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Further Reading

" Fox, Chapter 1, 2,7

Optical Properties
of Solids
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Optical Properties of Materials

Silicon

Metal

= Crystal Structures

0 polycrystalline, amorphous, single crystalline
" Electronics

7 conductor, insulator, semiconductor
= Optics (in the visible range)

o reflective, transparent, absorbing
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Optical Processes

" Review: Maxwell's Equations

= Reflection, Transmission, Absorption, ...

= Optical propagation in multi-layers
o Transfer Matrix Method
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Electrodynamics

" Maxwell's Equations

V-D=p,
V-B=0

OB

VXE=——

Ot

VxH-a—D+J

Ot

gﬁsn-dAzjvp-dV
<j>B.dA=o

$E-dl = j—dA

$H-dl = deA+j—dA

http://www.maxwells-equations.com/
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Electrodynamics

" Maxwell's Equations

V-D=p,
V-B=0

OB

VxE=—"—

o/

VXH:a—D+J

Ot

Constitutive Relations

AR FHR
B=uuH
D=¢¢E

&y & - Permittivity (dielectric constant)
g =1 for vacuum

& = 8.85*10-12 F/m
Lott, - Permeability

i, =1 for vacuum

Uy =41*1077 H/m
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Electrodynamics

" Maxwell's Equations o _
Constitutive Relations

FHIRFR
V-D=
“ B=uuH

V-B=0

B D=¢,cE
VXE=——

ot :

For most non-magnetic
VxH = G_D +J materials (no magnetic field),
ot py=1

Optical properties of materials
is determined by ¢, 12
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Electrodynamics
" In vacuum
1 py=0,J=0
0 u=1¢6=1
2
V’E = ¢, ok
V-D=p, 0
V:-B=0 ‘
°B — |E(x,5)=E ™| Plane Wave
VxE=——
Ot
~dD P27 oo 2T

wavevector angular frequency 13
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Electrodynamics
" In vacuum
1 py=0,J=0
0 u=1¢6=1
2
V’E = ¢, 0 ]23:
V-D=p, Ot
V:-B=0 ‘
°B — |E(x,5)=E ™| Plane Wave
VxE=——
Ot 1
_dD c=2 = =3x10° m/s
VXH—E-FJ k //LlOgO

light speed in vacuum 14



Electrodynamics

= |n a dielectric medium

Xing Sheng, EE@Tsinghua

5 py=0,J=0
0 u=1,¢6#1
VzE:,ugeazE
V-D=p, T o
V-B=0 .
B — |E(x,5)=E ™| Plane Wave
VXE=——
Ot Lo _ ¢ _c
== == E.=n
VxH:%—It)+J k \/ZF n .

light speed in a material
n - refractive index (H1572
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Electrodynamics

" |n a dielectric medium
5 py=0,J=0
0 u=1,¢6%1

E(x,t) =E,e“™| Plane Wave

2z
l!

=—n

2T

ﬂ’O

A" - wavelength in the medium
Ao - wavelength in vacuum
Frequency o does not change
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Complex Form of ¢, and n
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g and n depend on optical frequency / wavelength

n

1K

~ _ ~2
E.=N

8r=81+l<€'2 n

(~
2
g =n —K’
— <
&, = 2nK

\
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Complex Form of ¢, and n

(

1/2
n= %(51 + \/512 + 522)

1/2
K‘:\/IE( 51+\/512+522)

.

when g, >> g, (or n >> k), weakly absorbing
( ,—
&)

K~ —=
L n
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Reflection & 5t

Incident wave

Intensity |I « \E\z

_ i(kx—at)
E(x,t)=E.e 1 2
Reflective wave lhy=1 %
_ i(—kx—ot) A
Ep(x.1) = Eee . T T=72

Reflectivity & 5%
based on boundary conditions
of Maxwell's Equations

If medium 1 is air (A, = 1)

" 2
2 . L PP n,—1 (n-17>+x’
E, n, —n R=|- = > >
R=[—5 == n,+1| (m+1)" +«x
E, n, +n,
for normal incidence (6= 0)
Transmission EHE |7 =1-R
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Absorption IR
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Incident wave

E(x,t) = E """

After traveling a distance

L

ET (x’ t) — Eoei(kx—a)l‘)eikL

_ | i 2l AL
— &

i(kx—ot) i2zn/A*L _2nx/A*L
=E e e e

Lambert Beer's Law |/ =

—alL
/e

Intensity |7 oc \E\z

I

I

Abso rbing_"__"_ -
a

L

1) | g
X

-

L

o = N absorption coefficient (unit: /m) 20
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Transmission 1 E5}

Reflection R [z 5 1 2 3
I, =100%
Absorption A U N P~ T
N
R \ A

Transmission T i&E&7

R+A+T =1

21
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Example: Silicon

= At 1 =600 nm, for Si, n = 3.94 + i*0.025, calculate

17 Reflection R at the air/Si interface
0 Absorption coefficient « at 600 nm
7 Absorption by a Si film with thickness L = 0.01 mm

