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Wie funktioniert Lithografie?

Lithografie: Griechisch ,Lithos” = Stein
»Graphein” = schreiben

Erfunden von Alois Senefelder im Jahr 1798

e Stein mit zu druckender Struktur dient als Vorlage

« Erzeugung von fettaufnehmenden und abweisenden
Bereiche

e Farbe haftet nur an den fettaufnehmenden Bereichen

“JOULIN ROUGE

Beispiel eines Lithografiesteins
ALOGY  SEINEFELD R
ﬂ(}/)ﬂé? s 4?///5:: :ﬁ‘ﬂ ~ig

Alois Senefelder, Erfinder der
Lithografie im Jahr 1798

Lithografie von Toulouse-Lautrec
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Optische Lithografie = Fotolithografie Waferstepper der Fa. ASML

Halbleitertechnik: Nutzung eines optischen
Verfahrens zur Abbildung einer
Maskenstruktur auf mit Lack
beschichteten Siliziumwafern

Overview of the Photolithography Process

Reticle
(mask)

&

Pattern being

Wafer
iwith photoresist)

Schema der Belichtung des Lacks auf dem Wafer
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Das Moore’'sche Gesetz

Die Anzahl der Transistoren pro Flache
verdoppelt sich aller 18-24 Monate.

Mastering Moore’s Law

Core i5” .
Intel’s progress in packing more D 13 billion_ 10 billion
transistors on mainstream 410 million 1 billion
microprocessor chips o
o Pentium 4* Core I5 100 million
CogarEmiE S 125 million 1.0 billion 10 million
Pentium 1 million
3.1 million
100,000
— 10,000
p—— '@ (inteD 1,000
Core2 pyo Core™ 5
4004 ‘ 100
2,300 transistors
10
1
I IIIIIIII I IIIIIIIII I IIIIIIIII I lllllllll I lllll
1971 ‘80 90 2000 10
“Upgraded versions of prior models
Source: Intel

Gordon Moore, Grinder der Fa. Intel

Konsequenz des Moore’schen
Gesetzes: Die Halbleiterstrukturen
mussen immer kleiner werden.

=> Reduzierung der Wellenldange
des Lichtes notwendig!

=> Vakuum notwendig!
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Schema of EUV lithography

collector optic

intermediate focus

tination optics

source-coltector-modul

wafer
stage

reticle

] stage
Requirements:

* Collection mirror:
very high thermal stability

e lllumination mirrors: high
reflectance, good thermal
stability

* Projection mirrors: extremely
high thickness precision, highest
possible reflectance

projection optics
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Process steps for the fabrication of X-ray mirrors
Shape => Image quality; Coating => spectral intensity

flat and mechanically polished raw substrate
_ (Silicon,Quarz, ULE, Zerodur, ....)
. ' : Shaping (spherical) mechanically
I : Shaping (aspherical) lon beam figuring
: Polishing / Finishing lon beam smoothing

Coating
\J

PVD (MSD, IBSD, PLD)
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Working Principle: Nanometer Multilayers as X-Ray Mirrors

o _ ni = 2d sin © Reflected
Schematic view of the Incident X-ray Beam

reflection of X-rays using a X-ray Beam
synthetic multilayer

O

Depending on the
application (A, ®) multilayer

materials, period thickness N N S S S/
and thickness ratio can
freely be chosen AR

B Multilayer

Lateral period thickness
gradients can be realized

Substrate
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Real structure of nanometer multilayers

Interface roughness Interface interdiffusion Reduction of interface roughness:

absorber layer o Iow-pressure MSD
absorber layer ! .
o P — * application of BIAS for MSD

‘ spacer layer ‘ ¢ |[BSD, optional with assist beam

spacer layer

Interface width = roughpess + interd ifzfusion

° - Reduction of interface diffusion:
(0] - G, Gy

e application of barrier layers

spacer layer spacer layer

absorber layer absorber laye

TEM fmages showing

Roughness and TG T spacer layer
Diffusion
_——
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Requirements for high reflectance multilayers

e Proper choice of layer materials, layer thickness, and number of periods
=> model calculations (Henke tables + IMD software, D. Windt)
e Strict periodicity of the layers in growth direction
=> stabilization of the coating process (technology development)
e Multilayers with sharp and abrupt interfaces
(steep concentration gradients)
=> application of diffusion barrier layers
e Multilayers with morphological smooth interfaces (no roughness)
=> suitable kinetic energies of the condensing particles on the substrate surface
e Single layers with low absorption and high contrast to each other
=> deposition conditions (background and sputter gas, discharge power),
layer thicknesses
e Suitable capping layers to avoid oxidation and contamination
=> chemical considerations
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Multilayer deposition methods

fiir

ldatw

01251 v\ |- Silizium mit Uy = 4.64 eV
. . . —— Molybdin mit U, = 6.81 eV
Sputtering principle _ ol
o) Nrwaie (E) = (E/U/(E/U 1)’
£0.075
i

0.05

Substrate 0.025

0
Ar" ion hitting 0 10 20 30 10 50
on the target surface
®
released - released
sputter particle - sputter particle

__eeeqQedeocdee
©00¢60:0.000
00060600 06,0060

TargetU~-500 0000000600606
® 660060666 0660606 6

@ = Ar' ions of the plasma _ Trajectory of the
@ = neutralized and reflected Incoming Ar” ions

