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Gigaphoton’s LPP Light Source Concept

High ionization rate and CE

EUV tin (Sn) plasma generated by CO,
and Pre—pulse solid laser dual wavelength
shooting

Hybrid CO, laser system with short pulse
High repetition rate oscillator and
commercial cw—amplifiers

Tin (Sn) debris mitigation with a super
conductive magnetic field

Accurate shooting control with droplet
and laser beam control

High efficient out of band light reduction
with grating structured C1 mirror

Droplet
Generator

Ion
Catcher

Pre—pulse

Laser Mirror

Laser m \'-. =
CO, Pulse ; Collector

Superconductive
Magnets

Droplet
Catcher
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Gigaphoton EUV Sources

Proto #1

From Oct 2012

Proto #2

From Nov 2013

ot
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Pilot and Proto Systems Configuration

Target System Specification

Operational Specification
Concept

EUV Power

Pulse rate

Target

Performance
Output angle

Availability

Droplet generator

Pre—pulse laser

Technology

Debris mitigation

Copyright © 2016 Gigaphoton Inc.

Pilot #1
HVM readiness

250 W
4%
100 kHz

62°upper
(matched to NXE)

> 715%

<20 um
27 kW

picosecond

> 3 month

Proto #2
Power scaling

> 100 W
3.5%
100 kHz

62°upper
(matched to NXE)
1 week operation

20 um
20 kW

picosecond

10 days

Proto #1
Proof of concept

25 W
3%
100 kHz

Horizontal

1 week operation

20-25 um
5 kW

picosecond

validation of magnetic
mitigation in system
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Pilot #1: High Power EUV Source for HVM

EUV chamber System

Main—AMP
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Evolution to Pilot#1 ( compared with Proto#2 )

_ @CO02 Laser @Pre—Pulse laser ©)»] K¢ @Debris Mitigation

Proto#2 Trans. Gas FlowX1 Pico Second Pre— High Speed

Fast Axial FlowXx3 pulse laser
20kW : 125W
< 100H
FAF CO2 laser %
250W
100H
__ Gas flow 7:.'7 ”E!’ ﬁxi CE.=-3%
Trans. Gas Flowx4 Pico Second Pre—
27kW pulse laser A - === === |
T I
S | |
ﬂ\:_ i 1weg | 250W
< I Design 1 1000H
: |
Improved‘ e l
CE> 4%
> 1000H

A
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Pilot #1 : EUV Chamber System (1)

EUV chamber system

Beam line
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Pilot #1 : EUV Chamber System (2)

EUV Light Beam

Intermediate Focus
Droplet Generator

% b= : EUV Plasma Point

oooooooooo

Driver Laser Beam " o

nnan

=3
=3
-
P 4T
n
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Pilot #1 : EUV Chamber System (3)

LPP EUV Source :
Shooting Control System

Copyright © 2016 Gigaphoton Inc.

DLG X-Z Stage

Z
IY
_ DLG
PZT device
— O et 5
: Z Flow camera :
X flow camera * 0:)>
Laser
o sensgr @

Plasma Point
(250mm from nozzle)

S Timing sensor Droplet

Laser (CO2, Fiber) @ catcher
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Pilot #1 : EUV Chamber System (4)

High speed droplet generator was successfully transferred to Pilot system
20MPa-DLG ~ 40MPa-DLG

2013 Jan 2014 Sep 2015 Dec 2016 G0m/s 90m/s
Proto#1 Proto#2 Proto#2 Pilot#1 ¢ ¢
Droplet speed m/s 45 60 90 90
A
Back pressure  MPa 12 20 40 40 £ x
S
. ¥ =
Max Repetition  kHz 50 80 100 100 3
rate &
Y %
Freq. =100kHz Freq. =100kHz

Droplet Status

€ 31IGAPHOTON
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Pilot #1 : EUV Chamber System (5)

14

Lifetime of New Droplet Generator for Pilot#1 extended to more than 200 hours.

