+iki)r—wt) _ Eoei(k,r—mt)e—kir

« along x direction E = Eoei(kx_wt) = Eoei«k’“ki)x_m = Eoe‘("'x‘“"e"“"
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Metal dielectric function

« Drude dielectric function 1

2
a 0
g(a)):l_z—_p
o +iolt 4l
w
« For simplicity set 7 = -2

T T

1 2 3
olo
p
in 12
n=imag=in | R=|— =1
g=n in, +1
n 12
n=real=n R=— <1
! n +1
-0 longitudinal waves:
W= &VE=0=VE=#0

Bulk plasmon

+ Nex — Nex

s Xe—

mX=-eE = self-sustained
. longitudinal charge
a 47Ne x=0 oscillations with
m frequency w,
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collector current, 10-10 A
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Surface plasmon polaritons

Two independent polarizations:

A propagating wave bound on
a metal-dielectric interface Transverse magnetic (TM) polarization
- e.g. metal-air interface E

Exponential decay away from
the surface

F oc ei(kx—cot)e—ra
Fr oc ei(kx—a)t)e+lc2




Surface plasmon polaritons

i(k-at) g w2 E

) dielectric: &y

e Only the TM has plasmon solution Foce
« SPP solution is obtained from combining:
- boundary conditions
- Maxwell’s equation
- wave equation

boundary conditions at z=0 { -------.. S e —— -
+ continuity of the parallel E Maxwell’s equati %

| EELE

« continuity of the parallel H i
— ! ]
H y H y

« continuity of the perpendicular D

wave equation

o’s(w)
CZ
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—k?+x*+ @’y /c*=0

2 —
VE + E=0=> E4En

-k +x% + e, 1c* =0

&g &

Surface plasmon polaritons

» Surface plasmon polariton (SPP) 2

en(@)=1-—2
K:—K’Sd/&'m m( ) 6()2

k=@ | Zaén
c\e+e,

IAYAYATAYA

THl— —1f1 - —Fi+- -

« Surface plasmon

p

1+ &y

en(@)=—¢y = 0p =
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Guided light

o Free waves in 3D

E _ éEOei(kx~x+ky~y+kz'z—wt) s

[0,
a)z kf+k;+k12=€c—2
V2E+ec—2E=0

e Assume an interface between two materials
- x direction is uniform, and so k, is conserved
- in material 1
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Surface plasmon polaritons

o Surface plasmon polariton (SPP)

2
o
=1-—L
K=-K'¢s, /&, £n(@) =1 >

K = o | &4&,
C\é& tén SN TN
T+t — t++ — ++F+ —

e Surface plasmon

@p

en(@)=—&4 > O =———
m d SP m
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Excitation of SPPs

» Surface plasmon polaritons exist below the light-cone
- special care is needed to excite them

Otto (TIR)

y S0

()

._\ il i

Kretschmann

(b

.

(d) SNOM (e) Diffraction grating (y  Diffraction

SPP applications

biological sensors

subwavelength waveguides

() O Flow channel (o) ()

o (o)
- Sensor chip
A with gold film
Palarized \ Reflected
light \ﬁv??/ % light

4
f
Nature Reviews | Drug Discovery F 530nm | 1550nm | 1570nm
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SPP waveguides

o Surface-plasmon-assisted guiding of broadband slow and
subwavelength light in air
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Metallic nanoparticles

« A metallic nanoparticle inside a electromagnetic field
- a<< A = electrostatic limit

Inside an electric field a
nanoparticle gets polarized

Em ~ &y

p(t) = 4;za3(—j E(t)
&, +2&,

 strong scattering

En— & . )
®,, =—E,rcosé+ m~%d strong local fields
En 284 r
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uniform
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Localized surface plasmon resonance

» Inside an electromagnetic field
the nanoparticle gets polarized

n(t) = 47@3(MJE(I)
En 28, f
} }
« Surface Plasmon Resonance ==

transmission

FB8So

0.8+

0.6

response
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reflection
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Localized surface plasmon resonance

Assume the metal dielectric

wZ

e(w)=1-——"—
(@) o’ +iolt

We calculate the effective
medium produced by the NPs

Maxwell-Garnett formula
& _ f En — &y

£+2¢, &, + 26,

for g, =1:

e=1

2
fa)p

+ -
- f)oier —0° —iwl T

This is a Lorentzian!

