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Outline

 What is Light?
e Light Absorption

 Interaction of Light with Matter
— Reflection/Refraction
— Fabry Perot resonances
— Waveguiding
— Diffraction / Photonic Crystals
— Plasmonics
— Mie Scattering
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What is Light?

Fig. 1

Light: Electromagnetic wave radiation

- Fig. 1 taken from Wikipedia: http://en.wikipedia.org/wiki/Wavelength#mediaviewer/File:Light_dispersion_conceptual_waves.gif
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What

‘—A1 | Az A3 A4*F

IS Light?

Fig. 2

Resemblance to ocean waves?

- Fig. 2 taken from Wikimedia: http://upload.wikimedia.org/wi

kipedia/commons/d/d7/Local wavelength.JPG
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What is Light?

Direction wave travels in
>

E: Electric field —~ A: Distance between

E < >
B: Magnetic flux density successive peaks
c: speed of light
f, v: frequency of light
h: Planck’s constant
w: angular frequency

f: number of cycles per second

Fig. 3 passing a fixed point
C C
— — = — :wavelength
. f v
E=hv=27f=h0 .oy

- Fig. 3 original: http://www.sipex.ag/access/page/index.html%3Fpage=03040cdO-bfaa-102a-8ea7-0019b9ea7c60.html
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What is Light?

Penetrates Earth's
Atimoephece? N N
Radiation Type  Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 10° 1072 107% 0.5x10 % 1078 10710 10712

sc (| ? &

Buildings Humans  Butterflies Meedle Point Protozoans Molecules  Atoms  Atomic Nuclei

104 -!DEI -”}12 1015 -IG'IG -IG'IB- “320

Temperature of
objects at which 4
this radiation is the |
most intense "Wy
wavelength emitted

1K 100 K 10,000 K 10,000,000 K
-272°C -173 °C 9,727 °C ~10,000,000 "C

Fig. 4

- Fig. 4 taken from: https://wikis.engrade.com/al21biology2012/visualcommunication
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What Is Light’?

% x = + J(7, t)
V-B(#t) = pm (7, )
V-D(#t) = p,(#t)

Maxwell’s Equations

James Clerk Maxwell

(original image: http://www.st-andrews.ac.uk/~ulf/perfectimaging.html)

r: position (X,y,2)
t: time

—_— —_— —_—

2(7'» t) = EOE(T; t)+p E(T' t) = EOErE(r' £) . Light in bulk, homogenous,
B(r,t) = ugH@# t)+ m"™ - B(#,t) = uou, H(#,t) isotropic media
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What is Light?

AZ =
- 0B(r,t _,
C VXE([, t)=— ( )—M(F,t)
gr:ﬂrzl at
, oD(#1t)
Vx B¢ = g’; ) i 0)

/\ Y VBG0 = 1)
y

y V-D(# t) = po(7t)

Simplest example: vacuum _
Maxwell's Equations

F(r,t) = Re[F (r)efwt] : Harmonic, monochromatic fields
T- - . R G
P E(7,t) = Re {Eqe/te %7} : Eield (vim)

Vx E#t) x dE(#,t)/or S
[(r) = E§ . Intensity (V2/m?2)
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What is light?

E('F’, t) = Re {Eoejwte"jE'F} E@#t) = E, cos(l?t> T — a)t)

[(7) = Eg k-7 —wt : Phase term
E
H
Plane waves (planar wavefronts)
K: wave vector K
Fig.5
r \ | ‘
(:) ok
N i

Fig. 6

- Fig. 5 original: http://upload.wikimedia.org/wikipedia/commons/2/20/Plane_wave wavefronts 3D.svg
- Fig. 6 original: http://www.mysearch.org.uk/website3/html/12%20The%20Electron%20Phase%20Shift.htm
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What is Light?

w 271 . . : :
k=—= 5 . Dispersion relation (w-k) for plane wave in free space
c
. 3 x 108 d of light in f
c = ~ 3 X . speed of light in free space
VEoHo
1 g o o
V= < 3 X 10° : phase velocity in a medium with €, or y, >1
VEoErtoly

Ve Uy = N~JE, : refractive index of the medium
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What is Light?

w (rad Hz) air line £=1 _w _2;
/ k=2=7
// / ZnO line =4
/ /7
/7
aSi:H line ¢=16
/s -
/s
~
/7
k (rad/m)

Dispersion lines in bulk material
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What is Light?

