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Definitions

E(r,t) [V-m] — electric field
D(r,t) [C-m™2] — electric p 1 < I ]
displacement RN B
H(r,t) [A-m™] — magnetic field + T+t T T |
B(r,t) [T] — magnetic induction IR
P(r,t) — polarisation Electric material response:
€ — relative permittivity D=5 E+P =g (1+)E =¢,6F
X — electric susceptibility ~ ~
P=¢,yE
e=1+y

U - relative permeability

Magnetic material response:

Xy — Magnetic susceptibility — R — —
B=u,H+M =1+ x,)H = youH

o

£,— permittivity of vacuum M = s, 0 H

Mo - permeability or vacuum H=1+ gy

Laser Micro-Processing, EPFL P. Hoffmann



Maxwell’s Equations

V- J+8'0 0
ot
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E(r,t) [V-m™] — electric field

D(r,t) [C-m™2] — electric
displacement

Faraday’s law
H(r,t) [A-m™] — magnetic field

Ampere’s law B(r,t) [T] — magnetic induction

J(r,t) - current
Coulomb’s law

absence of magnetic charge

conservation of electric
charge

P. Hoffmann



Wave Propagation

for light (EM-wave) propagation normally a simplified set of
Maxwell’s equations can be used, since currents and charges are not

pres_e»nt 8§ j‘ _0
VXE=-— ~0
gt P=

w - oD
VxH = E description of a plane wave can be, for

u example, used to find solutions of Maxwell’s
V-D=0 equationsa U y ,
v.B =0 E(z,t) = E,e'(Y

27 27n n-w
A A C

K

— wave vector (photon impulse)

o = 2zv —light frequency (photon energy)
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Photon Energy Units

depending on region of the EM-spectrum and discussed
application, different units can be used

h-C

E[91= eE[eV] = h-ofHz] =h-[Hz] = - okfom ] =

ﬂ‘O[nm1 um]

this is for convenience and/or by tradition
all units can be converted to another one
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n - refractive index

Refractive index come out as a coefficient of
Maxwell’s equations for propagation of EM-
wave 1

€ - relative permittivity

N=4/& U L - relative permeability

n = \/E at o optical frequencies - u~1

If absorption is present:
o=(n+ik)’ =¢'+ie"
n°-k’=g'
2nk =¢"
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Polarisation Density

p=r-q
P:Zijj :ZNjajEmca' P:jrqu
J j

E\.. — lOcal electric field

p; — polarisation of one unit element
of the matter (microscopic)

P — average (macroscopic) polarisation
vector

N; — concentration of the elements

a, - polarisability of the element
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Local electric field

for uniformly polarised medium (gas,
liquid, glass, cubic crystal) one can
show:

P Lorentz formula
—E, 4
3&,

E

local

for lower symmetry crystals relation is more complex and € will be a
tensor
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Relation between Ol and €

P -1 N«
Eoca = Eo +3— = Clausius-Mossotti
%0 &+2 350 relation
P:ZNjajElocal c—1
J o = 380Vm Vm — :I7/ N
P=&xE g+2

Relation between polarisability of a unit element of
the matter and dielectric constant

Dielectric response of the medium depends on the polarisability
of microscopic elements (atoms, molecules) and their density

N 0
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Example: C,H,

0‘050'0 O-CED-0
—_— =

E

polarised C,H, molecule

Laser Micro-Processing, EPFL P. Hoffmann 12



Polarisability Ol

Q A » electronic polarisability
e jonic/atomic polarisability
e orientational polarisability

e space charge polarisability

o= acharge T aorient. T aionic T aelectron.
p=r-q . N |
P_E polarisability — ability to polarise
P = Irqu @ \ocal  under local (“true”) electric field

(microscopic property)
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Frequency dependence of QL

Dipoles + ions + elecions

A /

/" Dipolar contribution
e pd
~ lons + electrons
/,,w‘"'

Z 1 " lonic contribution
E / #_,_,.,--"'"'n;’
) '_d..,--*"""' e
° \+ -'r“"”'ﬁfﬂ —