Ar atoms — Trajectories of the target atoms
@ = sputtered particles from

the target

_——

© Fraunhofer IWS % FraunhOfer VmMﬂLLA—\n"_A‘M

Stefan Braun, Vakuumtag, 13. April 2016 WS Dresden



Vakuumtag, 13. April 2016, Fraunhofer IKTS Dresden

Stefan Braun: , Lithografie im Vakuum: EUV-Spiegelherstellung und -anwendung”

Multilayer deposition methods
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Multilayer deposition methods

lon Beam Sputter Deposition (IBSD) - Main news compared to MSD:

substrate lengths of up to 500 mm, ion beam assisting, 6 targets

spin

i linear motion
aperture handler —=

b S—

E linear
| primary . Subst.rate : e
5| source =H motion  ,

uol

assist
I
source

L

;:,f—é -
manipulator < A

for 6 targets

process photograph

material
change

chamber
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lon Beam Technology

Primarquelle

N

Abschirmung

-

Substrathalter

Blendensystem

Substrat

Surface coating

E =600 - 1500 eV

Linear substrate movement -300 ... +300 mm

Target

-
Q
-
9
£
®
)

Coating and Polishing

Linear substrate movement -300 ... +300 mm

E=10-30eV
E=50-200eV
E =600 - 1500 eV W/
Target
P
@
P

Cleaning and polishing Surface figuring

Linear substrate movement -300 ...

+300 mm

Target

E=100-800eV

%C
i%ég

Linear substrate movement -300 ... +300 mm

¥ E = 1200 - 1800 eV
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Potential of advanced coatings: Reduction of micro-roughness (HSFR)

standard process with activated ion bombardment
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Reflection enhancement due to surface smoothing

Results:

e Significant
increase of mirror
reflectance on
rough substrate
surfaces

e Improvement of
the uniformity of
the reflectance

EUV-Reflexionsgrad
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EUV reflectance measurements
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Reflectance and uniformity

EUV reflectance: R = 70.75 %
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IWS coatings in 2014 with new EUV
reflectance world record!

=> Gain for a 10 mirror system: ~ +12 %
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Roughness and interface diffusion

AFM for roughness measurements TEM for interface characterization
Rq = 0.080 nm rms « Smooth interfaces
(scan size: 3 pm x 3 pm)  Low interface diffusion

_——
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Reproducibility and internal stress
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=> Analysis of layer thickness
by XRD and EUV

Reproducibility > 99.9 %

internal stress o / MPa
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Internal stress using
compensation layers ~ 0

,. Mo/Si multilayers with stress
/ compensation made by MSD:

immediately after deposition: ]
compressive stress ¢ ~ -35 MPa | 1

stress relaxation with time: ]
lo| < 10 MPa after 20 days .
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Applications of X-ray mirrors — EUV lithography (EUVL)

projection mirrors

i TR EUV reflective multilayer

40x [DLC/Si]

IR anti
reflective layer

Si substrate

filter mirror

Challenges:

e Diamond-like behavior of C films (low IR absorption, sufficient EUV contrast)
e Precise multilayer deposition of DLC/Si
e Surface roughness of AR layer
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Current status of EUVL (ASML report, January 20, 2016)

EUV targets and achievements

o Productivity - Target: 1000 wafers per day

2015 achievements

More than 1000 wafers per day exposed on NXE:3300B at customer site, further
improved to more than 1250 wafers per day on NXE:3350B at ASML

More than 15,000 wafers exposed in four-week manufacturing readiness test at
customer site

Availability - Target: 70%

Majority of customer systems achieved four-week average availability of more
than 70%: best result more than 80% over four weeks

Overall annual average availability is lower, still needs to be improved

NXE:3350 - Target: 6

Two NXE:3350B systems shipped as of end-2015
One shipment in progress

ASML

Public
Slide 20

January 20, 2016

2016 targets

1500 wafers per day

6-7 NXE shipments

(NXE:3300, NXE:3350, NXE:3400)
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Zusammenfassung

e EUV-Lithografie: Nicht eine Frage des OB sondern nur noch des WANN

e Gute, stabile und definierte Vakuumbedingungen sind nicht nur bei der Chipbelichtung
selbst entscheidend sondern auch bei der Komponentenentwicklung und —fertigung

e Herstellung von EUV-Reflexionsschichten erfolgt im Ultrahochvakuum (p ~ 10-® mbar)

e Extrem hohe Schichtanforderungen mit Dickengenauigkeiten im Pikometerbereich
lassen sich inzwischen erfullen

e Reproduzierbarkeit wird allein Uber die Stabilitat des Prozesses erreicht!

Vielen Dank fiir lhre Aufmerksamkeit!
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Kontaktinformation

Dr. Stefan Braun

IWS Dresden, Fraunhofer-Institut fur Werkstoff- und Strahltechnik
Geschaftsfeld ,, PVD- und Nanotechnik”
Winterbergstral3e 28

01277 Dresden

Telefon: +49.351.83391-3432
Fax: +49.351.83391-3314

E-Mail: stefan.braun@iws.fraunhofer.de
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