The free electrons oscillate as
a driven oscillator

NPs are like polarizable atoms

response

transmission

FEEE0

reflection
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Scattering Intensity (arb.u.)

Photon energy (eV)

[
» Ag nanoparticles
inside AIN matrix

Laser Beam OPtical
R | encoding by a
193 nm laser

as-grown (PLD)

laser-annealed (193 nm)

25 30
Photon energy (eV)

laser-annealed (193 nm)

sub-micron
feature sizes
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- JUcTAUOTO EYyPA®r
Reflection Reading

vicinity of nanoparticle

Light absorption Resonant heating
by nanoparticies of the nanoparticle surface
fwell abave 100°C)
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anti-EGFR conjugated * W
gold nanoparticles . 3
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Enhanced solar absorption

* Metallic nanoparticles and/or * Enhancement due to:
nanostructures can be used: - Scattering from the nanoparticles:
- on the surface increased optical path
- inside the semiconductor - LSPR near-fields: increased fields

_ on thelback contact driving the absorption

Particularly important for organic
and thin film solar cells

v

VIV VVVVY
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Solar harvesting

e A thin composite film of SiC
with W nanoparticles

e absorbs most of spectrum
« inert and stable (protection) —— solar spectrum
. 7 i ——— absorption by SiC:W film (1 ®
« withstands high temperatures e e i (1hm)ion' Gy
(>1000 °C)
E 78% absorption (i.e. 780 W/m?)
N‘\E 1.0
=
§ % absorption (i.e. 160 W/m?)
8 054
0.0 M M,::—\\"\fm

T T
500 1000 1 500 2000 2500
wavelength (nm)

' Theory of SPR near-field enhancement

B

p(a)) = &oéy anp (w)EO

Eo k,w

Au nanoparticle . Z
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a,y(0) = 473°Q = 4ma [ﬂ]

En+28,




GaIn o r ol [T
R TV T
A e k2. A 1 ik \an -
E(r,0) ~E (r,0)X + ———| —rx(pxr) +| ——— [3r(r-p) —p]
Aresg,| ¥ r r
V4 =
) for r<<A the dominant term is the I
c& |Eq (r,) = 2y (@)

absorption enhancement

oc |E(r, (o)|2
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Absorption enhancement

« ata point ]
F(r,0) =1+ | Q[ [%) (Bx2 +1)+

3 e
+2|Q|(%) (3x* —1)cosA P S

« if we integrate on a plane
F(z,0)=1-0(1-5%)+

s=min(L|z|/a) A=kr—kz+¢ A'=k|z|/5-ke+¢ Q=Qle*

Multiple scattering — Claussius-Mossotti &, —>
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- Absorption in the nanoparticle — reduced field strength
|Eo P> Eo P 1-Coe /L) =7 |y
Cyps = K Im{er, } = 47a°k IM{Q}
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Planar absorption enhancement

— dipole model
8 exact (FDTD)

o}-(0)

total field
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Simple dipole model has excellent agreement
with exact numerical simulations (FDTD)




) Planar and volume absorption enhancement

enhancement on a plane enhancement in all volume
through the nanoparticle center around the nanoparticle

—— theory
= fdtd

14% T

(k)

2.7%
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Volume enhancement of composites

if more than one type  (A) — 17 nn — Hﬂ'(c)
of nanoaprticles is =
present, the 3.0 €) (B
rescallings become: £ -8nm -
&
® ® . .
=<
e v Ag+Au
20 i
al(b) .
- R
o 15| a
2 Ag N 5 7 '}\_‘r
w2 I enhancement in all
10k volume around the |
1 ’ — nanoparticles
400 500 800 400 600 800
WWaveiength Wavelength

combining different nanoparticles we can tailor the
absorption spectrum of the semiconductor

Conclusions

o Exciting time for plasmonics
- sensors
- optical waveguides and components
- encoding
- biomedical
- solar harvesting
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