“Miciowove Far  Mid é

nlaed | Electonic
Visible | contribution
] | " i 4 Il 1 1 1 il ’
107 w® " w'? ™ et w0t o 107 gt
Frequency/Hz
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Resonances and Relaxations

Relaxation Resonance

- £ A
e i 1

S\

£ &

Electronic

GHz / Optical > Lo g — g '—I— ig "

1z o
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Frequency Dependance of Dielectric Function

Fig.2.1. Frequency dependence of the
dielectric function, the refractive index,
the Fresnel reflectance and the absorp-
tion coefficient for a medium with a
single resonance at wy (calculated for
huwg = 4eV, Al'= 1eV, N = 5-102cm-})

E: ,E: —
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> S
N =
1l

x =

My Py
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Electronic Polarisability of Atom

for optics in visible range only electronic polarisability important

d°x m dx ) L
m—-+ +Ma, X =—0.Eée
dt© ¢ dt
x(t) = f(t)
g.x €’ 1
ejectron =~ — = 2 2 .
E m(o—-0)-lol/t

at low frequencies (0—0)

Laser Micro-Processing, EPFL
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What happens to the light?

 when interacting with the materials...

Laser Micro-Processing, EPFL

P. Hoffmann
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Light Properties

Or how to describe the electromagnetic wave ???
What parameters/properties do you know???

Let’s start with exam !!!

Laser Micro-Processing, EPFL P. Hoffmann
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Light Properties

Or how to describe the electromagnetic wave ???

Wave | Photon (Particle)

Collective (Beam) Properties

aser Micro-Processing, EPFL P. Hoffmann
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Light Properties

Or how to describe the electromagnetic wave ???

Wave | Photon (Particle)

Amplitude (g) Number of photons
Phase Phase
Propagation Direction (k - vector) Flight Direction
Wavelength / Frequency (A / V) Energy [eV]
Polarisation ({, ¥) Polarisation

Power

Coherence length
Divergence of the beam
Monochromaticity
Polarization degree

Pulse length
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Recommended literature

e QOptical properties of solids / Mark Fox. 2nd ed.. Oxford : Oxford
University Press ; 2010
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Absorption & Luminescence
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Absorption

for linear absorption lost intensity in a thin dl(2)
layer is proportional to incident intensity F =—a-1(2)

which results in a Beer-Lambert law

o, - absorption coefficient "\

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

Laser Micro-Processing, EPFL P. Hoffmann 25




Measures of Absorption

k
absorption coefficient and extinction coefficient = 4”;
(I a-l

optical density —a logarithmic O.D.=-log,, I( ) = lod. 10

unit: o 108

complex refractive index . SN2 i

and complex dielectric o= (N+1K)" =¢g'+le" = &

constant:

2 L2
n — k — (C,' 5 \/gl_l_ /8|2+g||2 \/_gl_l_ /g|2+8||2
2nk =¢&"
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Absorption

macroscopic (“black box”) description of absorption

Types of Absorption /Excitation

electronic molecular(o,

) 150 — 1-2um
electronic interband 150 — 1-2um
vibrational 900 — 10°000

rotaional > 10’000
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Energy Levels

Energy

1spm | Y ps

H atom Hn fH atom
5, % I;}'-.IS
Ho Molecule

(a)

Laser Micro-Processing, EPFL

E .|r 1'-
¢| 1S~ s
W' He atom:, / He atom
% E]_,U{S
Heo Molecule
(b)
P. Hoffmann
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Light absorption in a Gaseous Molecule

3a,,

7

2, ~2p: 20,)
1n
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Absorption & Fluorescence

