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The very beginning — the year 1986 e

® What was the state of the art in lithography then?

® SPIE conferences on microlithography
¢ 10-12 March 1986, Marriott Hotel, Santa Clara, CA
m Advances in Resist Technology and Processing lll
¢ Chaired by C. Grant Willson; 44 papers

m Electron-Beam, X-Ray, and lon-Beam Technology for
Submicrometer Lithographies V

¢ Chaired by Phillip D. Blais; 33 papers
m Optical Microlithography V
¢ Chaired by Harry L. Stover; 40 papers

Data courtesy of Pat Wight, SPIE
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~—  First few papers in Optical Microlithography V

A Glimpse Into The Future Of Optical Lithography E PDF
Harry L. Stover

Proc. 5PIE 0633, Optical Microlithography V. 2 (August 20, 1586); doi: 10.1117/12 963696
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Excimer Laser-Based Lithography: A Deep Ultraviolet Wafer Stepper ﬁ POF

Victor Pol, James H. Bennewitz, Gary C. Escher, Martin Feldman, Victor A. Firtion, Tanya E. Jewell, Bruce
E. Wilcomb, James T. Clemens

Proc. 5PIE 0633, Optical Microlithography V. 6 (August 20, 1986); doi: 10.1117/12.963697

New Projection Lenses For Optical Stepper ﬁ PDF
Kazuo Ushida, Masaomi Kameyama, Satoru Anzai

Proc. 5PIE 0633, Optical Microlithography V. 17 (August 20, 1986); doi: 10.1117/12 963698

Practical I-Line Lithography E PDF
Mike Tipton, Vic Marriott, Gene Fuller

Proc. SPIE 0633, Optical Microlithography V, 24 (August 20, 1986); dei: 10.1117/12 963699

A New Lens For Submicron Lithography And Its Consequences For Wafer Stepper Design E PDF
J. Biesterbos, A. Bouwer, G. V. Engelen, G . V. D. Looij, J. V. D. Werf

Proc. SPIE 0633, Optical Microlithography V, 34 (August 20, 1986); dei: 10.1117/12 963700

Where Is The Lost Resolution? B ror
Burn J. Lin

Proc. SPIE 0633, Optical Microlithography V, 44 (August 20, 1986); doi: 10.1117/12.963701

Excimer Laser Projection Patterning With And Without Resists: Submicrometer Etching Of Diamond E PDF

And Diamond-Like Carbon Resist
M. Rothschild, C. Arnonet, D. J. Ehrlich

Proc. SPIE 0633, Optical Microlithography V, 51 (August 20, 1986); doi: 10.1117/12.963702

Direct-Referencing Automatic Tweo-Points Reticle-To-
Servo System

M_A v.d. Brink, H F.D. Linders, 5. Wittekoek
Proc. 5PIE 0633, Optical Microlithography V. 60 (August 20, 1986); doi: 10.1117/12. 963703
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The Victor Pol paper - first 248-nm wafer stepper

Excimer laser-based lithography: a deep ultraviolet wafer stepper

Victor Pol, James H. Bennewitz, Gary C. Escher, Martin Feldman, Victor A. Firtion
Tanya E. Jewell, Bruce E. Wilcomb, and James T. Clemens

AT&T Bell Laboratories, Murray Hill, NJ 07974

A deep UV projection system has been developed by modifying a commercial step and
repeat exposure tool to operate at 248nm with an all-quartz lens and a KrF excimer laser. The
lens is a 5X reduction lens with a minimum field size of 14.5 mm and a numerical aperture
which is variable from 0.20 to 0.38. This produces a practical resolution of 0.5.m over the 14.5
mm field, with 0.4,m resolution achievable in a lab situation. Furthermore, by reducing the
numerical aperture it is possible to print 0.8,m lines and spaces over a field larger than 14.5
mm with depth of focus greater than +2.m. The data presented are results of extensive
resolution studies as well as applications to real submicron devices. Some of the advantages
and limitations of laser-based lithography are discussed, including possible directions for new

laser development.

L Introduction

Photolithography today is approaching a realm
which was once considered beyond its capabilities
for practical IC production. Manufacturers of
lithographic equipment are beginning to meet the
requirements for submicron design rules with

improved conventional step and repeat systems

© 2013 TSMC, Ltd

An alternative method for attaining high
resolution is to decrease the wavelength, since the
resolution increases while the depth of focus
decreases linearly with decreasing A. Current wafer
steppers used in manufacture or in development
facilities use the mercury G, H, or I lines at 436
nm, 405 nm, and 365 nm, respectively. I-line
steppers, which are just beginning to appear in small

—

Proc. SPIE 0633, 6 (1986) 9

e
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’ Andwhat did the conference chair have to say?

