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Outline
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= |asers for UPSM
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= Impact of selected parameters
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& Summary/conclusions/future
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Ultraprecise surface machining (UPSM)

Integrity of Surface: “Inherent or enhanced condition of a surface produced by machining
processes or other surface generation operations.”

application requirements L Sb 2 determining/measurement €= machining process
Process demands Surface requirements
. atomic level material removal . * Atomic level smoothness
. digital surface machining ultra precise « Angstrom depth precision
- near-surface limited interaction surface machining * low/no surface defects
process « across all scales; also small areas

« fast convergence of the machining

« specificity of the machining process
- high material selectivity .
- homogeneous nonselective process Tool requirements

- surface binding energy management * capabilities to fulfil basic
requirements of UPSM

 variable tool in size/shape/strength
« no momentum transfer to the surface
 low contamination / inert tool

I. S. Jawahir et al., CIRP Annals 60(2011)603
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Specific approaches for laser-based surface machining
with view to UPSM

# Laser beam technology provides excellent preconditions for ultra precise surface
machining (UPSM) as the tool

e is not in mechanical contact with the surface

4

« well controllable in space and time .
- enables in-process measurement physical chemical

and process control

& but the machining
mechanism determines
the surface quality.

N Heating, Etching,

150 fs, A=775 nm 10 ns, A=1064 nm Decomposition Heatin
Ablation
. Laser-induced -
Laser ablation : . Laser_ enhancgd
backside etching chemical etching

J
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Fundamental/experimental limit of precision for different laser-based

techniques
physical
e e e
in average
PW laser ablation Pulse >150 nm
USPL ablation Pulse 50 to 150 nm Si02
LIBWE Pulse 10 to 20 nm SiO2
LESAL Pulse 1to2nm SiO2
LIBDE Pulse 80nm SiO2
LIPhotoE etching CW, min 1 to 2um SiO2
laser-induced plasma dry
etching

chemical

Characteristics of laser beams: A, t,, f, P, E,, 2w, Vg ...
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Introduction to LIP

# Electric field discharge: Focused lasers can produce high electric fields of the
order of 10~ V/cm.

—> Focusing laser pulses with high intensity results in an optical breakdown

Laser

I Lens Typical optical breakdown threshold in air:

« USP laser peak power density: >101 W/cm?
« SP laser peak power density: >1012 W/cm?

Electrical and optical breakdown (USP)
~3 10 V/m >107 V/m
=>» different mechanism of break down? i

Ep = 0,5mJ

IOM
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Electron generation and ionisation

#Examples of laser-induced plasmas

Laser beam

Laser ablation

» Pulsed laser deposition (PLD)
« Laser shock peening (LSP)

« Laser-induced breakdown spectroscopy

« Laser plasma for inducing/quiding
elecrical discharge

Laser-induced plasma etching (LIPE)
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Various processes

thermal

energetic photons
high electric fields
particles impact
charge transfer
energetic rays
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Electron generation and ionisation

Inverse Bremsstrahlung absorption
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tp~10-13s
pulse length <10-13s 10-11s 109
frequency >10THz 100GHz 1GHz
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Schema of the expected process of surface processing with LIP

# Laser Induced Plasma etching (LIPE)

* Ignition of a plasma in a gas by laser induced optical break down with USP laser

Characteristic laser induced plasma in gas:

laser

laser generated
plasma

« Small size plasma

decomposition,

atne e « Contact free >"Contamination free"

plasma-induced reactions

chemical processes

« Atmospheric pressure plasma

radicals, excited
molecules and

R* charged particles . . .
s pere . Generated and manipulated with optical
uv light IR removal of reaction

LIP interaction products
with surface M;sma

substrate heating
additional means

plasma transport to | F°
the substrate surface

methods

=» Generating reactive species by decomposition/excitation of the gas

XXVIII. Erfahrungsaustausch OTPIP Muhlleithen 2023 I@/M



10

Laser-induced plasma etching

# Glancing angle of incidence in order to avoid direct irradiation the substrate

Laser power P (b)
Irradiation time t

. Q
et
| \ E Pressure p
EtCh Gas . "51' Composition
o) @
= ‘D‘v), = m____’

ke ' et > o
'] ' S ! :
Qe @
:-iji_stance

- Gas: CF,/0O,; Pressure absolute: 0.3 bar to 2 bar; Temperature: RT to 500 °C

« Material: Fused Silica; Silicon
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Experimental Setup