Spatial domain
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Whatkis Light?

e IFC :any kx, kz inside
P N the circule is available
w 2T

k=7=7
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What is Light?

E orw w 2T
C

Fig. 7

K,

- Fig. 7 original: http://upload.wikimedia.org/wikipedia/commons/7/72/DoubleCone.png
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Light Absorption

E(#,t) = Re {Eoef“’te‘j""?} W W w o
k = —=—n =—,/g, : Whatif g is complex ?
I(7) = E? v o C c

—_ . - !/ =7 I
Vér = \/5real — J€imag =N — Jjk

AZO

e —

| | \ \ | \ ; ‘
gﬂﬂ 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

| l l | | | |
gﬂﬂ 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)
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Light Absorption

Let us assume propagation
along x

E(#,t) = Re {Eoej“’te‘fz‘?} o w 21
o - kr=>cnxx—/1(n jkDx
I(r) = E§

E(#t) = Re {E eJwte=ik: ’”} = Re {Eoef"’te_jz%(n’_jk’)x}

N 27‘[ n' 2T
E(7,t) = Re {E efwte 7™ oK x}

[(#) = EZe” A’”“—EZ —ax
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Light Absorption

nSi

i I i i i
700 800 900 1000 1100 1200
Wavelength {(nm)

Intensity

: i j ] i ]
gﬂﬂ 400 500 600 700 800 900 1000 1100 1200
Wavelength {(nm)

47zk.

| (X) — E026_7 X _ Eoze—ax

v
X
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Intensity

v
X

Www.nano4me.org

Light Absorption

A1) =1-R(A)-T(A)

| |
L visibh negr mﬁ-arq:f
E

50.%?.' energy distribulion

w yitraviolet (300-400 nm)

m yisibe (d00-700 nm

m pear infrared (700-2500 am)
|

- Fig.

0
250 S00 TS50 1000 1250 1500 1750 2000 2250 2500
wavelength (in nanometers)
Fig. 8

8 taken from: http://solarjourneyusa.com/sunlight.php

cut—off

Jge € j A(AD) p(A)d A : short-circuit

300nm

© 2018 The Pennsylvania State University

current (mA/cm?)
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Interaction of Light with Matter
Reﬂection/ Refraction

I R :
0 Tangential components

| R
€1 boundary ) ——Xx_

&2 I
T
T
E — E eja)te—jklsingx E — rE ej(()te—jklsin¢x E :tE ej(()te—jszin¢X
| 0 'R 0 T 0
E+E.—E,

E 0 IXGINO, (E giotEhsndO) (o lugiioin v

Must be satisfied for all r and t
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Interaction of Light with Matter
Reflection/Refraction

WILLEBRORDUS SNELLIUS,

Fig.

9

k,sin@=k;sin g=Kk,sin p= O=¢

= —n,sinf@= —n, sin = n, sinf=n,sing

C C

incident
ray

incident
wavefront

interface

Fig. 10

- Fig. 9 taken from: http://en.wikipedia.org/wiki/Willebrord_Snellius#mediaviewer/File:Willebrord_Snellius.jpg

- Fig. 10 taken from: http://mathforum.org/mathimages/index.php/Snell's Law
- Fig. 11 taken from: http://dev.physicslab.org/Document.aspx?doctype=3&filename=GeometricOptics SnellsLawDerivation.xml

Www.nano4me.org

fast medium
slower medium .~ P
-~ -~ -~
s 7N 7\
! 7 ad \
refracted \
wavefront \
b ]
Fig. 11