CHAIRMAN'S OVERVIEW

TSMC Property

"A Glimpse into the Future of Optical Lithography"

Harry L. Stover
ASM Lithography
Veldhoven, The Netherlands

ABSTRACT

The conference papers relating to resolution and overlay of exploratory but
production-worthy exposure/alignment systems indicate performance far exceeding current
IC manufacturing demands, and hence give a glimpse of future production systems and
design rules, A summary table is presented.

and the paper’s final paragraphs:

Meaning: What do all these impressive developments mean to users and to the competitive
lithographic technologies ? Well, there is good news and there is bad news ! The good
news, to chip manufacturers, is that they can sleep easier tonight, knowing that they
can count on optical microlithography to continue the gradual but stable evolution that
has given ever-increasing productivity, - unprecendented in history, to the
microelectronic industry. (They can now devote their wakinag energies to creating new
chip demand, to pull the industry out of this recession).

The bad news, to the competing replication technologies such as X-ray and flood ion-beam
systems, is that they can still expect a very long bridesmaid wait by the telephone
before they will be called upon to fill a void in high-volume IC manufacturing left by
optical microlithography.

T thank all of you for your extraordinary response, in guantitv and quality of paperé,
and in your attendance to the Fifth Annual SPIE Conference on Optical Microlithography.

Proc. SPIE 0633, 3 (1986

Open Innovation Platform®

© 2013 TSMC, Ltd

Proc. of SPIE Vol. 9776 977632-5



— The first announcement on EUV lithography

Extended Abstracts (The 47" Autumn Meeting,1986) :
The Japan Society of Applied Physics
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Hiroo Kinoshita, “30 years have passed from the first experiment,”

International Symposium on EUVL, Maastricht, the Netherlands,

© 2013 TSMC, Ltd

6 Oct. 2015
6 Oct. 2015 __
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— o tse
Details of Kinoshita’s setup and results *—.

Si Stencil Mask WI/C Multilayer Coating Optics

A=11 nm, provided by
I synchrotron radiation
SR ]
I @] 8X, ring-field
I . Schwarzschild optics;
Ring exposure carried out by
Aperture Wafer scanning mask and wafer
2
=4
o
r]
"
<%
o
& 3k

10 100 1000 (A) M3 st 8 PARA(D. 2um) /Si
CE2 BL-IC DMES® (RIEM) '

Hiroo Kinoshita, “30 years have passed from the first experiment,” -
International Symposium on EUVL, Maastricht, the Netherlands, 6 Oct. 2015 —————

— Open Innovation Platform®
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What motivated him to work on EUVL?

| was involved in research on X-ray proximity lithography (XPL) around
1983.

At that time, the target resolution for XPL was 0.5 um, which was
thought to be difficult to achieve with ultraviolet lithography.

We had already developed apparatus for S&R type XPL and examined
its applicability to the trial production of devices...

Our assessment was that the exposure machine and resist performance
seemed quite adequate; but we ran into too many problems with the
manufacture of proximity masks.

It was around that time that | began to seriously consider X ray
reduction lithography as a more viable alternative (to XPL).

Hiroo Kinoshita, “30 years have passed from the first experiment,”
International Symposium on EUVL, Maastricht, the Netherlands, 6 0&?._39]_5_)
B =

© 2013 TSMC, Ltd
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'

~ And what were the reactions to his announcement? ¢ .

The response to the announcement was rather negative.
People seemed unwilling to believe that we had actually
made an image by bending X-rays, and they tended to
regard the whole thing as a big fish story.

However, my belief remained unshaken that “theoretically,
it is possible to produce an image using a reduction optical
system consisting of a couple of mirrors coated with
multilayer film.”

Hiroo Kinoshita, “30 years have passed from the first experiment,”
International Symposium on EUVL, Maastricht, the Netherlands, 6 0&?._39]_5_)
B =
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R _”,_,-_,,__,_,.{,’ ) t,ﬁf:
—  In the meantime, the Silfvast & Wood paper appears s =i
Microelectronic Engineering 8 (1988) 3-11 3 TSMC Property

North-Holland

Tenth micron lithography
with a 10 Hz 37.2 nm sodium
laser

W. T. Silfvast and O. R. Wood, 11
AT&T Bell Laboratories, Holmdel, NJ 07733, U.S.A.

Abstract. A 1 mJ 37.2 nm inner-shell photoionization-pumped sodium laser operating at
10 Hz is proposed as a source for doing soft-x-ray lithography at a resolution of 0.1 pm.
Submicron lithography is essential for taking full advantage of the high-speed capabilities
of gallium arsenide microelectronic circuitry. In addition to the laser source, the system
would include a reflection mask, a multi-layer coated annular field optical system, and a
tri-level resist and should be capable of a commercially significant throughput. The
availability of a collimated beam at 37.2 nm would also allow testing of optics in this
wavelength region.

