MAE 545: Lecture 3 (2/13)
Structural colors
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Reflection of light at the interface between two media

boundary conditions for incident
waves nhormal to the interface:

amplitude of E.
reflected r = ?
electric field 2

energy density of
electromagnetic waves
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Reflection of light at the interface
between two media

amplitude of E, Ny — g amplitude of
reflected transmitted
electric field | i ™1 +72 | . electric field



Interference

constructive
interference
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Constructive interference occurs
when the two waves are in phase:
waves offset by m\,

m=0,x1,%2,...
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Destructive interference occurs when

the two waves are out of phase:
waves offset by (m + 1/2)),
m — O, ::1, ::2, “ o
eik(m—l—l/Q))\ _ 6’i(27rm—|—7r) — 1




Interference on thin films
Constructive interference of
reflected rays results In
strongly reflected rays with
very little transmission.

mirrors

Deconstructive interference of
reflected rays results In
almost perfectly transmitted
rays with very little reflection.
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Interference on thin films

incident ray

ray reflected on
interface 1-2

ray reflected on |
interface 2-3

T 1

difference between optical path
lengths of the two reflected rays
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ny < no < nsg ni > N9 > N3
no additional phase

difference due to reflections
constructive

interference of OPD = m\
reflected rays

destructive |
interference of OPD = (m + —) A
reflected rays 2
m=0,x1,%2,...

ny > Ng < N3 ny < ng > N3y

additional 7 phase
difference due to reflections
constructive !
interference of OPD = (m 4 _) A
reflected rays 2
destructive
interference of Hpp _ )
reflected rays

What happens for
other wavelengths?



Transfer matrices

——
I 2TNg  NqW 0 d1

A Co EO(SE, t) — E, Rei(kow—wt) 1 FE, Lei(—kox—wt)
Electromagnetic waves _ i(kiz—wt) | i(—kiz—wt)
in different regions: Er(z,t) El’Re, Er Le
E, (33, t) — B, Rez(kgx—wt) 1+ B, Lez(—kgx—wt)
Boundary conditions:

Ey(0,t) = E1(0,1) E1(dy,t) = Ea(dy, 1)

an 8E1 aEl (9E2
T2000. 1) = =L — = (dy,t) = ——=(di,1
5 (0,1) 5 (0,1) By (di,1) . (dyi,1)
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Transfer matrices

| | &
0 dyq
Boundary conditions:
Ey(0,t) = E1(0, 1) Ey(d1,t) = Ea(dy, 1)
0FE 0F; OF OF5

%(O,t) 5 ——(0,1) By ——(d1,t) = P —(dq,t)

We would like to relate boundary conditions at
two different interfaces via a transfer matrix M;:

( sy )= 4 )

ox ox
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Transfer matrices

| > T
0 di
Electromagnetic Ei(r 1) = Fy petlkrz—wt) | p i(=kiz—wt)
waves in regions 1: 1) 1,RC + L€

Relation between boundary conditions:

( Er(dy,1) >:< Es(dy,1) )zM < L (0, ) >:M1( £4(0, ) )
98, (dy, 1) OL: (dy, t) P\ 20,1 98, (0, 1)
El,Rezikldl + E1,L€_ik1d.1 _y Eir+E11
ik1 By getfrd — ik By pe~#d ) TN\ Gk By g — ik Ey L

i i} k‘ d Sin(kl dl)
Transfer matrix M can be obtained M, = cos(k1dy), ki
by solving equations above: —kq sin(ki1dy), cos(kidy)
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Transfer matrices

0 1 T2
Transfer matrix for m layers:

Em—l—l (xma t) ) ( Em (xm—la t) ) ( Em—l (xm—27 t) )
= My, = My, M,,—1 OFE,,_ — ..
< 8E(’9W;;+1 (JZm, t) Ul (x’m—h t) O - ( m—2 t)

Note:
Em_|_1 (Qjm, t) EO(07 t) B COS(kada), sin(kydg)
( 8E8n;+1 (x"mﬁt) ) =M ( Lo (Ovt) Mo = ( —kq sin(kqd,), COS(Zaada) )
det(M) = det(M,) =1

27N, NqW
ka p— p—
A Co
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Transfer matrices

—— | ——f——2z

0 1 Ty **°* Tm—1 Tm
Incoming and outgoing electromagnetic waves:
Ein(z,t) = EgetFne=wt) 4 B ei(—kinz—wi)
Eout(x,t) = t Eqet(Foutz—wt)
( é)EE()ut(mmat) ): ( Myy, My > ( fip((),t) )
O%out (g, 1) Moy, Moo Olin ((), 1)
(Ma1 + Kinkouw Mi2) + t(kin Moz — kous Mi1)

i (—Mo1 + kinkout Mi2) + t(kous M11 + kinMos)
Amplitudes of reflected 9il o—iTmkou

. } t = ;
and transmitted waves: (— Moy + kinkousMi2) + i(kous M11 + Kin Mas)
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Example: antireflective coating

We would like to design a thin film coating for
glasses that minimizes reflection of visible light.

