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Moore’s law

WARCNL

number of transistors in affordabl/le CPU doubles every two years !!!
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.. driving minituarization and innovation W ARCNL
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manufactering a repetitive process WARCNL

Lithography is the step where a pattern is printed

Exposure
Material deposition Photoresist p

aF mEaESHEn coating (step and scan)

Polishing

Slicing

Repeat 40 ~ 80 times
to build 3 dimensional
structure
3 dimensional

structure

Developing
and baking

Etching and ion
Completed Removing implantation
Separation wafer the photoresist

Packaging



elements of nanolithography tools WARCNL

Handler for moving and storingmasks  Active mask is exposed to EUV light  First scanner mirror

ASML,

Track system attached
 toEUVscanner
* coats wafers before
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Moore’s second or Rock’s law

law 1:

WARCNL

number of transistors in affordabl/le CPU doubles every two years

law 2:

costs of a semiconductor chip fabrication line double every 4 years

- costs per transistor decrease

Samsung’s 2015 DRAM plant investment 14 B$
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ARCNL facts WARCNL

focus: fundamental and applied physics
in the context of technologies for (nano)-lithography,
primarily for the semiconductor industry

Concept: 2013 by ASML

Partners: ASML and FOM/NWO, UvA, VU

Start: Jan. 2014

Financial: M€ 7 /yr base funding; M€ 5 start up Amsterdam + Noord-Holland
Size: Currently 75 fte (84 ‘faces’); growing to ~100 fte

Location: Science Park, Amsterdam

Housing: temporary office + lab buildings — long-term housing now
Facilities/support: shared with AMOLF

© © 6 6 © ¢ ¢ ¢

www.arcnl.nl
arcnlsecretariaat@arcnl.nl

’ https://twitter.com/nanolithography
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long-term housing: Matrix VII WARCNL

January 2019
moved to new building
restart experiments April
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scientific program WARCNL
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laser produced plasma for EUV sources “WARCNL

@ tin drops

laser heating

mirror

22 3 why tin? Snions (7-14+) all radiate around 13.5 nm|| |

why 13.5 nm? EUV optics - MoSi mirrors




the plasma landscape WARCNL
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monitoring EUV generating plasma WARCNL

Leombibd b slludll, G| U Ly g UL

Just do it, buy spectrometers and monitor the spectrum. But..
* most transitions in low-, medium charged tin ions (q<20+) are unknown.

* cross section / reaction rates for excitation are totally unknown.
* the dependence on the “environment” is unknown.

fundamental atomic data is called for!



optical spectra of low-charge state Sn W ARCNL

Intensity (10° counts)
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normalized, relative line intensity

Intensity (10° counts)
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Intensity (arb. units)

line intensities W ARCNL
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SnlV / Sn3* WARCNL

[P ] ] ] ] ] ] : : :
I ' Snliv

Sn3* [Ag like]
quasi-one-electron system

SnlvV 55

most simple tin ion
one electron outside a closed 4d1° shell

i

N
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existing information:
nisT database:  Moore 1958
IsAN EUV Spectroscopy: Ryabtsev et al, 2006
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line identification W ARCNL

level predictions:
e COWAN code (Ryabtsev)
 FSCC - Fock Space CoupledCluster (Borschevsky)

“issue”: High-resolution in the optical

uncertainty AEcml Al nm
0.1% ~250 ~5

Quantum defect method (Edlen (1964)):
binding energy w.r.t. ionization level

72 72
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Taylor expansion:
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Quantum defect scaling WARCNL
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anomalous 5d fine structure W ARCNL

Fine structure
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the inverted fine structure of nf 2F

4f 2F, AEgs [cm™1]
NIST database -61
RMBPT* -74
RPTMP# -60
MCDHF?* -71
ARCNL

experiment -60
FSCC -62
MBPT -62

S5f °F, AEgs [cm1]
RMBPT* -44
RPTMP# -22
ARCNL

experiment -308
FSCC -39

(FSCC)+ MBPT+CI

*RMBPT: Safronova et al, PRA 68, 062505 (2003)
#RPTMP: Ivanova, ANDT, 97, 1 (2011)
SMCDHF: Grumer et al, PRA 89, 062511 (2014)
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EUV emisssion W ARCNL

