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Content

* Light meets materials
— Reflection
— Absorption
— Transmission
— Scattering
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Light meets material

laser beam
* Light meets materials icientiignt reflected light
— Reflexion ¥
— Absorption
— Transmission
— Scattering i

substrate

transmitted light
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Fresnel Equations

Light intensity (Power) coefficients:

In case of normal incidence:

Do not forget to use complex refractive index, if absorption is present!

2 2
R n —n, Ro n, cos(6,)—n, cos(6,)

~

o o > etc.
’
o+, normal n COS(Hl) i, COS(QZ) general case
incidence
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Fresnel coefficients

e The materials refractive index

determines the fraction of reflected
Can the reflected light light R

intensity be calculated?

The reflexion coefficient R is polarization

dependent:
2
ny - cosf; —n, - cos O,
R, =
nq - cosf; +n, - cosf;
2
n, - cosf; —nq - cos 6,
Ry, =
n, - cos6; + nq - cosf;
— Ny, refractive index of medium 1 et 2
- 6 incident angle
- 6, transmitted angle
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Polarisation

* What is polarization?
* For linearly polarized light:
— s —polarisation 1 (senkrecht; german for perpendicular)
* Electric field vector perpendicular to light propagation plane
— p - polarisation Il (parallel)
¥ A e Electric field vector lies in the light propagation plane

polarization filters are often used in photographie
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Angle de Brewster

nm=1, nn=1>5
100 : . :
R, !
R |
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g aof ! 2
= ! Nn, - cosf; — nq - cos 6,
= 1 —_ J—
:"'J‘ 1 Rp -_ —_— 0
g ! n, - cos@; + ny - cos B,
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Angle of incidence 6; (°) Descartes law
n;

O = arctan| —
n
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Reflection

1,0F
I _ _ S
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o
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Reflection

1,0F
' Metall (n=20, x=60)
0,8F
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machining under Brewster angle
(increase absorption for metals)
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Diffuse reflectance

Specular and Diffuse Reflection

Specular Diffuse
Reflection Reflection

https://micro.magnet.fsu.edu/primer/java/reflection/specular/index.html

Specularly
Reflected Light

Incident Light

Diffusely
Reflected Light

Diffusely
Reflected Light
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Optical properties of Metals

Metals are shiny and typically not transparent

infrared visible

1.0

0.6 silver

Reflectivity

0.2}
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What would be the best laser for metal processing?
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Electrons in Metal

in metal electrons are not bounded = free-electron plasma

d’x dx o
m0?+moy5+m=—eE(t)=—eEoe '

acceleration damping E-field driving force

“spring” (returning force)

solution; term is not present
e
X = L)
my(@” +iwy) dielectric constant for free-electron plasma
(in first approximation for metals):
Ne 1 ®
P==N,ex=¢g(e-1)E — g(0)=1-——— =l-7—
&M, (a) +i7/a)) (a) +i7/a))
@, = plasma frequency

&y,
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Theoretical Plasma Frequencies

Table 7.1 Free electron density and plasma properties of
some metals. The figures are for room temperature unless
stated otherwise. The electron densities are based on data
taken from Wyckoff (1963). The plasma frequency wp is
calculated from eqn 7.6, and Ap is the wavelength corre-

sponding to this frequency.

Metal Valency N wp /27 Ap

(1022 m=3) (10'°Hz) (nm)
Li (77K) 1 4.70 1.95 154
Na (5K) 1 2.65 1.46 205
K (5K) 1 1.40 1.06 282
Rb (5K) 1 1.15 0.96 312
Cs (5K) 1 0.91 0.86 350
Cu 1 8.47 2.61 115
Ag 1 5.86 2.17 138
Au 1 5.90 2.18 138
Be 2 24.7 4.46 67
Mg 2 8.61 2.63 114
Ca 2 4.61 1.93 156
Al 3 18.1 3.82 79

@,
g()=1--—
(a) + 17/0))
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Reflectivity

reflectivity of free-electron gas and
real metal (Al)

1.0

e
N oo

S o
<o N
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hw,=15.8 eV
| experimental data
0 5 10 15 20
Energy (eV)
_1
s T

y —damping coefficient

7 —momentum scattering time
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Dielectric Constant and Conductivity

io(w)
@ s(w)=1+ :
g(w)=1-——+ (@) £,0
O +iyw
o(w)= Oio — AC conductivity
|-iwt
N,e’ .
O, = €’ _pC conductivity
m

conductivity and plasma frequency
2 f tal are directly linked
O,=0.E,T orame Y
0 p-0 (link between optical and electrical
properties)
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Reflection of Al, Ag & Au