450

~ 400
£ %0
0 30
£ %0

1 Pilot#1
B Protok]
B Protof

33

JLYRA))

1A/

VI
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Pilot #1: Driver laser & PPL system (1)
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Pilot #1: Driver laser & PPL system (2)

Top view (Foot Print)

1800

et 2

Side view 1 CO, laser Amplifier Module
Oscillator/PPL Module

2000 SN
(ww]

1200 3730 3731
10560

A-A
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Pilot #1: Driver laser & PPL system (3)

<Configuration & History of Amplifier development> Collaborated with Aw
OSC PAT MAT1 MAZ2 MA3 Plasma Point

AMP | AvVP || AMP [mm) AMP —bif,fli

okW 10kW 20kW 30kW 25kW

Basic Experiment in 2013 1st Amplifier installation in 2015 Amplifier system installation in 2016
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Pilot #1: Driver laser & PPL system (4)

Beam profile of CO2 driver laser system at each stage.
PA MAT MA2 MA3

Cent(Th: 500, 0%of Pk)
340.29,238.

FLEMG_20160927175733_0.bin
s ] 9,238.01

Pilot1
(FTF)

Proto2
(FAF)
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Pilot #1: Driver laser & PPL system (5)

19

« High power drive laser development for EUV Lithography

(Gigaphoton)

—> Poster P-ET-06 by Mr. Takashi Suganuma

Porwer: 13W Power: 4.5k

=" To EUY chamber

Power: 150W

Power: >25KW
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Pre-Pulse Technology (1)

* The mist shape of a picosecond pre—
pulse is different from that of a

ore-pulse laser DrOplgt generator nanosecond
€O lass, ey o  Nano—cluster distribution could be a
[ .
main-pulse 0 key factor for hlgh CE
CO2 pulse enegy vs. EUV-CE | Fon e et 01 Pe eEEEehen | e R At T 10 7o Ky sy
Pul

50 e:e‘:y 20mJ 2.7md

45 | delay
::e: 40 :
o 35 } S
g 40 &
Q o
& 25 e 8
W Pre-pulse laser
0 20 |
3 15 | —=10 ps
i ——10ns 3

05 §>

0.0 ‘ =

0 50 100 150 200 &

CO2 laser pulse energy (mJ)
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Pre-Pulse Technology (2)

Modeling nanosecond pre-pulses “"D'S“N

~ 10 ps pre-pulse RALEF simulations
“Disk like target” Evolution of Sn density profile for 10 ns pre-pulse

vy 1 g O i1y g

oy

H. Mizoguchi, Dublin (2013)

“Advances in computer simulation tools for plasma—based sources of EUV radiation”
V.V. Medvedev'?, V.G. Novikov'3, V.V. Ivanov'?, et.al.
" RnD-ISAN/EUV Labs, Moscow, Troitsk, Russia
2 Institute for Spectroscopy RAS, Moscow, Troitsk, Russia
3 Keldyshinstitute of Applied Mathematics RAS, Moscow, Russia
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Pre-Pulse Technology (3)

Modeling picosecond pre-pulses

~ 10 ps pre-pulse RALEF simulations
“Dome like target” Evolution of Sn density profile for 10 ps pre-pulse
~
H. Mizoguchi, Dublin (2013)
“Advances in computer simulation tools for plasma—based sources of EUV radiation” time

V.V. Medvedev'?, V.G. Novikov'3, V.V. Ivanov'?, et.al.

! RnD-ISAN/EUV Labs, Moscow, Troitsk, Russia

2 Institute for Spectroscopy RAS, Moscow, Troitsk, Russia

3 Keldyshinstitute of Applied Mathematics RAS, Moscow, Russia
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Pre-Pulse Technology (4)

In small experimental device, we observed 5.5% CE under optimized
condition.17 % increase from old champion data ( CE=4.7%)).

5.5%

10 shot average

CE at 37 deg (%)

Experimental Device

PPL - CO, delay
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Pre-Pulse Technology (5)

Q-
W2 nmxes

Target Simulation

Density

DERARA UINIVIRSITY

e Comparison between Thomson
scattering Measurements and plasma
simulation results for a EUV
lithography source plasma
(Gigaphoton)
-> Poster P-ET-05 by Dr. George Soumagne

Simulation of EUV Emission

EUV Emission

Initial
distribution

WP AMxE

Collaborated with = =i, xmxs
Thin Target Mist EUV Emission
$ 10750 um ®$ 1007500 i m "¢ 500 um

-

Pre Pulse Laser
Thomson Scattering
[

®

= Korushi University »
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Debris Mitigation Challenges from Proto#2 (1)