© 2018 The Pennsylvania State University

refracted
ray
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http://mathforum.org/mathimages/index.php/Snell's_Law
http://dev.physicslab.org/Document.aspx?doctype=3&amp;filename=GeometricOptics_SnellsLawDerivation.xml

Interaction of Light with Matter
Reflection/Refraction

Specular Reflection Diffuse Reflection

Fig. 12 Fig. 13

- Fig. 12 and 13 taken from: http://mathforum.org/mathimages/index.php/Snell's_Law
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Interaction of Light with Matter
Reflection/Refraction

Understanding Refraction with IFCs
K

Fast medium (g,)

K, =Qn1
C

k-space
Slow medium (g,) ~
0) Ki: incident wave
K, = Fnz k,: refracted wave

www.nano4me .org © 2018 The Pennsylvania State University Solar Cell Optics 22



Interaction of Light with Matter
Reflection/Refraction

X

5

Tl
o

LI

. A=

& -
S

u_"_.-
l,:;:-f'l
-
B By

Ty
By tn

© Warren Krupsaw/Solent News

Fig. 14 Fig. 15 Fig. 16
Moth'’s eye under SEM Designs inspired from
moth’s eye

- Fig. 14 taken from: http://www.dailymail.co.uk/news/article-2195134/Americas-MOTH-model--Winged-insects-pose-tip-finger-stunning-close-ups.html
- Fig 15 and 16 taken from: http://www.nanowerk.com/spotlight/spotid=7938.php
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Interaction of Light with Matter
Reflection/Refraction

P E'/k .
/ 4
"4 ’,,_\\\
Fig. 17
nanolensing |
(wavefront shaping)
Same
thickness absorber absorber absorber absorber

Flat case Nanodomes/Nanolenses
- Fig. 17 taken from: http://cnx.org/contents/031da8d3-b525-429c¢c-80cf-6¢c8ed997733a@8.8:204/College_Physics
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Interaction of Light with Matter
Fabry Perot Resonances

1 — EjeJk1x E,
; x=0
@ T1E0€+Jk1x >T'1EO
17 ]2 6| — — =0
©1 3 — tyEgeTHex t1E
x=0 | : 1~0 7L1 L0
£
2 t .
3 : 4 3' — t1Eg——tEge /42!
| —jkot
| 3 4 5 — tztlE()e JR2
X=t
&1 / ,t L kot +jko(—t
- 4" —rytyEqe T2t — syt Eje k2t g ik2(=1)

o .
@ t27”2 tlEoe_zjkzt

Total R: 2+6+... 7 — r2r2t1Eoe_2jk2t
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Interaction of Light with Matter
Fabry Perot Resonances

Interference

2 jkot

Rx 0= rlEO + tzrztlEoe - + tzrz rzrztlE @ ~4 jk.t n

Dark spots

Bright areas
Fig. 18

- Fig. 18 original: http://emfsafetynetwork.org/maine-utility-admits-smart-meters-cause-interference/
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Interaction of Light with Matter
Fabry Perot Resonances

i | i i i
gﬂﬂ 350 400 450 500 550 600
wavelength {(nm)



Interaction of Light with Matter
Fabry Perot Resonances

i *‘ I EE 356nm 400nm

No reflection
2Kt =27rm = Am =2n,t

m = integer, eg. m=0,1

Standing wave

t=400nm < formation
T T TR T T
)
— = mERa T

www.nano4me.org © 2018 The Pennsylvania State University Solar Cell Optics 28



Interaction of Light with Matter
Fabry Perot Resonances

Destructive interference
at this boundary

A
4

M,

TCO

Fig. 19

© 2018 The Pennsylvania State University

Fig. 19 original: http://upload.wikimedia.org/wikipedia/commons/8/8c/Optical-coating-2.pna/

www.nano4me.org

Quarter wavelength
matching
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http://upload.wikimedia.org/wikipedia/commons/8/8c/Optical-coating-2.png/

Interaction of Light with Matter
Fabry Perot Resonances

04

\ Bare silicon

A N

=
w

>
> 0.2 \ Silicon under glass
8
[T
2

0.1 1

0_0 i A A A

400 600 800 1000 1200
Wavelength (nm)
Fig. 20

- Fig. 20 recreated with the data collected from: http://pveducation.org/pvcdrom/design/anti-reflection-coatings
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Interaction of Light with Matter
Waveguiding

. light

Standing Waves inside

Light ?