1,0

0,8

0,7

Reflexionsgrad [um]

. O B SEm NS = -
-

aufgedampfter Film

polierte Oberflache

0’5 1 I
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Reflection coefficients and penetration depth

for some Materials

L I, R I R I, R I, 5
I I I I I O (X P
Kl >1cm 0.05 >1cm 0.04 =1 ¢m 0.04 > 1 cm 0.03
S104 =1 cm 0.06 =1 cm 0.04 =1 c¢m 0.04 40 pm 02
Ge 7 nm 0.42 15 nm 0.49 200 pm 0.38 1 mm 0.36
1 6 nm 0.61 500 0.36 200 pm 0.33 1 mm 0.3
11111
Ag 20 nm 0.30 14 nm 0.98 12 nm 0.99 12 nm 0.99
Al 2 nm 0.92 7 nm 0.92 10 nm 0.94 12 nm 0.98
Au 18 nm 0.33 22 nm 0.48 13 nm 0.98 14 nm 0.98
W 7 nm 0.51 13 nm 0.49 23 nm 0.58 20 nm 0.98

for metals for frequencies
between:
1/t.< o < o, (optical, vis.)

20
~ P
o~
C Table 1: Energies de gap pour les examples
Matériaux Gap (eV) A (nm)
l ~ ¢ Si 1L 1 1130
2 0) Si0, 6.9 180
P

Advanced Materials Processing with Intelligent Systems, MT, EPFL S. Shevchik & P. Hoffmann
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dependances

1.560
1.550
1.540
1.530
c 1520
1510
1.500
1.4390
1.480

Index of refraction is wavelength
dependent

...... f..................;...__.............f._Baf.r.activglhdgzn.JNF.O...._

0.5 1 1.5 2 2.5
wavelength, pm

589 nm sodium Na line
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Reflection coefficient (%)
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Reflection depends on
polarisation
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Rp

———
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Angle of incidence 6; (%)

ny, indice de réfraction des milieux 1 et 2

S. Shevchik & P. Hoffmann

19



Light meets material

laser beam
* Light meets materials oldent ligh .
—Reflexion
— Absorption
— Transmission
— Scattering sbecrbed

substrate

transmitted light
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Light absorption

* Light that is absorbed makes a photon disappear !
— Where is the energy going?

* Light that is deviated only, does not loose energy!
— Reflection
— Transmission
— Scattering

Advanced Materials Processing with Intelligent Systems, MT, EPFL S. Shevchik & P. Hoffmann 21



Absorption

* Light meets materials
— Absorption

Reference measurement -
_ >H :
g ] I ] ] ! 1 [ 1 -
& = SN A
= RN
% IR oL 1 \
Wavelength e T_T_ET il
® [
Broadband Empty Spectrometer \ [ A
Light Source Cuvette Wavelength
.
Sample measurement
P 4 §
e}
= - =
@l i N <
| { E N | Wavelength
‘3 Waveiength
Broadband Cuvette with Spectrometer ..a

Light Source sample
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Absorption — Transmission index of refraction

100

Transmission of N-BK7 and UVFS
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60 -

% Transmission
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50

e
200 300 4

Wavelength (nm)
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Absorption — Transmission index of refraction

1.0 1
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Transmission Spectra (Fused Silica)

| ransmittance, '

Synthetlc Grade Fused Silica (8102 10 mm)

Manormeters

—/

Absorption due to
electronic band to band
transitions (band gap)

Advanced Materials Processing with Intelligent Systems, MT, EPFL

Wavelength

Micrometers

—/

Absorption due to
excitation of lattice
vibrations (phonons)

T — Almaz Optics Inc.

o http://www.almazoptics.com
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Transmission Spectra (Silicon)

Calculated transmission profiles of hyperpure

Fz Silicon (Si) at 293K for substrate
thicknesses between 1.0 and 3.5mm

0.0

0.0

—

T

S

-
/

[=]
()
=

tl‘ 1

Transmittance

0.20

200

Il ==
I

— 250
0.10 — 300

/
Y=

10000 9000 2000

—/

Absorption due to
electronic band to band
transitions (band gap)

7aan 4000 snan 4000

Wavernimber (1/em)

3000

2000

Advanced Materials Processing with Intelligent Systems, MT, EPFL

10a0 0

—/

Absorption due to
excitation of lattice
vibrations (phonons)

Copyright @ The University of Reading, Infrared Multilayer Laboratory”

Transmission, %

60 -

50~

40 -

30 1

201

101

0

Silicon (5 mm) transmission.