Root Cause Collector Mirror Lifetime
1750 — 120% . . : :
Clean Point = Type G (Pilot#1)
@®Back T -jﬂ\ |
Diffusion ™ \\‘.\.
80% -
z Original Target
T 60%
T
o
| 40% ?
-1750 —+ 0%
-1750 =1080 -3500 3500 1050 0 10 20 30 40
Data taken on the Proto #2 Pulse number (billion)

—#—Proto#2 —#—ASML(BMS2) —#—BMS3 —i—Proto#2 (Center)
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Debris Mitigation Challenges from Proto#2 (2)

Proto#2
For Pilot #1 Type F —> Type G Type F
@D Improvement of Back Diffusion
1. H2 gas flow design
2. Cooling system —a
@ Improvement of shooting accuracy Pilot#1 & e
Reduction of miss hit Type G o

Distribution of Sn density (Simulation)

Copyright © 2016 Gigaphoton Inc. GI_GAPHOTON
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Pilot #1 System is now in Operation (1)

Vessel with Magnetic Shield CO, driver laser

> e e

desans
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Pilot #1 System is now in Operation (2)

EUV Source: Droplet Flow Monitor

L & L o=
rrEF s el e
= E® * v EE

£ B




Pilot #1 System is now in Operation (3)

l u‘ \‘..,| - -u"nl i L - -~ ! -_ L . i -I_A.f -
' ‘ id P EUV Source: .,O__perai:iﬁ\ Desk

i o
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Pilot #1 System is now In Operation (4)

S AN . —

A%
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Pilot #1 System is now in Operation (5)

Pilot#1 has been demonstrating at

100W average power with 5% CE !

8

<]

[

E

> Pilot #1 Data

§

400 500
Shot Number (Mpls)

= -
% ” . EDE" » Conversion Eff. 5.0%
: |: :;:::%wm . » Power (in burst) 105W
= - » Duty cycle 95%
g i » Power (average) 100W
2 » Operation Pls Num. 0.83Bpls
E . > Operation Time 5hr
8 : AL, e > Dose Stab. (av.) 0.39%30)
S MU AU SRS e Sty » 0SC + 4xAmplifier (Mitsubishi Electric)
E N > CO2 Laser Power 9.1kW
_;',:: > Pulse Rate 50kHz
8 , > Pulse Duration ~10ns

Copyright © 2016 Gigaphoton Inc.
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Pilot #1 System is now in Operation (6)

Conversion efficiency history CE status

Small Experimental Device (Ideal)

CE improvement Current performance of Pilot#1
& -  at100W (200mJx50kHz)operation
*  Proto#2 : CE is improved to 4.0% at ' | |
250W operation - 4.5% Target ofP//Oi'#l
g ".\. at 250W (250mJx 100kHz)
* Pilot #1 followed by £ 40% - Shootlng e 10H2 source
: 8 \ j —8—Proto#2(201604
4.5-5.0% target at 100—-250W operation 2 3.5% MEHPITA0E)
_ > - —#—Proto#2(201603)
Q
C30% - ' 1 PPL fluency ——Proto#2(201602)
2.5% -
2.0% ! ! 1 ‘
0 100 200 300 400
EUV Plasma:prefile coz plise anscgy i)
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Prototype LPP Source Systems Experiment Update (1)

* Prototype high power EUV light source is in operation

Proto #1 POC in Power Scaling & Proto #2 High Power Experiment
Debris Mitiation |

i

Copyright © 2016 Gigaphoton Inc. GGAPHOTON
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Prototype LPP Source Systems Experiment Update (2)
Power Status of Proto#2 / Pilot#1

EUV Power Status with Dose Control
HER Proto #2 ‘
256W in burst,
250 (June. 2016) * 7 a4 Target
< 200 188W,7h (Apr. 2016) 4
< | | )4
g 1o 158W,11h (Mar. 2016) . m7 # Proto#1
'g | | | ‘ o 8‘5W 0.8h H Proto#?
.E o 108W,24h (Nov. 2015) | ’1 - (JuI;l. 2016) & Pl
_ e 2= 74W,0.5h (Apr. 2015
" LT - | ] Pilot #1
o —a==T7" | ®<— 12W,26h (Nov. 2014) 100W average,5h
14Q1 14Q2 1403 1404 1501 1502 1503 1504 1601 1602 16Q: (Sep. 201 6)I
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Prototype LPP Source Systems Experiment Update (3)

*  Proto#2: 250W. 4%CE(100kHz)

Open loop, 50% duty Cycle

- 301W

300 /¢K with 4% CE

In-band power (W)

7

/ 268W
100 with 3.5% CE

CO2 RF duty

¢Apr. 2016 mMar. 2016

0% 20% 40% 60% 80% 100%

Copyright © 2016 Gigaphoton Inc.