‘

Light guiding

Cladding
Acceptance ’ V' ~——
IR
Cladding

Fig. 21

- Fig. 21 taken from: http://photonicswiki.org/index.php?title=File:Optical-fibre.svg
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Interaction of Light with Matter
Waveguiding

600 ’li/, / ////

/

! / ///
) ! d
é@ l// &/
) ! i
P
g ' i
- ] 4 5/‘ Green: Slab cone

AN
N\

Red: Air cone

0o 1 2 3 4 5 " 6
kparallel (x10)

82:16

€,=1 . . . . .
Dispersion results for a dielectric waveguide

- Fig. 22 taken from: http://i-fiberoptics.com/images/if-547-19.ipg
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Interaction of Light with Matter
Waveguiding

300 THz 450 THz

£=1 > K1//max OF K1max
— Koy Koy 2 Kyymax (K, =0) Ky =kyy

2 2 _ 2 2 _ 2 2 .- .
2/ +k22 _k2 k k2// _klz :>klz |mag|nary

1// max

K
€,=16

www.nargam_e.;l'g © 2018 The Pennsylvania State University Solar Cell Optics 33



Interaction of Light with Matter
Diffraction
l/,/\\éf = dsiné ¢1_ ¢2:V¢

S 27
,z ]9 V¢ = kA = 7 A = 272'm
_ ? \éf «’k ;
al AL Edsind = sinf :—d
2 _<\ &
‘ N A collective action as soon as
> \%( \\"‘k 1 there is discontinuity along the
|£‘ i reflection plane.
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Interaction of Light with Matter
Diffraction

Outgoing modes Far-field monitor
10 10

Reflected
modes

y (um)

A=400 nm A=700 nm

.nano4me.org d: 1000 nm © 2018 The Pennsylvania State University d: 1000 nm Solar Cell Optics 35



Interaction of Light with Matter
Diffraction

c

2 1.0 s 1.0

a - 1storder E - »

g 0-8- 2 order 2359 % = 1storder

o 530 @)

3 0.6 l < 0.6 440

= - ] :

S 0.4 £ 04-

® ' e '

N 0.2- © 0.2

(3+] anan

£ | A A —

6 00+—v—itde—pg ot Jv __JN € 0.04+— /\ .“. /\ :
Z 90 -60 -30 0 30 60 90 S 90 60 -30 0 30 60 90

Angle (0) Angle (0)
The higher order diffractions (1st, 2nd | etc....) are e.g. sin”'(700 / 1000) =44.42°
observed at angles that obey the simple formulation  for +1storder diffraction
A=400 nm A=700 nm
d=1000 nm d=1000 nm

** Notice the small deviations (less than 1°) between the simulation results and diffraction formula
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Interaction of Light with Matter
Diffraction

X (um)
X (um)

y (um) . mA

A=400 nm df A=700 nm
www.nano4me.org d: 1400 nm © 2018 The Pennsylvania State University d:1400 nm Solar Cell Optics 37



Interaction of Light with Matter
Diffraction

5 1.0 5 1.0
= i 5 i

2 o0.8- 16.5° 2 0.38- 300

B B J

(m) (m)

S 0.6 S 0.6

% %

T 0.4- T 0.4-

4] 4]