® Paper was submitted for publication after eponymous proposal to the US
government (in 1986) for funding received extremely negative reviews

from EUVL: An Historical Perspective, Hiroo Kinoshita and Obert Wood, in EUV Lithography, Vivek Bakshig_dj;g[,.—fv—-"“"‘_
SPIE Press 2009; Obert Wood, private communication f)——)*““"
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— t T
st & Wood Proposal for EUVL *—.

" The Silfva

SODIUM LASER EXPOSURE CHAMBER

REFLECTION
MASK

DSCILLATOR | AMPLIFIER

WAFER
372 nm RADIATION 7

1X Offner Relay
NA =0.167

{1 OPTICAL SYSTEM

® Use of reflective mask was mentioned
® Proposed Mg/Au or Mg/Pt MLs with 35% reflectivity at 37.2 nm

Photo courtesy of Obert Wood
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Bell Lab’s experimental results, two years later b

TSMC Property

® Nevertheless, under the leadership of Rick Freeman and Bill Brinkman, a Bell
Lab team was assembled to work on EUVL in 1988

INCIDENT
smcuﬁomom
RADIATION

A® 44 nm

0.7 um Si
TRANSMISSION —= membrane;
MASK 0.5 um Ge
absorber

APERTURE |
N\
P |

SECONDARY ——=

MIRROR
PRIMARY / 20X Schwazschild
MIRROR NA =0.08
RES!ST-COVERED-/
WAFER

Reproduced from J. E. Bjorkholm et al., JVST B 8, 1509, Nov/
Dec 1990, with the permission of American Vacuum Society. -
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— ’”Oh’éfrﬁ(i)}ie_year later, Sandia developed a LPP source for it

t :
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RESIST-COVERED
iy WAFER

PRIMARY
| . '\irROR

Focused s
150 W e
KrF .
excimer laser \APMRE
onto
& Forating T TRANSMISSION
gold target MASK

APERTURE
/ /- REFLECTOR
I F16. 4. Atomic force micrograph of the 0.1 and 0.15 pem lines and spaces
region of the pattern formed in a 500-A thick PMMA layer with
| / NA = 0.08.
LASER /
PLASMA
SOURCE
Exposures performed at Sandia National Laboratories, Livermore , CA
Reproduced from G. D. Kubiak et al., JVST B 9, 3184 (1991), with the permission of American
Vacuum Society; Obert Wood, private communication P
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. Indepehdently, at 1988 3-beams conference in Ft. Lauderdale

t

'fm

Soft x-ray projection lithography using an x-ray reduction camera

AndrewM. HawrylukandLynnG. Seppala

Lawrence Livermore National Laboratory, University of California, Livermore, California 94550

(Received 2 June 1988; accepted 15 August 1988)

Soft x-ray projection lithography can now be realized with recent developments in x-ray optics.
Using new x-ray optical components and spherical imaging optics, we have designed an x-ray
reduction camera which is capable of projecting with soft x-ray radiation, a 5> demagnified
image of 2 mask onto a resist coated wafer. The resolution of this design is ~ 100 nm with a depth
of focus of -+ 5.6 um and a 0.5-cm-diam image field. We use x-ray reflecting masks ( patterned x-
ray multilayer mirrors) which are fabricated on thick substrates and can be made relatively
distortion free. Our design uses a laser produced plasma for the x-ray source. Better resolution
and/or larger areas are possible with improvements in optic figures and source characteristics,

I. INTRODUCTION

New advances in the field of x-ray optics have been responsi-
ble for many new x-ray optical components such as normal
incidence soft x-ray mirrors, beamsplitters, and highly dis-
persive multilayer mirrors."? These new optical components
have made it possible to design and build new instruments
such as x-ray microscopes, telescopes, waveguides, and in-
terferometers. Another application is a new form of lithog-
raphy which projects an image using soft x-ray radiation,

ondary photoelectrons generated in the photoresist (which
could degrade the resolution) is small ( ~53nm). At4.5 nm,
the x-ray absorption depth in resist is large ( > 1 gm), and
the depth of focus of cur inverse Cassegrainian system is
=+ 5.6 m. This large depth of focus at the image plane along
with the large x-ray absorption depth in resists at 4.5 nm
would allow us to expose thick ( ~ I gm) resists. However, it
should be noted that other soft-x-ray wavelengths (4 = 2~
25 nm) can be used.

TSMC Property

Reproduced fromJVST B 6, 2162, 1988, with permission from American Vacuum
Society; Presented at 1988 EIPB conference, Ft. Lauderdale, FL
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~ Both LPP source and ML masks were proposed in the
Hawryluk & Seppala paper
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One year later, reflective EUV masks were fabricated e

|-q- 2w

! [
worrd

muitiiayer

Y-ray refleciion mask

Monitor x-ray mirror

Rehlecnvity

Figi. 3. Scanning efectron micrographs of an XRPL mask. The bright re-
gions are areas of 100 nm thick gold, patterned onto a soft x-ray multilayer

MTFOr.