Closed loop, 50% duty Cycle

350 - 35%
300 - | | L 3.0%
m©
=250 .. ! | L 25% E
o)
% ‘\‘N\\ 2
% 200 20% ™.
] >
g \ ~e %-
° . | 0,
5 150 256W with 15% dose | '°% &
0 . [:}]
£ 100 - margin F10% 8
50 - " } | 0.5%
0 = = L 0.0%

0%

10% 20% 30% 40% 50%
Dose margin

—4—|n-band power —#—Dose stability

€ 31GAPHOTON
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Prototype LPP Source Systems Experiment Update (4)

Proto #2: Power Data (Mar. 3-17, 2016)

200 . 100%
180 | [ | . [ _ | . In-Band:Power[W] | [ig—
160 t— * Duty Cycle | L 0%
=140 e I ! { | | | | L 70%
G 120 | , I [ , i o ] L cow
3 -
S 100 i i T T i 1 - 50%
E 80 - ! : 1 - 40% g
T 60 | ! I | | | | | | [
e 119 hours Continuous operation t >| [ #9
20 - . . L 10%
° O 2600 4060 6000 8000 10(500 12000 14000 16000 18600 200.0('.?%
Shot Number (Mpls)
Result: Condition:
In—band power: 158W-132W Repetition rate: 100kHz
Operation time: 119 h Duty: 40/50% *
Number of Pulse: ~ >17.8 Bpls Average power: T9W-32W
Dose stability3o: <0.19 % With dose control mode

* 10 kpls on/0.15 or 0.1s off
Copyright © 2016 Gigaphoton Inc. G;GAPHOTON



Prototype LPP Source Systems Experiment Update (5)

Proto#2 system downtime statistics(13wk rolling)

100%

80%

—o— 13weeks —a— 4weeks

10hrs

x Sdays data : 43.1%

60%

> Proto#2: 11.3% in July 2016

100%

39

Month to Month Stats based on 24x7

90% -
40% 20% - M |dle time
20% 70% - W Upgrade
g 60% - B Others
0% - mCO2L
OT O NOVWOTONTONOOTONOWOTONMNCHINGOMN - _ aser
S382388S332282:5533820838288:2:22389¢ >0%
ST =========2 40% - ® Pre-pulse Laser
30% W Vessel
50% 20% - ® Droplet generator
—o— 13week dweeks .
24hrs x Tdays data - 18.2% ({$WK rolling) ~ 10% - m Avaiabitty
0,
40% 0% -
Nov Dec Jan Feb Mar Apr May Jun Jul
30%
20% x
10%
0% -
oY o NVOTJTOoONTONVOITONVOITOANMONAHIDOOMIN -
godoyIyIgeeEEogdlooyyIyILeegEElln
B E E E E E E E E E EEEEEEEEE T
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Higher Power EUV Source Development (1)

* Extendibility to 500W EUV Power EUV Output Power vs. CO, Input Power

EUV ave.Power[W] Conversion Efficiency [%]

@100kHz 2% 3% 4% 5% 6% 7% 8%

15 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0

50 5 19.1 28.7 38.2 47.8 57.3 66.9 76.4

100 10 46.4 69.6 92.8 116.0 139.2 162.4 185.6

150 15 73.7 10.6 147.4 184.3 221.1 258.0 294.8

200 20]  101.0 1 202.0 2525 3030 3535 404.0 . .

250| — 25] 1283 192.5 256.6 3208 384.9 449 1 OUI’ ,OOSSIb/e sca/e—up scenario
s[_300] 2 30| 1556 2334 3 389.0 | 466.8
E| 350] 5 35| 1829 2744| 36589\ 457.3 .
ul_ 400 s|T40] 2102 3153| 4204 N
s 450 45 2375 356.3 | 4750 =
W™ 500| ¢ 5o| 2648 3970 10592 HVM
o] _s50] ~ 55| 2921 438.2 10224 | 11684 (3rd)
2600l 2 60| 3194 479.1 1117.9 | 12776
ol 650] ~ 65| 346.7 1040.1 | 12135] 1386.8
©700] 8 70| 3740 11220 | 13090 1as60 £V power 250W 500w 1000W