5 | 5850 =

3 0.2- J' 34.9° 3 0.2-

= v i =

(4] 1 (4] 1

E 0-0 % _lA- L 4[ A' L 'A lb L ‘Al_ ¥ E 0-0 % ) L J L] L L L} L L J L} L L ) ¥

S 90 60 -30 0 30 60 90 S 90 60 -30 0 30 60 90

Angle (6) Angle (0)

A=400 nm A=700 nm
d=1400 nm d=1400 nm
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Interaction of Light with Matter
Diffraction

y (pm) sinf= —= y (pm)
A=400 nm d} A=700 nm
www.nano4me .org d:500 n m © 2018 The Pennsylvania State University d:500 n m Solar Cell Optics 39



Interaction of Light with Matter
Diffraction

[
l
-
+
=3

=3,

i \ :l

| i l.
WLie
ossge ol

y (rm) . mA y (rm)
A=400 nm n,d A=700 nm

www.nano4me .org d:700 nm © 2018 The Pennsylvania State University d:700 nm Solar Cell Optics 40



Interaction of Light with Matter
Diffraction

| Surface normal

I ¢2_ ¢1=V¢
| V¢:kdsingo:27ﬂndsingo

l

Incomlng wavefront

|||||||||||||||||



Interaction of Light with Matter
Diffraction

Surface normal

¢2_ ¢1:V¢i ¢1_ ¢2:V¢o

21
Vo, = k,dsinf = Tnzd sinf

21
Vop; = kidsing = Tnld sin @

www.nano4me .org © 2018 The Pennsylvania State University Solar Cell Optics 42



Interaction of Light with Matter

Diffraction
¢1_ ¢2: V¢o ¢2_ ¢1ZV¢
2T 2T
Vo, = k,dsinf =7n2dsin9 Vo; =k1dsinqo:7n1dsin<p
Vo,—Vg=2rm

k,dsin@—k,dsingp=2zm

k,sin@ =k, sin ¢+27[Tm

\_Y_}\YHY}

Outgoing  Incoming Phase
tangential tangential term

www.nano4me .org © 2018 The Pennsylvania State University Solar Cell Optics 43



Interaction of Light with Matter
Diffraction

A =700nm
4=30°
| kz n=2
d= 700nm
Othorder

|k =R =y

.............. > kf +k:2 =k§ :(E“)z
c

}kx interface

k, sin@ = k,sinQ=k,

.nano4me.org © 2018 The Pennsylvania State University Solar Cell Optics 44



Interaction of Light with Matter
Diffraction

A =700nm
Ak 0=30"°
g n=2
d =700nm
m=-1, -1 order oth order

m=2, 2" order

kx interface
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Interaction of Light with Matter

Diffraction
A=700nm
6=30°
d =700nm
n,=1
n,=2
(x) 103nm
_ sin-1(sin@/n,+mA/n,d)
Oth order 14 degrees
1storder (m=1) 48 degrees, (m=-1) -14 degrees

2nd order (m=2) NA, (m=-2) 48 degrees
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Interaction of Light with Matter
Photonic Crystals

t;=280nm | t,=520nm

)
light

n1:3 n2:1 n1=3 n2:1 n1:3 n2=1 n1=3 n2:1

What happens if we stack layers along the propagation direction?

www.nano4me .org © 2018 The Pennsylvania State University Solar Cell Optics 47



Interaction of Light with Matter
Photonic Crystals

—
Q
'

3.0

700 -
E .
2 600- 6 125 3
[= (o)
) - 5]
4 500 f=— 5 >
g 20
: ; :

400- <
=
8 153
2 300 2 =
z ]

1 -1.0
B k-space X
1.0 W W
(b) |

c
2 0.6
[7)]
2
£
g 0.4
P 1 2 4 5 6 7 8

0.2

0.0 U L)L SEIR'E!

250 300 350 400 450 500 550 600 650 700 750
Frequency (THz)
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Interaction of Light with Matter
Photonic Crystals