Wavelength (nanomoters)

Kinoshita et al. also succeeded in fabricating ML masks in 1989,
published in JVST B 7, 1648 (1989) -

permission of American Vacuum Society ) .
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Encouraging exposure tool maker to develop EUVL for HVM
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LLNL signs CRADA with 3 US companies '

TSMC Property

Newsline

Published twice weekly for empiloyess of the University of California Lawrence Livermore Natianal Laboralory Friday, October 16, 1892 Vol.17 No. 76
e T

Watkins signs LLNL’s Iargest CRADA

By Steve Wampler
SE(TEL.IF'\‘ of Enerpgy James
Watkins _|uinwd representatives from
the Laboratory and three California

firms yestenlay 1o announce a
collaborative research pact that may
lead to important advanees in
manulacturing microclectronic
COMPONERTS,

Such advances would pernut
manufacturing computer chips
that are 10 times faster and con-
tain |, 000 fimes more memony
than today's chips, reported Lab
scientists.

The foar-year Collaborative
Risearch amd Development Agrec-
inenl {CRADA) belween the
Laboratory and the three electronics
companies was signed at the Na-
tional Technology Initistive confer-
ence at the Santa Clara Convention
Center,

Valued ar $25.2 million, the
new CRADA is the largest signed

$12.6M from DOE;

$12.4M from Intel,

Ultratech Steppers,
and JMAR Technology

Fhoieo by Bryan Cuintard

by the Laboratory to work with Energy Secretary James Watkins, center, congratulstes Lab scientists
1.5, businesses 1o develop new Andy Hawryluk, right, and Nat Ceglio on research he described as
technologies. “concrete evidence of the success of National Technology Initiative.”
This agreement 15 part of a Watking said NTT is “heiping LLS. companies leapfrog to nexi genera- o
broader national program in soft tion technoiogy.” e

Images courtesy of Nat Ceglio I——
: - Open Innovation Platform®
© 2013 TSMC, Ltd
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e B—— ts .
3 Groups came up with the EUVL idea independently %=

® NTT

m Kinoshita wanted improve the performance of proximity
x-ray lithography, by adding optics between the mask
and the wafer

® Bell Labs

m Silfvast and Wood proposed using a new soft x-ray laser
to illuminate a lithographic system to achieve better
resolution in projection lithography

® LLNL

m Hawryluk et al. wanted to apply the lab’s expertise on the
fabrication of normal-incidence soft x-ray optics to the
realization of a new lithographic system

Hiroo Kinoshita, “30 years have passed from the first experiment,” o
International Symposium on EUVL, Maastricht, the Netherlands, 6 Oct. 2015; =
Obert Wood, private communicaton e

Andy Hawryluk and Nat Ceglio, private communication -y

Open Innovation Platform®
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ﬁ//"“”‘Of course, they later met and exchanged knowhow

/

TSMC Property

“At the banquet of 1989 3 Beams conference, Tanya Jewell and Obert Wood asked me about my

(telecentric, with aspherical mirrors) reduction camera. But | could not hear her Russian accented |
English. So Obert translated her English. Obert also translated my Japanese English. Discussion __
continued until the end of the banquet. | could not eat anything.” — Hiroo Hinoshi —

Open Innovation Platform®
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and..., From Russia with Litho

-3

MROERIMORHAA PEHTTEHOBCKAS JIATOIPAQHA
A.B.Bunorpagos, H.H.3openr

1. Bsegenwe .

T P ¢ p P B 3t
TenbHON Mepe OTMpefenAmuTCA CTPEMNEHHEM K YBENWUEHUD CTENEeHM
MHTETpalM¥, TO ECTh K yMeHblleHMD DA3MEPOD SNEMEHTOD, paswe-
WEeHHHX B MMTerpancHofl cxeme / I-3 /. B HacTosmee BpeMA mpous-
BOJCTBO MHKD nouTH BD pPHMEHEHHEM
pasHoBugHocTel! onTHueckoft muTorpafmMu: ROHTEKTHON M TIPOERLMOH-
Hol, B HOTODHX MPAXTHYECKH AOCTHIHYTO MpEJENbHC BOSMOXHOE B
onTuyeckoM guanasowe paspemexme ~ I+2 wuw / 3 /. llooromy B
nocegHWe rofkl B AMTEPATYpe WHPOKO o6CYRIapTCA QpYTHE MEeTOOH
NOMyYEHNA KHTErpanbHHX CXeM eme G Y
cTeneHs MHTerpauyu. K STHM METOJAM OTHOCATCA MOHHAS, SNEKTDOH—
'HAf W peHTreHosckan murorpadum / I /. lepewe asa s mepeumc-—
NeHHHX CNocof0B yme TpoJEeMOHCTPHPOBATH BOBMOEHOCTL MONYUEHHA
MMEPOCTEYKTYP C pasMepamu anementoB bnaote go ~ 0,01 mem / 4 A