(pure and oxygen contaminated)

Arrows point to the oxygen
absorption peaks.

Lattice absorption band —_—

FZ—Sii p-type’
{ 50 kOhm x cm

OC-Si, n-type,
10 Ohm xcm

0,0

Tr[rrrrrr T T

75 100 125 150 175 200 225 2

25 50
Wavelength, m

LRARIZS

J.S.Co.

Tydex J.S.Co
http://www.tydex.ru

S. Shevchik & P. Hoffmann

5,0

26



Electronic absorption: Energy Levels

. 1T 18
iV k]
I'.I '.'l
=, ; %
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LY - I;Ill
'
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Light absorption in a Gaseous Molecule

N N \ 0, - ¢Oo NO
| -—
iLd
/ % 3a., 30, 365~ 3o,—
/ \
1 1 1 —r:—‘ 1 1 1 10 1ng+ +- 17 e e 17!94 —
"\ ¢
pl X X

'Ib

o - 24,4 204 204
L ' .4 e oo
~-

. » Al
Toi+H V.75 1at
: A 1 { 16 l
o a 1697%- a, o

By TCReuter - Own work, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php 1s
?curid=49416990
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Sodium D-line

Cold sodium vapor (300°C) emits only light at 589,00nm and 589,59nm this
sodium - D-line for doublet is almost monochromatic

= - | | Hydrogen
O~ = ] | ] ] == n-infinity
s —6d ot n=>&
Energy 55— —g —5d 5f n=5
levels — 5P —ad —af M=
for -1- 58——
sodium
e leotron 4p ad _— i Low Pressure Sodium (SO)
oo 4s-— The higher angularm momenfum stafes 2 80.
= approiach the Frydrogan energies, which 2
E1:__ are shown for comparnsan. Electrons in T 0.
(= low angular momenium slates penefrate o
0 g ap  Mhesheldng more, and are more a
tighitly bound e
— = =
= 207
- = A
Sodum light fringes 0+ T T . ey
from an interfesometer. 400 500 800 700 800
Wavelength (nm)
-5=0 g5 F

Advanced Materials Processing with Intelligent Systems, MT, EPFL S. Shevchik & P. Hoffmann 29



Sodium D-line —why is it a doublet ?

What happens if you put the Na vapor in a

magnetic field ?

Could not have asked Pieter Zeeman when

he discovered the effect in 1896 !

Advanced Materials Processing with Intelligent Systems, MT, EPFL

3|J§
Spin-orbit ¢

-3.04--- splitting 0021 eV

3p1
d s £

o=

5 g o
F:J [%J ‘%} = |+ 0.597 nm
) RN
514 —— 3s1

2
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Absorption

I=1,-¢“ =1, e

macroscopic (“black box”) description of absorption

Types of Absorption /Excitation

electronic molecular(c, 7 10-150 — 1000-2000
electronic interband 150 - 1000-2000
vibrational 900 - 10°000
rotational >10°000

Advanced Materials Processing with Intelligent Systems, MT, EPFL S. Shevchik & P. Hoffmann 31



Absorption & Fluorescence

Jablonski Energy Diagram

Absorption & fluorescence Elﬂ;uau?n Excited Singlet States
in a single molecule, ion, 1.:0"5 gg:n?,::,}s ; Vibrational
Jtom S, 2 Energy States
Internal ’ Internal
Cnnueasinn . Conversion
dn Delayed
Vibrational 3
Relaxation 51 : FI"“E,E.E“EE
(1010 sec)  ° = Excited

— Triplet
: 1 S[:rgte
Intersystem o (T
Crossing

g et
© Fluorescence
(10°%- 107 sec)
| —1

. . .. Intersystem
non-radiative transition Cms‘;ing han-Radiative
. . T Relaxation
— transformation into inlp
Quenching
heat . . Phosphorescence
RGeS (10°- 10" Sec)
Relaxation a)1 _
= o Figure 1

Ground State

http://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.htmil
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Band Structure of Solids

. free
E AN solid <——= ovelap

atom A

Fermi level Bandgap

Electron energy

metal semiconductor insulator

>

Interatomic separation

http://en.wikipedia.org/wiki/Band_structure
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Band Gap Absorption

hv

.o .