L =1400nm
n,=3
light Square lattice
) n, =1
L
— n,

Solar Cell Optics 49



Interaction of Light with Matter
Photonic Crystals

Periodic Dielectric Bulk Material
Function

Bulk material

E(#t) = Re {Eoej“te'fE'F},k ==

Periodic Structure
e@)=e(@+L) - E@) =E@+1L)

E(#1t) = Re {u(?)ej“’te‘j}'F}

5 . 2T
u(®) =u(@+1L), k= T

Bloch Functions/Waves

www.nano4me.org © 2018 The Pennsylvania State University Solar Cell Optics 50



Interaction of Light with Matter
Photonic Crystals

k,
L/ L M(TT/L, TT/L)

Irreducible Brillouin Zone

X (11/L,0) y
-Tr/L I (0,0) Tr/L §

Brillouin Zone

-Tr/L Spatial domain -> k-space
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Interaction of Light with Matter
Photonic Crystals

f (Hz) |

3.50E+014 -

3.00E+014 4

2.50E+014 4

2.00E+014 -
1.50E+014 -
1.00E+014 -

5.00E+013 4

0.00E+000

r—s X—m M ——>

1

2
k-space

Pennsylvania State Universit

3

r
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Interaction of Light with Matter
Photonlc Crystals

=
<»

-
W)
Co
-

0 o @ [0 ) i L
o a“;om‘_{q © dodle olCF <
6 6 90 664000696 dn o>

X (pm)
X (pm)
X (um)

n
6 o
Q
o
o
o=
6 o
5
-
P
N
o

i
.o
)

y (um)

A=400 nm A=700 nm A=1000 nm
L=1400 nm L=1400 nm L=1400 nm

Some inherent modes of the PC are coupled good enough to the impinging light,
resulting in good transmission results.
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Interaction of Light with Matter
Plasmonics

Normally:
- Metals totally reflect the incoming light

- High conductivity=> Electrons react to the
incoming light, almost no penetration.
At smaller wavelengths:
-The electron cloud and the incoming light
interact. They form SPPs.
-SPP is attached to the metal, can cover

A.. long distances. |2

LAY

- Fig. 23 taken from: http://en.wikipedia.org/wiki/Surface_plasmon#mediaviewer/File:Sketch_of_surface_plasmon.png
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Interaction of Light with Matter
Plasmonics
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Fig. 24 Fig. 25
Silver as PEC SPP on Silver

- Fig. 24 and 25 taken from: http://en.wikipedia.org/wiki/Surface plasmon_polariton
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http://en.wikipedia.org/wiki/Surface_plasmon_polariton

Interaction of Light with Matter
Plasmonics
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Frequency (THz)

Interaction of Light with Matter
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Interaction of Light with Matter
Plasmonics

w = cky/(n,5ind)

Fig. 26

- Fig. 26 taken from: https://www.thermalfluidscentral.org/encyclopedia/index.php/Surface plasmon_(or_phonon) polaritons
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Interaction of Light with Matter
Plasmonics / Mie Scattering
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- Fig. 27 taken from:
http://eniyavaikooral.blogspot.com/search/label/%EQ0%AE%AE%EQ%AE%BO%EQ0%AF%81%EQ%AE %A4%EO0%AF%SDY%EO%AEYAL%EO%AF

%81%E0%AE%B5%EQ%AEYAEY%EQ0%AF%8D#axzz3FPFMWpJb
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Interaction of Light with Matter

www.nano4me.org

Mie Scattering
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Dielectric spheres
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Interaction of Light with Matter
Mie Scattering

Mie Scattering,
small particle

Mie Scattering,

large particle

Fig. 28
Mie Resonances

-Fig. 28 taken from: http://www.laserfocusworld.com/articles/2014/03/forming-silicon-into-microscopic-spheres-forces-it-to-absorb-infrared-light-
enabling-better-photodetectors-and-solar-cells.html
-Fig. 29 original at: http://www.gamedev.net/topic/642193-what-causes-light-scattering-and-absorbtion/
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