Opnaxo np ANTE: B 3THX OP OKAa3aNach NoEa Jo-
BONBEO . 8 - oueHs Bucoxoft. [osTomy
wHorke aptops / 5-7 / cuwrapr Hawonee mepeneETHBHON AnA We-
nons B np PEHTTEHOBCKYD AWTOrpajin.
Tpw erom, xax np » P 'p weToq it

"¢ sasopom” (coraacHo xaaccufuxauuu peSors / 3 /). BuSop Te-
nebolt exMb peHTrexomurorpaduM cCBA3AM, NO-BUIMMOMY, KAK C
yueToM  WTa onTHuecKof mWTOrpafiM, KOTODAR pA3BHMBANACH OT
aroft ©  TOM cxemy K GONee CNOXHOM - TDOGKIMOHHOMN, TAK W BRMTY

Material courtesy of Stefan Wurm

—
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. Acrltlcal enabler of EUVL: multilayer coating technology
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How did we end up with the name EUV? =

“Soft x-ray projection lithography” was what we originally
named it until DARPA asked us to get “x-ray” out of the
name in 1993. So it was renamed “Extreme Ultraviolet
Lithography” — | suggested that name because | knew
Berkeley had an “Extreme Ultraviolet Astronomy” group.
At the time nobody in our group even knew what the
wavelengths of EUV were — but we needed a new

name...quick.

Nat Ceglio, private communication

Open Innovation Platform®

© 2013 TSMC, Ltd
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Technical Digest on

Technical Program Committee

erty

US-JAPAN Workshop
on EUV Lithography

October 27-29, 1993
Hotel Mt. Fuji, Japan

In 1993 topical meeting of X-ray
projection lithography, Jeff Boker
asked me to change the name to

extreme ultraviolet lithography

Slide courtesy of Hiroo Kinoshita

© 2013 TSMC, Ltd

Proc. of SPIE Vol. 9776 977632-24

Universities Space Research Association, USA

Lawrence Berkeley Laboratory, USA

Takeshi Namioka

David T. Attwood

David L. Windt
AT&T Bell Laboratories, USA

Hiroo Kinoshita
NTT LSI Laboratories, Japan
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~ Kinoshita moved to Himeji Institute of Technology in 1995

TSMC Property

® HIT, in collaboration with Hitachi and Nikon started to develop a three-
aspheric mirror system called the ETS-1 in 1996. System was built in
1998

lllumination optics

Optics housing

C2 \lW & M alignment syst4m
T

C1

Exposure wavelength: 13.5 nm
Magnification: 1/5
Exposure Area: 30 mm x 38 mm

( static: Imm x 30 mm)

Slide courtesy of Hiroo Kinoshita
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- EUV LLC was established to continue to develop EUV 22
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Management Board: { Committees

AMD, IBM, Infineon, Intel, | Chairmen
Micron, Motorola T
Chairnan  Sunhn Chou Finance
George Halzikos
Technology
\ Peler Silverman
Genaro Mempin
- Program Diracfor Chuck Gwyn
* International Business Manager Chris Phitippi Y TG
SEMATECH - Business Development  Melissa Shell + » Working Groups
* SIA Operations Manager Genparo Mempin | | -
* TWGINGL Legal Advisor Palrick Terranova . ETS,
Mask Devslopman! Scolf Hecfor /) * Mask Blanks
+ Patteming
| + Optics,
| | 1 + Multilayers
Semiconductor Subsystem & Virtual National * Interferometry
Equipment Component Suppliers Laboratory (VML) - SC'U_fCB
Manufacturers | | = e---.- Director Jim Glaze + Emvironment
--- TRW, AES, Tinsley, COO  Rick Slulen * Resist
ASML SVGL, USAL Veeco, UT, Others CTC  Don Sweenay \: Microsteppers -/

t t I

| I Y ¥
| [, LLNL SNL LBNL
Don Sweensy  Glann Kubiak  David Alfwood
_

from EUV LLC: An Historical Perspective, by Chuck Gwyn and Stefan Wurm
in EUV Lithography, edited by Vivek Bakshi, SPIE Press 2009 _____ ——
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Virtual National Laboratory established to carry out R&D S

TSMC Property

VNL a———n! BOVIILC
Richard Freeman Chuck Gwyn
(10)
150
Sandia LLNL LBL
Rick Stulen ’ Don Sweeney Dave Attwood
LPS: _ Optics Design: At Wavelength -
Kpblak Sweeney Measurement
Resist PrQCCSS Multilayer Attwood, Boker
: Goldsmith Spiller, Vernon Underwood
A]J_gnmenl Systm Measurement
Tichenor Sommargren