750 75| 4013 1003.3 | 1203.9 | 14046 | 1605.2

800 80] 4286 1071.5| 1285.8 | 1500.1 1714.4 Pulse Rate 100 kHz 100kHz 100kHz

850 85| 4559 1139.8 | 1367.7 | 1595.7 | 1823.6

900 90| 4832 1208.0 | 1449.6 | 1691.2 | 1932.8 CE 4.5% 5% 6%

950 95 1021.0 | 12763 | 1531.5| 1786.8| 2042.0

1000 100 1075.6 | 13445| 16134 | 18823 | 2151.2 CO, Laser 25kW 40kW 65kW

Power

Copyright © 2016 Gigaphoton Inc. GGAPHOTON
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Higher Power EUV Source Development (2) = ¢ o

Carbolated with
OSC PA1 MAT1 MA2 MA3 Plasma Point

OSC mpPre-AmpmpPre-Ampmmp AMP |l AvVP = AMP [mm) AMP —%

T e | | oww | mw | aw
| soow  [RTCURERTIY 20kW 30kW 50kW 40kW
{History of Amplifier deve/opment) . - - f

Ms«-—

"-"-.v--.:—‘i""_ .
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Higher Power EUV Source Development (3)
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-> Next Presentation: Dr. Koji Yasui

- Stable and scalable CO2 laser drivers for high-volume-manufacturing
extreme ultraviolet lithography applications (Mitsubishi Electric)

(1)Higher gain |

.,

Kor | oy ~
Fu b oL \[
g 55 | S b
u
i L}
Wi

st Wirkeng Cn g,

‘(?}Lcwer Iqss a

Discharge
Electrode\ &
I \
Gas flow

Laser

1. Transverse-gas-flow

Today

(3)Better beam shape

2. Advantage of our laser sources

Technological Advantages User Advantages B3
Today

@

‘(1}High power >25kW |
with better efficiency |

Today

(2)Stable operations

with better efficiency
Also Presented by Gigaphoton Inc.

& K fesbinind B3

9125

Today |

‘ (3)High EUV power

Copyright © 2016 Gigaphoton Inc.

€ 31GAPHOTON



) 44
e Introduction

o 250W Pilot#1 System Development Update

o Configuration & Key Component Technologies Update
« EUV Chamber System
* Driver laser & PPL system
* Pre-Pulse Technology
» Debris Mitigation Challenges

» System is now in Operation : Data Update
* Prototype LPP Source Systems Experiment Update

* Higher Power EUV Source Development

*  Summary

Copyright © 2016 Gigaphoton Inc. | GGAPHOTON




45

Summary

* Pilot #1 is up running and its to demonstrate HYM ¢ apability

» EUV power recorded 100W average (105W stabilized, 95% duty) with 5%
conversion efficiency for 5hours operation in September 2016.

> High conversion efficiency is realized with several key engineering efforts.

» CO, driver laser power test up to 27kW in process.

> Next target is >100W average power with high duty cycle operation with C1 full-
scale mirror demonstration.

* Power scaling and availability improvement with Pro to #2 system in process

» 256W in burst power, closed loop operation with Ce=4.0% were demonstrated.

> 119 hours 158-132 W power (in burst power, 50% duty) under closed loop was
successfully demonstrated.

> Proto#2 unit recorded 43% availability during 13 week average (10h x 5 day).

* Further scalability scenario toward 500W EUV source power is under investigation.

Copyright © 2016 Gigaphoton Inc. GGAPHOTON



Summary of Operation Data and Target (Proto#2, Pilot  #1)

-m
| Proto#2  Proto#2  Proto#2  Proto#2  Pilowtl
79-52W 128W 62-99W 101W 100W 250W
40-50% 50% 50-80% 95% 95% 100%
158-132W  256W 115-124W 106W 105W 250W
40% 15% 30-35% 30% 30% 30%
221-184W  301W 177W 151W 150W 325W
35 4.0% 4.0% 3.8% 5.0% 4.5%
119h - 56h 49h 5h >1000h
100kHz 100kHz 50kHz 50kHz 50kHz 100kHz
15KW. 20KW 13kW 11.9kW 9.1kW 25 KW

Copyright © 2016 Gigaphoton Inc. G;GAPHOTON
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