Only photons with energy larger than the band gap of material are absorbed
Inter band absorption grates free charge carriers — new centers of absorption
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Fluorescein

Formula of Fluorescein

1,0 -
0,8 -
0,6 -
0,4 -
0,2 -
0,0 L —
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— Emission

Intensity (a.u.)

AW

I | |
400 500 600 700
Wavelength (nm)

|
300
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Absorption/Luminescence Centers in Solids

Emission spectrum of

- ) 4 Energy (cm™') Nd3*-ion in YAG crystal
12} s Foo 11502
o [Tz T ) 11414
g — 3| | = g
Q ™~ Ne) T T T T
= [ : g 064
T of Tisn = % | N&*:YAG | 1.064pum
20 vl 4 2526 S |
2 - —1T L Bt
3 v T = 300 K
i 4 . t—¥— 2111, 2146 S
O_ —— I "“ - p—
2 —— 2001, 2029 7
&
0 77 K
Energy Level Diagram of Nd3*-ion in YAG , | . '
crystal 105 1.06 1.07 1.08

Wavelength (um)
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Emission of Luminescent Lamp

1 1 1 1 1

tricolour lamp Tb>*

Emission intensity

300 400 500 600 700

Wavelength (nm)

emission of luminescent lamp is composed of narrow line emission of a
mixture of phosphors
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Vibronic Transitions and Infrared Spectroscopy

Vibration of a di-atomic molecule

1 £x2
2 | EAEEN ¥ \
X

—
d

Potential Energy

The vibration frequency V is related to the
force constant £and mass mby the equation:

L. [k
V_2n m

Displacement (X)

Fotential Energy

guantized harmonic oscillator

12
7 KX

Gy

In the quantum mechanical model, a molecule
in may only absorb (or ernit) light of an energy
equal to the spacing between two levels,
Furthermore, for a harmonic oscillator these
transitions can only cceur from one level to
the next higher (or lower) level, 1.e. An = £1,
3 hy Thisiscalled the selection rule.

a Press the buttans below to see absorbtion and

ernission:

Selection rules for oscillation to be visible in IR
spectroscopy: the dipole moment of a molecule

have to change when undergoing the transition duantized unharmonic oscillator

Hewerver, HCl doeshave adipale change as it
stretches, When this dipole aligns with the
electric field of a beam of light, the light is
abzorbed (solong as the frequency is correct).
The intensity of the absorption is related to
the magnitude of the dipole change.

Advanced Materials Processing with Intelligent Systems, MT, EPFL

Potential Energy

In this more realistic model, the energy levels
are equally spaced only in the region that is
shaped like the harmonic potential. The
selection rule, which allowed transitions
between one level and the next higher (or
lower) is not rigorously true. A transition with
An =+ 2, called an overtone, corresponds to

AE approximately 2 hv.

S. Shevchik & P. Hoffmann
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Infrared Spectroscopy

Introduction to Spectroscopy

Foir
Ltroiviolet

Ltroiviolet

Yisible

Meor
Infrored

Infrored Light

Hidl Visible and infrared light constitute just o smal
Infrored port of the electromagnetic spectrum, which is
the confinuous ronge of light energy.

For
Infrored

%

Mhicro-
WIIYE
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Schematic of Infrared Spectroscopy

En pivotant le

réeseau (en anglais

grating, prisme
reflectif), la
longueur d’'onde
arrivant sur
I'échantillon est
scannee.
L'absorption dans
I’échantillon varie
avec la longueur
d’onde.

On obtient sur le
détecteur un
spectre IR.

Thermocouple

Amplitude

|/

Groting

Introduction to Spectroscopy

Refer/_egc_e/j
] SourcE
aornple

Mirror! |

The thermocouple generctes on electrical  signal
proportional to the amount of light thot shines on it
By clternoting the reference ond somgple beaoms, on
oscillating corent is genercted. The amplitede of
the oscillating signal indicotes the omount of infrored
cksorption by the somple.

Aujourd’n llise la
transformée de Fourier dans
les machines, pour
augmenter la vitesse et la
precision.