Slide courtesy of Hiroo Kinoshita - :
Open Innovation Platform®
© 2013 TSMC, Ltd
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~ Culmination of EUV LLC work — ETS

0.1 NA, 4 mirrors, 24x32.5 mm imaging field

Laser plasma
source

Reticle Stage
] g -

Projection
Optics Box
4% reduction

— Illuminator

Wafer Stage

Schematic drawing

from EUV LLC: An Historical Perspective, by Chuck Gwyn and Stefan Wurm
in EUV Lithography, edited by Vivek Bakshi, SPIE Press 2009 _____ ————

© 2013 TSMC, Ltd

Proc. of SPIE Vol. 9776 977632-28

TSMC Property

Open Innovation Platform®




‘f’ 1 "::fi'v
tsme
wg

TSMC Property

45-nm 3:1 | 39-nm 3:1 |

39 nm at 0.1 NA

v
16 nm at 0.25 NA

“From these results, it was projected that 0.25 NA would enable the
16nm generation and Moore's Law would be kept”

Courtesy of Hiroo Kinoshita and David Attwood

Open Innovation Platform®
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/dverview of EUV funding Projects in Europa —

Project |Program [97]98[99{0[1]2[3]4 5|6 ]|7]8]9]10[11]12]13]14]15[16]17]18]19]20 Project Goals
EUCLIDES  |ESPRIT EUV Optics Basics

PREUVE National (F) EUV Small field tool

EXTATIC MEDEA+ 45nm EUV o-Scanner

EXTUMASK  |MEDEA+ 45nm EUV Mask

EUVSOURCE |MEDEA+ EUV Xe Source

EXCITE MEDEA+ 45nm Process & Resist
MoreMoore |MEDEA+ 32nm Capability

EAGLE MEDEA+ 32nm Pre-production EUV scanner
EXCEPT CATRENE 22nm EUV scanner & Infrastructure
ETIK National (D) 14nm EUV Optics

E450EDL ENIAC EUV Tool System Architecture & Design
E450LMDAP|ENIAC N10EUV Scanner

SENATE ECSEL N7 EUV Scanner

TAKES ECSEL N5 EUV Scanner

Slide courtesy of Winfried Kaiser, Carl Zeiss

© 2013 TSMC, Ltd
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" How was the 13.5 nm wavelength chosen?

® Because of the good performance of Mo/Si multilayers, which has

from Multilayer Coatings for EUVL, by Regina Soufli and Sasa Bajt
in EUV Lithography, edited by Vivek Bakshi, SPIE Press 2009

to work with wavelength > 12.5 nm

A new class of Be based MLs were developed, ... Mo/Be MLs with
measured reflectivity approaching 70% were demonstrated at 11.3
nm, the highest experimental reflectivity achieved at any EUV
wavelength at that time

In 1999 — 2000 the international semiconductor community
abandoned the Be-based MLs and the 11-nm wavelength region
for EUVL, mainly due to health and safety issues associated with
the toxicity of Be particles. The focus was shifted to ML
optimization for the 13.5-nm region

I ———

AR
t;:' RiEih
b

= o
TSMC Property
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~~ Once 13.5 nm was chosen, Xe lost out to Sn as source element .-

TSMC Property

1.2
:@T Reflectivity of an 11-mirror imaging system and spectra of Xe, Sn, Li
5
o
[
< n
[7)
c
g 06 A\
whd
3]
g 0.4 A
2 \/
£ / L \/\ .[
| |
NG 0.2 o : .
)
= S ; Moisi ML
- B
8 D T ™~ T T
=
[7)
e 1 11 12 13 14
-0.2 -
Wavelength (nm)
from EUV Source Requirements for EUVL, by K. Ota, Y. Watanabe, V. Banine, H. Franken P
in EUV Sources for Lithography, edited by Vivek Bakshi, SPIE F:r_is_g__z_g_q_q____,___ ‘‘‘‘‘‘‘ -
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By early 2006, Sn had already been selected by ASML 2=..

1000.0
C - -
| [ustmedt X A3
<1000 |
= i Sn 2
L C
- L
5 100 L n
:5 . Sn X
n Ae
w 1.0 L i
E &) supplier 1
- A\ supplier 2
i & O supplier 3
O O supplier 4
D_‘] PR S SR A T TR AN S SN N S T T A S M R
2001 2002 2003 2004 2005 2006 2007 2008 2009
Since available power will determine the litho tool throughput. and Sn fueled sources are the most promising in terms of
high power, ASML decided to incorporate a Sn discharge source on the AD-tool (see picture in Figure 5). Sn sources can
provide the necessary photons for throughput. but they also generate debris which needs to be mitigated.
‘_",/
Hans Meiling et al., “First performance results of the ASML alpha demo tool,”
Proc. SPIE 6151, 615108 (2006) ———

Open Innovation Platform®
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"~ SPIE AL 2006: ASML ADT in image qualification ==