LPP EUV spectrum
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atomic origins of EUV light WARCNL
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Level energy (eV)

detailed example: Sni%+ (SnXI)
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In-EBIT spectroscopy WARCNL

atomic beam
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electron impact excitation
of trapped Sn ions in
charge states 7 - 20+
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theory
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charge state identification
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A. Windberger et al., Phys. Rev. A 94, 012506 (2016); F. Torretti et al, Phys. Rev. A 95, 042503 (2017)




the tin serendipidity
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“forbidden” transitions W ARCNL

ground level transitions
“w
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EUV emisssion W ARCNL

LPP EUV spectrum

Z 30 -
) energetic out of band EUV ]
20F SN Sns*
10} 13.5 nm in band EUV -

: Sn314*ions

7.5 9.0 10.5 12.0 13.5 15.0 16.5

Wavelength (nm)



Snd8t ... Sn1>*t transitions W ARCNL

experiment

energetic out-of-band radiation a diagnostics
of in-band EUV emission
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F. Torretti et al, J. Phys. B 51, 045005 (2018)



energetic ion ejection
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energetic tin “bullets” damage plasma facing material
pragmatic solution: hydrogen stopping gas

Open Questions:

* what are the actual damage thresholds?

* what s the charge state distribution?

* whatis the ionic-energy spectrum?

* what do the ions do to H, gas and vice versa?

* how are the ions exactly generated?




ion detectors at ARCNL's LPP source

Q current measurement

energy distribution from ToF

current measurement
energy distribution from ToF

Retarding Field FC charge state information from retarding fields
charge state resolution

WARCNL

Electrostatic Analyser direct energy measurement (E/q)
I | full charge state resolution via ToF
' dynamic range - space charge effects

ion detection efficiency

Thomson Parabola simultaneous energy and charge state measurement

absolute ion detection efficiencies
ion trajectories




experimental lay out of ion measurements  \WARCNL

TOF Sn ion signals at
different ESA voltages

1064-nm laser, 10 ns
H2 Time =2

30-pm Sn droplet



detection of tin ions

WARCNL
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comparison FC and ESA
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effect of H, buffer gas on ion distribution WARCNL
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1 keV Sn ion charge state distributions

charge state fraction
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overbarrier estimate of CX cross sections \WARCNL

T
0
Sna* + H, — Sn@D* 4 y# L],
20t TS —— — . ] Snl+
1+2yq _ *1 1717 '
,% 60 |
0= T[R%apt ;5 Sn3+
& 60 ==
3 A, Sn4+
Efinar =1+ q-1) 100 | 1
capt A, Sn5+
120 :
Iy, =16.1eV
43 A1t + B - A(q—2)+** + B2+ _)A(q—1)+* N s 1 P Sné+ 87
A1t + B —» A@2)+* L g2+ Sn7+ 99




Preliminary CX calculations

Luis Mendez and Ismanuel Rabadan

U:

10

\ Universidad Autonoma

de Madrid

WARCNL
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1 keV Sn ion charge state distributions

WARCNL
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type of interactions WARCNL
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WARCNL
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Yield (norm. un.)
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Snilt -4+ as 14 keV Sn2+

5 - 30 keV as 14 keV Sn2+

Hel*, Nel+t no difference between exp. and SRIM

Xel+ -2+ as 14 keV Sn2+

Kr2+ larger difference than 14 keV Sn2+

larger difference than 14 keV Sn2+



first data 14 keV Sn?* - Ru
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scattering potentials
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conclusions

“ARCNL's” tin ion spectroscopy and interactions program

EUV source plasma conditions and densities not to dissimilar from tokamaks

* Spectroscopy:

* well underway

e strong collaboration with theory (structure)/ opacity investigations starting

* experiments on EUV source plasma and external facilities

ZERNIKELEIF facility for energy, mass, and charge state selected beams of Sn
ions operational

* Interactions
* First scattering experiments on Mo and Ru surfaces hint at issues with SRIM

e Set-up for CXin H2 is being commissioned