Advanced Materials Processing with Intelligent Systems, MT, EPFL
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Electronic and Vibronic Trasitions

electronic and vibronic transition often interact —
broadening of the transitions (emission / absorption

&
peaks) 2
E
=
2
excited state }-‘\;‘: =yt i), 2
by — e E, UEJ
A E £ 3
g 7 electron—phonon g- 2
é S coupling é S
g 1Y 'I;.;'M" Eyrnil)
| — e - ———————————

ground state

(b) Atom doped into a

Isolated at
(8) Isolated atom vibronic solid

Advanced Materials Processing with Intelligent Systems, MT, EPFL

Absorption coefficient (m™)

Nd*":YAG

10°

104

10°

10?

77K
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Wavelength (um)
’ NH,
6. 7 8 9 1.0 1.1 1.2
Photon energy (eV)
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Absorption

for linear absorption lost intensity in a thin dl(z)
layer is proportional to incident intensity =-a-1(z)

dz

which results in a Beer-Lambert law

o, - absorption coefficient "\

| ,=1/a - penetration depth e)
(characteristic absorption length) X
{1

Advanced Materials Processing with Intelligent Systems, MT, EPFL S. Shevchik & P. Hoffmann 42




Measures of Absorption

k
absorption coefficient and extinction coefficient o= 477;
I(! a-l
optical density — a logarithmic 0.D.=-log,, ; ) = Tos 10
unit: 0 Og.
complex refractive index 52 (n4ik) = 'y je" =&
and complex dielectric n = (n ; ) =& TiE =¢&
constant:
2 2
n —k*=g¢ n_\/8'+\/8'2+6‘"2 k_\/—5'+\/5'2+5"2
2nk=¢" 2 ’ 2
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Partially transparent scattering media

» Consider the simple
case of a light beam
passing vertically
through a very thin

* pigmented layer of
thickness dx in a paint
film (Figure 1.28). We
consider separately

» the downward (incident)
and upward (reflected)
components of the
incident light

» beam, assuming that the
absorption coefficient is
represented by K and

hE‘ (?({IE?F{E{J‘EQANUEEH AHMED
¥ Coefficient by S.

Scattering (5)
and
Absorption (K]

Kubelka—Munk analysis W

Kubelka-Munk 1931

Sufficiently plgmented
and thick engugh ta
be opagque

A

Advanced Materials Processing with Intelligent Systems, MT, EPFL
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Kubelka - Munk

Surface of paint film

J
X|OX: ] ‘
{

j,Thin layer that is
large compared with size of
pigment particles but small

I compared with fotal

Substrate

Figure 1.28 Kubelka—Munk analysis

» The downward flux (intensity /)
is:

« — decreased by absorption = —
Kl dx

« — decreased by scattering = —
Sl dx

» —increased by backscatter = +

SJ dx {fr;:rm the raa?atfap .

L” = —Kl 'JI —:\,f 'LI,"E +Eﬁ_; L_I,"E
= —(K +S dx+3SJ dx

\9 COMPILED BY TANVEER AHMED

thickness

—nrnreaninn - tinownward

At the same time, the
upward flux (intensity J) is:

— decreased by absorption =
— kJ dx

— decreased by scattering =
- SJ dx

— increased by backscatter =
+ Sl dx (from the radiation

df =-KJ dx-SJdx+ SI dx

=—(K+S)J]dx+SIdx

>

Advanced Materials Processing with Intelligent Systems, MT, EPFL
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Kubelka - Munk

Kubelka—Munk analysis

» For an iso-tropically absorbing and
scattering layer of infinite thickness

» (or at least so thick that the background
layer reflection is negligible), it leads to

the
wic . 2 ssion (Egn 1.22):
K/S = L—Re)
2R_

where R= = Jo/lo is the reflection factor
at the surface
for a sample of infinite thickness.

o COMPILED BY TANVEER AHMED

P
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Scattering

1000 nm

A <10 pPm

100 pm
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A <10 pum

A~d = Mie Scattering

A>>d = Rayleigh Scattering
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Effective Medium Approximation

A<10pm

€, - inclusion dielectric constant

€o - matrix medium dielectric

constant

1000 nm
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Eo5r — effective dielectric constant
N, — volume fraction of inclusions

Maxwell-Garnett Equation

& +2¢&,

€5 +28,

formula valid only for low concentraitions n,

and small difference between ¢, and g,
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