AD-tool
A 13.5 nm
HNA range 0.15-0.25
Field size 26 x 33 mm?
Wafer size 300 mm
Magnification 4
Flare 16%
Dense LIS 40 nm
Isolated lines 30 nm
Iso/dense contact 55 nm
Overlay 12 nm
Throughput ~10 wph

Hans Meiling et al., “First performance results of the ASML alpha demo tool,” Proc. SPIE 6151, 615108 (2006 =

Open Innovation Platform®
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One of several scanner shipments arriving in Taiwan_,,_,../
bl 1

Open Innovation Platform®
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P

_ NXE3100: Installation Nearly Complete

TSMC Property

TSMC, October 2011 L

Open Innovation Platform®
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mplete

TSMC, October 2013 -
S

Open Innovation Platform®
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EUV processing of metal layer of logic circuit
Single Patterning by NXE3100

TSMC Property

Open Innovation Platform®
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Via hole patterning: immersion vs. EUV

Immersion
lithography Etch

TSMC Property

EUV single patterning

Combining patterns of all
4 immersion masks

L )

9,

Y [

Mask 1

Mask 2

Mask 3

immersion

Exposure latitude

Mask 4

Depth of focus
I b ok B
Open Innovation Platform®
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 Same elec

Metal1 Rs WAT

= ¢
9% | WAIFi « BADP

BN | SEUV sitel
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Cumulative %

trical performance as multiple patterning

TSMC Property

Via Rc WAT

99.9

99

90

70

50

30

10

1

E )

0.1

Via Rc (arb. Unit)

® Based on the same layout, CD target, and film stack, EUVL has
achieved comparable electrical performance as the ArF immersion

baseline

Today, 2:10 pm (9782-2): EUV for sub-10nm logic technology

—

© 2013 TSMC, Ltd

Open Innovation Platform®
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’ Power of EUV is demonstrated by the following 2D structure

SMC Property
I I 82 I I I I

Designed pattern iﬂ-w
1111

Immersion double patterning

EUV single patterning /
[

Open Innovation Platform®
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Progress on EUV source power

TSMC Property

250

200
. [ |
; A Realized at TSMC
T 150
q;’ B Demonstrated at ASML |
(@)
0. 100
:>) A
LLI A

50 A
A
0 A‘wA T T T T T T T

Q4 Ql Q2 Q3 Q4 Q1 Q2 Q3 Q4
2013 2014 2015 >

Open Innovation Platform®
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= 200W capability have been demonstrated at ASML

Mean pulse energy at IF: ~5 mJ

EUV - 53
(Mean+-99.7%) [mJ]

0 . ; i i | 5 i
0 500 1000 1800 2000 2600 3000 3500
time [sec]

EUV power at IF: 200 W

time [sec]

40 ! ! ; ;

Energy control overhead: ~20%

Overhead
(Mean+/-99.7%) [%]

0 ; :
0 500 1000 1500 2000 2500 3000 3500
time [sec)

Courtesy of ASML
Tuesday, 8:00 am (9776-10): EUV lithography performance for manufacturing: status and outlook /

Tuesday, 1:50 pm (9776-21): Advances in predictive plasma formation modelling

Open Innovation Platform®
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EUV Power (Relative)

1st Round of 2" Round of

Tr:ﬁprovements in Sustaining EUV Power

t,..z i

TSMC Property

by maintaining collector cleanliness

31 Round of

4th Round of

Improvements Improvements Improvements Improvements
o
G

-1.4%IGp = -1.2%I/Gp -0.8%I/Gp -0.3%/Gp

Collector Usage (G-pulses)

© 2013 TSMC, Ltd

Proc. of SPIE Vol.

9776 977632-45
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Consecutive 4-week productivity on a NXE3300

TSMC Property

® Process conditions

m Wafers of various lot sizes with required dose, CD, and overlay
® 4-week-averaged WPD: 518 wafers
m Total wafers processed: 15040

® 4-week-averaged tool availability: 70.2 %

1000

900

800

700

600

Open Innovation Platform®
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Continual reduction of mask native defects *—.

Pattern to be written
“ Resolution of I
o _ inspection: 23nm SEVD
o

O
= Q
t_% Q
@ o O
5 °© e ©
o 2 o ©Q .
@ o g o © Blank with defects
B o °© o B8 g 8 g
u— =] & A <
(] g Q
a > O B 8 O %
@
2014 2015 20186

Open Innovation Platform®
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Can we keep the mask clean?