Nair ~ 1

wavelength [nm|

Assume that thin film is made of MgF: that can be - _ 138
easily applied with physical vapor deposition: film — =

interference of reflected rays can be satisfied 2dsimngim = | M + -

only for discrete set of wavelengths Ao : :
192 m:O,1,27...

Note: the condition for deconstructive ( 1)
A0



Example: antireflective coating

0.06

——no coating
—1 layer

R
O
o
a1

0.04 |

0.03

0.02 \

spectrum of visible light 0.01

reflectance

O I I 1 I I
400 450 500 550 600 650 700

400 500 600 700

wavelength [nm wavelength )\ [nm)]

Use film thickness that corresponds
to the destructive interference for the Atarget

wavelength in the middie of the dfilm = yr—— 100 nm
visible spectrum A¢yrgct = 550 nm :
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Example: antireflective coating

spectrum of visible light

reflectance R

400 500 600 700
wavelength [nm)|

Atarget = 550 nm

>\t t
deim = —== = 100 nm
T H1m

constructive interference
2nﬁlm dﬁlm = mA

006 ///// /
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—1 layer

o o
o o
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0.01 M‘

u/ \/

O I
200 /400
/ / wavelength A [
I

deconstructive interference
2N61mda1m = (m -+ 1/2))\
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Example: antireflective coating

Multiple layers of coating significantly
reduce the reflectance of visible spectrum!

Nair ~ 1

0.06 ; .
: ——no coating
: —1 layer
Sy 0.05¢ : — 3 layers
8 0.04f :
C :
-g 0.03} :
O E
15 0.02 + :
p - 1
spectrum of visible light 0.01¢
O : L | T

400 450 500 550 600 650 700

400 500 600 700

wavelength [nm] wavelength A\ [nm|

Use film thicknesses that correspond di = Aarect/(411)
to the destructive interference for the dy = \ ° /(2n9) <
wavelength in the middle of the 0, — )\target/(4n3)
— /\target

visible spectrum A, gt = 550 nm:
15

note the additional
~— phase difference!




Example: antireflective coating
Multiple layers of coating significantly

enhance reflectance of certain wavelengths
outside the visible spectrum!
Y/
/// / / ——no coating
- n _

Nair ~ 1

o
N

—1 layer
M /\ —3 layers

o
—h
o1

o
—h

spectrum of visible light

400 500 600 700 0 m
200 400 600

wavelength [nm)|

Atarget = 550 nm

d1 = Atarget/(411) Additional peaks (minima) correspond to the
da = Atarget /(2n9) constructive (deconstructive) interference for rays
ds = Marget/ (413) scattered on different combination of interfaces.
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Example: structural color

Chrysochroa raja bettle = We would like to design periodic structure, which
preferentially reflects green color with A\ = 500 nm.

Nair ~ 1

>

wavelength [nm]|

Typical refraction indices:
ng =169 np =156

Constructive interference of v
reflected rays can be achieved with:

m periodic layers (m=4)

dy = i — 74nm
4nH
A
dp, = = =80nm
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Chrysochroa raja bettle

< \

Example: structural color

|

400

wavelength [nm]|

reflectance R

0

Multiple periodic layers increase the
reflectance of target wavelength Ao = 500 nm

O
o

O
o))

O
~

0.2 Mﬁ

——m=1 layer
——m=2 layers
——m=4 layers -
——m=16 layers

400

450

500 550

A [nm]

600

650

In periodic structures high reflectance is

achieved for a range of wavelengths around the

/700

target wavelength. This range is called band gap.
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Refraction of light

Snell’s Total internal ; ,
law 1 1 = N9 2 reflection o > arcsin(ni /no)




Rainbow
Rainbow forms because refraction index n in water

droplets depends on the color (wavelength) of light.

Npurple > Mplue > Ngreen > Tlyellow > Tlorange > Tred

400 500

600 700 wavelength A[nm]

1
1.35%
1.34 \\
1.33 T
100 500 600 700
Alnm]

total internal
reflection



Double Ralnbow

primary rainbow secondary rainbow
(1 internal reflection) (2 internal reflections)

® -9

s water droplet

Sunu‘h(

~«—— Reflected sunhght

[otal Internal
/ Reflection

; V' 4 o W \ \
- i
— \. s .. d
;- ‘ - ) ! k‘ ——
'/ ¥ 4
4 ° L Refraction
4 5 Raindrops

e Dispersion
i Man sees rainbow.
o red at top.
Primary Bow viewing angles: from sun - to droplet - to observer's eye = 400 10 420
Secondary Bow viewing angles: from sun - to droplet - to observer’s eye = 520 10 540 |]|llE dt hﬂttﬂm

colors are reversed in the secondary bow!