Jablonski Energy Diagram

Absorption & fluorescence .: fﬁ‘é&‘%‘i‘iﬁ } Excited Singlet States
in a single molecule, ion, 1018 Seconds ; Vibrational
Jtom S, 2 Energy States
Internal ’ Internal
Cnn;rﬁﬁsinn . Conversion
Delayed
Vibrational 3
Relaxation 51 1 Flunmenne
(1074 10 sec) © =5 Excited
R —3 Triplet
' 1 State
FIL!gnresn?enne : o 0 {T,‘}
TS ntersystem
(10°%- 107 Sec) Cmsysing
o . Intersystem
non-radiative transition Cms‘;ing | %';E:aﬂtifgiﬁ
. . e ol
— transformation into
Quenching
heat Phosphorescence
‘ (107 10? Sec)
Relaxation _
Figure 1

Ground State

http://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html
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Fluorescein

Formula of Fluorescein

1.0~ Excitation
0,8 1 —— Emission
0,6 -

0,4 -
0,2 -
0,0

Intensity (a.u.)

J A\

I | |
400 500 600 700
Wavelength (nm)

|
300
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Absorption/Luminescence Centers in Solids

Emission spectrum of

- 4 4 Finergy (cm™) Nd3*-ion in YAG crystal
ol 4Fs-: Faz 11502
o =[ Tz Tt T 1414
b B = = =
3] ~ o = T T T T
5 F 2| 2 Z
2 - - % | N&®"YAG | - 1.064um
> O 1572 e -
2 vl o 2526 5
lfl i A4 -'llI3 4{ll-'z E 300 K
- 41“" h=%= 2111,2146 8
0t —— =—— 2001, 2029 7
=
A5 77 K
Energy Level Diagram of Nd3*-ion in YAG , , , ,
crystal .05 1.06 1.07 1.08

Wavelength (um)
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Emission of Luminescent Lamp

1 1 1 1 1

tricolour lamp Tb>*
_ Fu3t -

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

7k
ANy
X

Pt
d

Potential Energy

The vibration frequency V is related to the
force constant £ and mass mby the equation
y=L1a/K

2n \ m

I

Displacement (X))

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

\

Fotential Energy

guantized harmonic oscillator

12
7 KX

ey

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 ean only cccur 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:

have to change when undergoing the transition duantized unharmonic oscillator

However, HCl doeshave adipole change as it
stretches, When this dipole aligns with the
electric field of a beam of light, the light is
absorbed (20 long as the frequency is correct).
The intensity of the absorption is related to
the magnitude of the dipole change.

Laser Micro-Processing, 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
fin = + 2, called an overtone, corresponds to

AE approximately 2 hv.

P. Hoffmann
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Infrared Spectroscopy

Introduction to Spectroscopy
e

Foir
Lltroviclet
o
T-_.-l,i.-.ﬂ;'r!_ l-_-r .;/
Ultrarviolet I l ?!_,

Yisikble

Mecir Infrored Light
Infrored
Ahicl Visible ond infrared light constitute just o small
Infrored port of the electromagnetic spectrum, which is
the: confinuous range of light energy.
For
Infrored
R
Mhicro-
WCIWE
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Schematic of Infrared Spectroscopy

En pivotant le

réseau (en anglais

grating, prisme
réflectif), 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.

Laser Micro-Processing, EPFL

Thermocouple

|/

Groting

Amplitucle

Introduction to Spectroscopy

[ ] Source
oimple

The thermocouple generotes on electrical  signol
proportional to the amount of light thoat shines on it
By alterncting the reference and somple beoms, on
oscillating current is cenercted. The amplitude of
the oscilloting sighal indicotes the amount of infrored
albsorption by the somple.

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

P. Hoffmann 36



Electronic and Vibronic Trasitions

electronic and vibronic transition often interact —

broadening of the transitions (emission / absorption_ ' ' 1 '
& 3+, _1.064 pm
peaks) : Nd“YAG | M
z
c
S
e em - E,+ nhQ) 7
excited state 2 2 =
N I e ki E 77K
§ g § 1 g. 1 1 1 I
S |2 | o 5 £ 4 105 106 107 108
® - B ° Wavelength (um)
* = 105 .
- - - F +n"hQ I
El -—-—L __________________ J__M E: " 1 ~.§
ground state g 10f
. [Tt ]
(a) Isolated atom (b) A\:::)Toﬂ?cp:gligto " Tga
£ 10}
& NH,
2
BT P S S
6 7 8 9 10 11 12
Photon energy (eV)
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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

.1 .