Inner pod EUV Mask (downward facing) and associated Dual-Pod

Inner pod

(a) Conductive layer (c) Mo/Si multilayer
(b) Low thermal expansion material  (d) Absorber

(b)

Open Innovation Platform®
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TSMC EUV pellicle development TS oy

14000

12000

10000

Membrane area (mm?2)

Smmx5mm 10mmx10mm  20mmx20mm  30mmx20mm  70mmx30mm  80mmx80mm 110mmx140mm

Membrane dimensions

Open Innovation Platform®
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Membrane thickness = 50nm Transmission = 85%

/

Open Innovation Platform®

Membrane provided by ASML

© 2013 TSMC, Ltd
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Progress on EUV resist sensitivity and local CDU 2=

'
o

w
[=2]
L

Sensitivity (mJ/cm?)
N w
oo N

N
S

Sensitivity Local CDU
3.7
’E~3.5
£
1 D 3.3
a
o
| ||I Il'[
| i ..
SL 2014 15'Q2 15Q3 15'Q4 2014 15'Q2 15'Q3 15'Q4

® Goal is to achieve 20mJ/cm? sensitivity and 3nm local CDU

© 2013 TSMC, Ltd
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Towards sub-20-mJ/cm?-sensitivity, sl
single-exposure, and simplified patterning process

13 nm L/S E1 .4 26 mchm2

-60nm -40nm -20nm Focus: Onm 20nm 40nm 60nm
NXE:3300B, Dip45X: 4.6nm LWR, DOF@10%EL: 140nm

. 21nm pillars
Resist =

Spin-on Carbon

D000 00en
NN BB N N
B N N N E N
o000 0 o0
N B NN NN N
N NN NN N N
(NN N NN N N
5 o0 0000 00

18nm thick resist into 70nm SOC

Today, 1:30pm (9779-3): Metal oxide EUV photoresist for N7 relevant
patterns & processes

Tuesday, 8:30am (9776-11): Demonstration of an N7 integrated fab process
for metal oxide EUV photoresist

Open Innovation Platform®
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— >0.5NA optics allows single patterning to continue

TSMC Property

SCan

BN ASML -

Thursday, 8:00 am (9776-55): EUV High-NA scanner and mask optimization for sub 8 nm resolution
L

Open Innovation Platform®
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Higher resolution and throughput than 0.33NA optics —+—.

Thirougiput for wariour soarce posrsr snd doses

e Higa K anarnorphic
180 #rs 2y, 55 15
WXE: 3300
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./
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ﬂ ]
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o

7] 5 in 15 i 5 an as
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B ASML ) =
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Courtesy of ASML

© 2013 TSMC, Ltd

" ASML source strategy includes roadmap for 250 W B4

Proc. of SPIE Vol. 9776 977632-55

Extend CO,
with different
pre-pulse
technology
2015 2016-2017 2018-2019
PP: CO, PP: CO, PP: 1 um
MP: CO, MP: CO, MP: CO,
sowW 250W >250W
PP: Pre-Pulse laser for creating expanded Sn target
MP: Main-Pulse laser for creating EUV radiation out of the expanded Sn target

Open Innovation Platform®



>5% CO, to EUV conversion efficiency is achievable =

6
3.5% i .-
average In —_
‘;\ 5 —
X 10 pulses o
L= 4 —o-
M~
o —_—
® | —
m - -
° J
1 \\“\1
D L
0
PPL - CO, delay
5.5% CE was observed under optimized conditions in a small experimental device,
a 17% increase from the old champion data of 4.7%
Tuesday, 1:30 pm (9776-20): Performance of new high-power HVM LPP-EUV source 1

Slide courtesy of Gigaphoton

Open Innovation Platform®

© 2013 TSMC, Ltd

Proc. of SPIE Vol. 9776 977632-56




Worldwide EUV Development History

=, @ 1::, ‘\? h ) Property
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Slide courtesy of Stefan Wurm
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Summary S

TSMC Property

® |t is extremely difficult to unseat an existing technology,
especially when it still has headroom for incremental
improvements and tweaks

® \When you believe in your vision, you have to stick to
your belief against complacency, skepticism, prejudices,
and sometimes mockeries

m Technologists — continual and unabated innovation
m Executives — appropriation of massive amounts of resources

® Substantial progress has been made in the past 10
years in the development of infrastructure for EUVL

® Need this community to continue to work together,
innovate, and finish the last mile in the development of
EUVL for HVYM e

© 2013 TSMC, Ltd
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Obert Wood, Nat Ceglio, Andy Hawryluk, and John Carruthers for
sharing knowledge and material on the early days of EUVL

Hiroo Kinoshita for making available his presentation material on
EUVL and for clarifying details in his initial experiments

Stefan Wurm for clarifying many topics regarding EUV LLC

Vivek Bakshi for fruitful discussions on the choice of the 13.5 nm
wavelength

Our R&D team for their full dedication in making EUVL a reality in
HVM

TSMC’s management for their full and continual support in the
development of EUVL

The entire EUV community — in our common belief that EUV is
the choice for the continuation of Moore’s law

m Exposure tools and optics and light sources; Masks and blanks and pellicles
and infrastructure; Resists, etc.
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