# Using ultrashort laser pulses for 4 Etching gas
ignition of the plasma
CF,
o 02
Pulse duration = 150 fs - CF,/0,
Rep. Rate = 1 kHz « Air
E._. = 800 uJ . SF,

Wavelength = 775 nm

Low pulse energy (but high P)
Low thermal/mechanical effects e.qg., shockwaves

High pulse repetition rate (MHz)
Small plasma size (spot size)
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Results

& Etching of SiO, with laser-induced plasma ignited in a CF, gas mixture
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Results

# Dependency of etching depth on laser pulse energy
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Etching rate
in the pm range!

Material: SiO,; Gas: CF,; Absolute pressure: 0.85 bar; Temperature: 450 °C; Etching time: 3 min;

Distance: 100 um

« Linear increase of etching depth with increasing laser pulse energy
« Threshold for etching at ~ 250 pJ
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Results

# Dependency of etching depth on the substrate temperature

Arrhenius equation

Eq
K=A6Xp —ﬁ

E, Activation energy

N
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K Reaction rate

Etching depth [um]
Etching rate [pm/pulse]

o
1
o

0 50 100 150 200 250 300 350 2> F of4.3 kcal/mol
Temperature [°C] ? / /

Material: SiO,, Gas: CF,; Absolute Pressure: 0.85 bar;
Etching time: 3 min, Distance: 100 pm

For the simplest case of heterogeneous chemical reactions at the substrate the
reaction rate K is usually described by the Arrhenius equation
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Results
# Surface roughness of laser-plasma etched surface

Surface roughness
1-2 nm RMS!

Y-Distance [um]

5
X-Distance [um]
SEM, AFM and optical images of LIP-etched area SiO,
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Surface fidelity
# Cross-section of laser ablated and LIP etched silicon surface

Laser ablation LIP etching

r- Protection layers

/
2um EH
—m
May

IéM 1 um ERT= 2004V partums Size=7200um  StagedT= 0047 Date 17 ul 2024
J | — WD = 49 mm FIR imaging = SEM TitCorn. =0n  Slage at X = 49.754 mm I M
Mag= FITHEX Signal A = SESI TitAngle= 360" Stage at Y=50770mm  File Name = SI35-1_F6.4F

Strong (sub) surface damage is visible in the SEM. ?
TEM confirm:
melting, cracks, stress, and amorphization
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Results

# TEM image of LIP etched crystalline silicon.
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» Almost no (sub-)surface damage!
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Results

# Example of optical diagnostics of LIP

M3

Delay Generator

A

LASER

Interference Filters
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S0x Zoom Lens f Qut Flow
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Quartz Chamber

Laser

Delay: 26 ns with wall

Delay: 10000 ns

18

Delay: 8000 ns

Deiay: 15000 ns

Delay: 30000 ns

1
| Delay: 60000 ns |

Emission of a laser-induced plasma near a substrate surface
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Summary/conclusion

# Laser-induced plasma as a new tool for UPSM.
« atmospheric pressure process conditions
« sub-mm size dimensions of the tool
« Extreme low etching rates = pm-range
« smooth etching enabled = nm rms
« almost no (sub)surface damage
« strong impact of the material to the etching (masking ... )

Q
-
\ m
]
e
vy
0
-
vy

# Understanding of LIPE mechanism
 LIPE mechanism

e governing processes
« physical-chemical model and the mathematical formulation simulation of the —

LIPE = good to have collaboration

IIIII

# Development of applicative cases for
« UPSM for optics, precision mechanics, etc.
» |ocalized plasma-based processing

# Improvements of the mechanism
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Thank you for your attention!
Questions?

Klaus Zimmer
Leibniz Institute of Surface Engineering (IOM)
Leipzig, Permoserstr. 15, Germany

klaus.zimmer@iom-leipzig.de
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