22



Example: Silicon

Xing Sheng, EE@Tsinghua

= At 1=600 nm, for Si, n = 3.94 +1*0.025, calculate

17 Reflection R at the air/Si interface
0 Absorption coefficient « at 600 nm
7 Absorption by a Si film with thickness L = 0.01 mm

2 2

R=U1"D TK 35 40,
(n+1) +x

o= 524%10°/m
A

A=1-e* =99.5%

23
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Example: Silicon

= Silicon is a very good absorber at A =600 nm

" |t can be used to make solar cells and cameras
= Surface reflection is very strong

" |t needs an anti-reflective coating ARC (i [%)

2 2
R=U1"D TK 35 40, bare
(n+1) +x Si
wafer
o =K _524%10%/m
A
Si
o solar cell
A=1-e " =99.5% with ARC
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Example: Silver

= At 1=600 nm, for Ag, n=0.12 + i*3.66, calculate

1 Reflection R at the air/Ag interface
0 Absorption coefficient « at 600 nm
7 Absorption by a Ag film with thickness L =100 nm

25



Example: Silver
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= At 1=600 nm, for Ag, n=0.12 + i*3.66, calculate

1 Reflection R at the air/Ag interface
0 Absorption coefficient « at 600 nm
7 Absorption by a Ag film with thickness L =100 nm

2 2

R=U"D *K g6 70,
(n+1) +x

o= _767%10"/m
A

A=1-—e"* =99.95%

26
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Example: Silver

" Ag is a very good mirror at visible wavelengths
" Light can only propagate in Ag at a very small depth

- (n-1)+«°

R
(n+1)" +x°

=96.7%

o = 4%’( =7.67*10" /m

A=1—e** =99 959, mirror reflection

27




Xing Sheng, EE@Tsinghua

Multilayer Optical Structures

Solution based on the boundary conditions of Maxwell's Equations

calculated by Transfer Matrix Method
Lecture Note 5.2
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Example: Anti-Reflective Coating (ARC)

At 1 =600 nm, no ARC air  ARC Si
R(air/S1) = 35.4% o= 1000\/0/\/ “—_*
- \_ N T
Design an ARC R YN
' ° <+ L
n = \/n(air) * n(Si) =1.98
100
L=:£=75mn = 80
4n E 60-
'8' 40.' bare Si
R(A=600nm)=0 E’ 20.\
] with ARC
0- . /

400 600 800 1000

Homework 9.1 Wavelength (nm) 29
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ARC for Si

At 4 =600 nm, no ARC
R(air/S1) = 35.4%

Design an ARC

n = Jn(air) * n(Si) = 1.98

L:i:75nm
dn

R(A=600nm)=0

100

Reflection (%)

N
o

A Si solar cell
with ARC
looks blue

o o
.2

401

bare Si

1 with ARC

4
Q: How to further reduce the reflection? / Wavelength

00 600 800 1000

(nm) 30
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Example: ARC for Glass

For glass n=1.45

At 1 =600 nm, no ARC
R(air/glass) = 3.4%

Design an ARC

n= \/n(air) *n(glass) =1.2

thickness = i =125 nm

dn

with ARC 31
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Example: Bragg Reflector

arr A B A B A B air
Iy = 100%
N APATARANAL AN~ T
VAL AV oV AV oV AV
R \
LA LB
h.—./
N pairs of A/B films

If we choose L, = A L 4

- 4nA B 4nB Project 3

(”AZN—”BMT If n,#n,, when N - +o0
R —100%

32




Example: Bragg Reflector
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A perfect mirror
(Bragg mirror)
(better than silver)

1D photonic crystal
(ST EmiF)

Project 2

100 —
90 | A \
80 |
< 70 |
5 500 ]
8 w0 o
T ol o ;
N A\
10 | \{ | .
0950' 1000 1050 1100 1150 1200
Wavelength (hm)
2N 2N \?
po| M My If n,#n,, when N — +o0
- 2N 2N
n, +tny R —>100%
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Photonic Crystals (JtF G &)

" Periodically structured optical media
n Forming photonic band gaps
a7 no light can pass through (~100% reflection)
n color created by structure, not material absorption

uniform index

(a) //[\
/7 \
/ \
/ \
/7 \

(b)

gap

i
N

-n/a nla -nl/a

n/a

A VE
NN

R~100%

http://large.stanford.edu/courses/2007/ap273/dail/

Reflectance (%)

100 ————

90 I’ o] \I B
80
70 h
60 |
50 AV
40 :2?pairs w
30 \ 1:;2 A
NI FiVER\S
10 \J | I U Vs :
S0 1000 1080 1100 1180

Wavelength (nm)

1200
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Photonic Crystals in Nature

15kV 1um x20,000

E. Armstrong and C. O'Dwyer, J. Mater. Chem. C 3, 6109 (2015)
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Thank you for your attention
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