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

Laser Micro-Processing, EPFL P. Hoffmann 39



Comparison Excimer Ablation of BK7 Glass
A =308 nm (XeCl)

A =248 nm (KrF)

A =193 nm (ArF)

Jrem2 20C 10900

)} LZH

TI0669 | SOYA. e
3 (H831-33 Rk

LASER ZENTRUM HANNOVER e.V.
Material: BK7 glass
Energy density: 20J/cm?

Pulse frequency: 50 Hz

Number of pulses: 50

!!!!.

P. Hoffmann 40

Where is the absorption edge (band gap) of BK7 glass?
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Transmission of N-BK7 and UVFS

100

Rl ——

90-:/(_

80 -
70 -

60 -

% Transmission

50

— N-BK7

— | J\/ Fused Silica

Laser Micro-Processing, EPFL

Wavelength (nm)

200 300 400 500 600 700 800 900 100011

—
00 1200

P. Hoffmann
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Transmission Spectra (Silicon)

Calculated transmission profiles of hyperpure Silicon (5 mm) transmission.
Fz Silicon (Si) at 293K for substrate (pure and oxygen contaminated)
thicknesses between 1.0 and 3.5mm Arrows point to the oxygen

absorption peaks.
Copyright @ The University of Reading, Infrared Multilayer Laboratory”

0.60 60-
050 P ] l [e——— Latiice absomption band ————1
| 50- FZSi, ptype,
] 50 kOhm x cm
o i ]
E f o 40-
2030 X
§ / / — 100 5
0,20 — 150 | 2 30-
IHE: »
010 — 250 U'C'J
i g 201 OC-Si, nype,
' 10 Ohm x cm

0.0a !
10000 9000 2000 7aan 4000 snan 4000 3000 2000 1000 1] 104

‘ ’ Wavernimber (1/em) ‘ ' |
0

Absorption due to 00 25 50 75 100 125 150 175 200 225
electronic band to band Wavelength, um

transitions (band gap)

Absorption due to
excitation of lattice
vibrations (phonons) Tydex 1.5.Co DR

http://www.tydex.ru e ——

Laser Micro-Processing, EPFL P. Hoffmann
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Transmission Spectra (Fused Silica)

Synthetlc Grade Fused Silica (S|02 10 mm)

| ransmittance, '

Manometers Wavel h Micrometers
\ ' aveleng \ J
Absorption due to Absorption due to
electronic band to band excitation of lattice
transitions (band gap) vibrations (phonons)

". Almaz Optics Inc.
: http://www.almazoptics.com

Laser Micro-Processing, EPFL P. Hoffmann
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Refractive index

Laser Micro-Processing, EPFL P. Hoffmann 44



Optical properties of Metals

Metals are shiny and typically not transparent

infrared visible UV 10
1.0 i i i
N 0.8
g 0.8 | i , 2 |
= | : 2()6
Z 06F  silver D 5|
Q | |

= L 5 0.4
g [ L ol
0.2 F | i/\/ 0.2
| | L

0.0lllllll 1 Ill:ll:l 1 | 00 PR | N T T T T |

10 1.0 0.1 0 2 4 6 8 10 12 14

Energy (eV)
Wavelength (pum)

What would be the best laser for metal processing?

Laser Micro-Processing, EPFL
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TRUMPEF CO, Laser

G i _—

N i =
-

-

' Why in reality other
. lasers are used?