Interference on thin films

Reflected
Light

Incident
Light

difference between optical path
lengths of the two reflected rays

OPD = ny (AB+ BC) —ni AD

OPD = 2nsd cos(6s)
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ny < ng < nsg ni > N9 > N3
no additional phase

difference due to reflections
constructive

interference of OPD = m\
reflected rays

destructive |
interference of OPD = <m + —) A
reflected rays 2
m = O, ::1, ::2, .« o

ny > No < N3 ny < no > N3

additional 7 phase
difference due to reflections
constructive !
interference of OPD = (m + _>
reflected rays 2
destructive
interference of OPD — m)\
reflected rays
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Interference on soap bubbles

Nair ~

constructive interference
for different colors happens
at different angles

2dngoap c0S(02) = (M +1/2)A

m = 0,

1,

2.,
23

soap bubble

visible spectrum

I I T

400 500 600 700

wavelength A|nm)



Structural colors on periodic structures

Single reflected color on Morpho butterfly
structures with uniform spacing

incoming reflected
light light

transmitted ;

light

400 500 600 700

wavelength A\[nm)

reflected color depends
24 on the viewing angle!



Silver and gold structural colors

chirped structure

Many colors reflected on
g . : Chrysina Chrysina e — .. .
structures with varying spacing imbata  aurigans T thicker
beetle beetle —_—
incoming reflected =
light light % v
/ = w thinner
lpum
disordered layer spacing
} visible spectrum

\ SILVER Y

I -
1
o> 400 500 600 700

wavelength A[nm] .

% Reflectance
b4




Bragg scattering on crystal layers

Constructive interference for waves with different
wavelengths occurs in different crystal planes!

constructive
interference condition
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Scattering on disordered structures

Eastern Plum-throated
bluebird Cotinga

Disordered structures with
a characteristic length scale.

This length scale determines
what light wavelengths are
preferentially scattered.

The selectively reflected
wavelengths are the same
in all directions!

This gives rise to blue
colors in these birds.

V. Saranathan et al.,
J. R. Soc. Interface 9, 2563 (2012) 5~



Dynamic structural colors
Chameleon (speed 8x) Comb Jelly (real time)

J. Teyssier et al., Nat. Comm. 6, 6368 (2015)

Changes in osmotic concentration lead to the https://www.youtube.com/watch?v=Qy90d0XvJIE
swelling of cells in excited chameleon. This
changes the spacing of periodic structure
from which the ambient light is reflected.

Rainbow color waves are produced by the beating
of cilia, which change the orientation of periodic
structure from which the ambient light is reflected.

skin yellow color green color




Structural colors

Structural colors of animals and plants appear due to the selective
reflection of ambient light on structural features underneath the surface.

Photonic

H. Wang and K-Q. Zhang, V. Saranathan et al.,
Sensors 13, 4192 (2013) J. R. Soc. Interface 9, 2563 (2012)
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Noise barriers around
the Amsterdam airport

Sound from airplanes that are landing and taking off is

reflected from artificial barriers into the atmosphere.
30



Controllable sound filters

In periodic structures sound waves of certain frequencies (within a “band
gap”) cannot propagate. The range of “band gap” frequencies depends
on material properties, the geometry of structure and the external load.

undeformed structure

reflected
sound

transmitted

incoming sound sound

deformed structure

incoming sound reflected

ke

P. Wang, J. Shim and K. Bertoldi, T ???T? T T T

PRB 88, 014304 (2013)




Waveguides in disordered structures

[\) y
| e AN e (| 6 oY
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Note: channels can have arbitrary bends!

W. Man et al.,

wavelengths that are totally reflected from a complete structure!
PNAS 110, 15886 (2013)

Channels inside structures can be used as guides for waves with



Waveguides in periodic structures

In periodic ® o 00 :
O'O 'O ®© @ @

structures waves O o

are completely ff 00000 :
® © @ @ & @

reflected only at YRR EEE °

certain angles. A Aeee0ss o0 .

S S 000000000 ©

Note: channels with certain bends act as waveguides only for
those waves that are completely reflected at these angles!




Further reading about structural colors
and photonlc crystals

Pho’romc Crysfols
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http://ab-initio.mit.edu/book/
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