Laser Micro-Processing, EPFL P. Hoffmann 46



Band Structure of Metals

in metal electrons are not bounded = free-electron plasma

Laser Micro-Processing, EPFL

E

I

conduction
band

Ep = = === I E,

valence
band

%m

(a) Metal (b) Semiconductor
or insulator

P. Hoffmann
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Electrons in Metal

in metal electrons are not bounded = free-electron plasma

2

d“x dx i
mo W‘F mO]/E‘FM = —EE(t) = —EEOE !

acceleration damping E-field driving force

“spring” (returning

solution: force) term is not
present
€
X = —E(t)

m, (0" +lwy) dielectric constant for free-electron
plasma (in first approximation for
metals): N g2

e 1 0,
P=-N,-e-Xx=¢,(6-DE — ¢g(w)=1-—2 ———=1-—F
ey (0 +iyw) (o +iyo)

plasma frequency

Laser Micro-Processing, EPFL P. Hoffmann
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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

C()p

é(@)=1-——

(0 +iyo)

Laser Micro-Processing, EPFL

Reflectivity

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

1.0

S o
N oo

S o
<o N

<
~

hw,= 158 eV
| experimental data
0 5 10 15 20
Energy (eV)

r=%

y —damping coefficient
7 —momentum scattering time

P. Hoffmann
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Dielectric Constant and Conductivity

W, &(w) =1+ () ,
6‘((0) =1- . Ey
o +iyw
o(w) = (TO — AC conductivity
1-lwr
2
o, = Nz _ DC conductivity
mO

conductivity and plasma frequency
2 . .
GO =0, 802- ofa metal are dwgctlylmked |
p (link between optical and electrical
properties)

Laser Micro-Processing, EPFL P. Hoffmann 51



Reflection of Al, Ag & Au

1,0

0,8

0,7

Reflexionsgrad [um]

e EEm DEE o EEE WS N R Em e S EE Em Em Ee s Em =
—---_ e NN Em s mm o s mm Em

aufgedampfter Film

polierte Oberflache

0,5

Laser Micro-Processing, EPFL

Wellenlange [um]

P. Hoffmann
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Reflection coefficients and penetration depth
for some Materials

for metals for frequencies

maté- z“ R zot R za R za R
ihae (250 (250 (500 (500 {1060 (1060 (10.6 i between:
nm}) nm) nm}) nm) nm) nm) nm) (106 pm)

1/t.< o < o, (optical, vis.)
KCl1 >lcem | 0.05 >lem | 0.04 >1can 0.04 >1ecm 0.03

S0, |>lem | 006 |>lem | 004 | >1cm 0.04 40 pm 0.2

20
Ge 7 nm 0.42 15 nm 0.49 200 pm 0.38 1 mm 0.36 ~ p
o~—-
Si 6 nm 0.61 500 0.36 200 pm 0.33 1 mm 0.3
nm
Ag 20 nm 0.30 14 nm 0.98 12 nm 0.99 12 nm 0.99 C
a4
Al 8 nm 0.92 7 nm 0.92 10 nm 0.94 12 nm 0.98 Ia ~ 2
An 18 nm 0.33 22 nm 0.48 13nm 0.98 14 nm 0.98 a)p

W 7 nm 0.51 13nm [ 049 23 nm 0.53 20 nm 0.93

Table 1: Energies de gap pour les examples
Matériaux Gap (eV) A (nm)

Si 1.1 1130

Si05 6.9 180

Laser Micro-Processing, EPFL P. Hoffmann 53



Ablation of Biotissue - Difference in Absorption

Fig. 12.1.5a,b. Cross section of luminal side of an aortic wall. (a) Trench (0.35 mm) produced by
ArF-laser radiation (¢ ~ 0.25 J/em?, ;& 14 ns). (b) Crater (0.4 mm) produced by 532nm Nd: YAG
laser radiation (¢~ 1.0 J_,.’cmz,t, ~ 5ns). The absorption coeflicients of the material at the two
wavelengths differ by about a factor of 10° [Srinivasan 1986]

Laser Micro-Processing, EPFL P. Hoffmann 54



Reflection and Refraction

Laser Micro-Processing, EPFL P. Hoffmann 55



Reflection - Fresnel Equations

a-polarization (TE) w-polarization (TM)
(Transversal Electric field) (Transversal Magnetic field)

 ncos(8)=n,cos(0)  ncos(8,)-n,cos(6,)
re—————~ @) r=—————— (B3
n,cos(8,)+n,cos(8,) n, cos(6,)+n,cos(B, )
Field amplitude
2n cos(6) 27, cos(6) ) coefficients
= (B2 fE=—— —  (BY)
n cos(6 )+n,cos(6,) n, cos(6,)+n,cos (6 )

Laser Micro-Processing, EPFL P. Hoffmann 56



Fresnel Equations

Light intensity (Power) coefficients:
R? = (r")2
R™ — (rﬂ)Z

2
n,+n,

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

In case of normal incidence:

R— ( fo- '%OJZ no _ [ fecos(6,) — Bpcos(6,) T
e normal ¥cos(6,) + fipcos(8) general case , €1C.

incidence

Laser Micro-Processing, EPFL P. Hoffmann 57



Reflection

1,0F
, = = S
w-polarization (TM) _ Metall (n=20, x=60) "
(Transversal Magnetic field) 08 :
o
5 |
© 06
o X
2
s |
3 04t
D Isolator (n=3, k=0) s
o
0,2t
0 20 40 80
Excited dipoles cannot reemit Einfallwinkel 'T\
light in the direction parallel
to the dipole vector = no
reflected light if,
0 B n2
6 +6,=90 ¢ =arctan— Brewster

" Angle
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Reflection

n
6° =arctan =2

Laserstrahl

n

Reflexionsgrad R

6g = 80° - 87°

1,0
Metall (n=20, k=60)
0.8 :
06F
0.4 '-
Isolator (n=3, x=0)
0,2t
0 20 40 50 80

Einfallwinkel

i grofier Durchmesser dg

NEaN

Laser Micro-Processing, EPFL

machining under Brewster angle
(increase absorption for metals)

P. Hoffmann
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Laser light material interaction

laser beam
incident light reflected light

1. Incident -> Reflected + “Passing inside”
2. ,Passing inside” -> partialily absorbed

| =1,

absorbed
light

Reflection from the back side 1
4. The restis transmitted

w

substrate

3
4
transmitted light
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Scattering

1000 nm

A <10 pPm

100 pm
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A~d = Mie Scattering

A>>d = Rayleigh Scattering
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Effective Medium Approximation

€, - inclusion dielectric constant
€o - matrix medium dielectric
constant

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

Maxwell-Garnett Equation
geff o 80 81 T 80

1
& +2¢,

Egr +28,

formula valid only for low concentraitions n,
and small difference between ¢, and g,

Laser Micro-Processing, EPFL

o L]
nnnnnnnnnnnnn
nnnnnnnnnnnnnn

1000 nm

P |
a
ﬂ.v‘n.ﬂ'lul:ﬁz i :D
[} s _a
oooooo

oooooooooooo
.’I Q.Q'B:H:Q:R: .:'
lllllllll

aaaaaaaaaaaaaaa

aaaaaaaaaaaaaaa
% ‘:‘:e:':":.: e
---------

...............

a a L
s @ a_ 9 LN
] a [}
& ® a @ o a L]
L LI

aaaaaaaaaaaaaaaaaaa

nnnnnnnn
ooooooooooooo

P. Hoffmann

62



Multiphoton absorption

Two photon
absorption
Conduction band  linear absorption dl = —a-1-dz
—
~80£m non-linear absorption dI = —a(I)-1-dz
- - two-photon absorption dI = —g™on-linar . j2. g,
~800nm ((X(I) — anon—linearl)
—

Valence band

in order to get many photons in the same place at the same time
high intensity is required = short-pulse lasers (ps, fs)

Laser Micro-Processing, EPFL P. Hoffmann 63



Localisation of Multiphoton Absorption

Linear (single photon) absorption

Thick Sample

Laser Micro-Processing, EPFL
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Multiphoton absorption

interaction region is also localised in Z

Thick Sample
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Lateral Resolution

Laser Micro-Processing, EPFL

Full-width
half-maximum

Full-width
half-maximum —s| |+

(Gaussian
Beam profile Frocessing

profile

better localization
due to ~I"
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