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The microelectronics success story

A cost reduction unique in the industry history

PRIZE EVOLUTION OF 1 Million transistors

76 000 €

En 2009 1GB -2 1%
1 Million transistors =0.1 centimes

6100 €

460 €

’%si‘;f !

CRe )

6 Cents 0.5 Cents

1973 1977 1981 1984 1987 1990 1995 2000 2005
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The Race to power...

Intel Microprocessors Complexity 1971 -2006

Intel® Atom™ - dual-core Intel®Itanium™2 (90nm) [
47 Millions Transistors \ = - Intel@Itani“m®2 .

45nm node

193 dry Litho ‘ 3 ‘ - t l®P l AN
& Intel®Itanium®?2 . A

Intel® Core™Duo
Intel486™
Intel386™
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V N=30*2/((Y-1960)/2)
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il'ltélimp s.Xan Borodovsky, The 2nd Nanotechnology International Forum October 6 — 8, 2009, Moscow

Moore’s law
Multiplication by 2 of transistor number in ICs every 18 months
At CONSTANT PRICE
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Why miniaturization ?
1st view

1971 2005

e s 5
Image courtesy of CPU-Zone.com. Used with permission.

INTEL 4004 INTEL ITANIUM 2
Surface : 90mm? Surface : 698 mm2 ©
2.300 transistors 1,000,000,000 transistors
>
X450,000
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The lithography : The horse race of miniaturization

Lithography : The way to realize IC circuits lines
JIN

ey /p;i:”rgsé\ INARRNA
| | H ﬁ F_E_E_ﬁ

silicium ™ dépot ™  pPhoto ™ transfert

Very simple challenges!

" + and + smaller 15 vears

. >
" +and + precize

130nm node 16nm node
2000 2015

= -and - expensive

H. Y. Chen et al, iedm 2009

16nm Functional 0.039um2 6 T-SRAM Cell
with Nano Injection Lithography,
Nanowire Channel, and Full TiN Gate
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The toolbox of lithography?

= Exposure tools

= Exposition
= Photons
= Electrons

= Resolution
= Sub-20nm

= Position accuracy
= 2-5nm d’alignement

= Throughput
= >100wph

leti

“ Process

Resist

= Photo sensitive

= Resolution(<20nm)

= Sensitivity (10mJ/cm?)
= Transfer property

Process track
= Fast (>200pl/h)
= Repetable

= Proximity
corrections

= Corrections
= Verification
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Lithography options for tomorrow

Optical lithography

f"' Resolution concern
= Discussion on k1 improvement
= Ultimate resolution for 193nm generation
= EUV

E-Beam direct write lithography
Self Aligned Ligraphy by block copolymers

Imprint lithograhy
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Optical lithography

Resolution driven by the Rayleigh criteria

Aperture

A Partial

R = kl X —— Coherence
NA of lllumination </———————, Condenser
2 o = sinB./sinb, Lens
DOF =k, 2
NA 1 Mask
with  NA=nxsin(g,) <n rojection
k f Numerical << Lens ASMI—/1950|
1 Process _ actor Apiﬂyre ‘ ! A 193nm
NAsinto  Wafer NA: 1.35

Resolution 38nm L/S
Overlay 3.5nm (30)
175 pwafers/h
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Resolution improvement?
P f/ﬂ

K1=CcD_, *NA/A
— 0.36=65nm

& — 0.72=350nm
0 86

=good old days

Ultimate k1: 0.25 (simple exposure) t\ .
M < Design Target
10000+— Above _  Near _ Below __
A A A
3000
1 000
1000
1000
DUV DUV
e N A=248nm A =193 nm
- g-line WO
100 A =436nm I-line et 180 * T~ R
A = 365nm 30 8T . .
7
1
1980 1990 2000 2010

Year
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Lithography options for tomorrow

Optlcal lithography
Resolution concern
Discussion on k1 improvement

= Ultimate resolution for 193nm generation
= EUV

w

>

i
la al

E-Beam direct write lithography

Self Aligned Ligraphy by block copolymers

Imprint lithograhy
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Discussion on k1 improvement

Resist process concern
Illumination improvement
OPC solution

leti
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Resist process concern

22 Resolution
&
Nd
>
“/
@"‘”‘@ »Resolution sub 20 nm
(o4 e .
«@// » Sensitivity ~10 mJ/cm?2
’ » Roughness < 2 nm
But also: Sensitivit
»>Etching selectivity ensimvity Roughness

»Adhesion and Mechanical stability (pattern collapse)
» Thermal stability (resist flow)

»Chemical stability (shelf life)

» Purity (defects, metallic contamination)
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Sensitivity impact

= Trade-off requirement between
sensitivity/LWR/Process window

40 + T 14
35 1 L = 12
30 + /':R01A5 | =
E T g
= 25 + P 1=
2 : 8 X
E 20 + CRO1A3 ! 2
S g 16 @
> 15 - . o
g ] o
10 § -4 -
: ITRS LER larget ]
5 ICROIP(POR) )
_v lllll \l T \I 7]
0 F T T T T . 0
0 50 100 150 200 250
Do at 70 dense 1:1 (uC/cm?)
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Discussion on k1 improvement

Resist process concern
Illumination improvement
OPC solution

leti
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Image Capture

Substrate

Chrome

Diffraction
Orders

Diffraction

Orders \

Diffraction
Orders

\\\\\
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—_———_—-

\ %

Vv

\%

Oth Order Oth Order Oth Order

N aN N aN N aN
VAR \V > >

\V4 UV
1st Order 1st Order 1 1st Order 1

3rd Order 3rd Order

Oth and 1st Order Oth, 1st and 3rd Order Oth, 1st, 3rd and 5th Order
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* Primarily used for improving resolution/DOF of dense features

[llumination / [llumination

. -_| Mask

+1

BN lenspupl [

! S' Resolution Resolution

PUPIL_Filling.exe | =O0-5MNA /V\AA < 0.5M/NA
Image
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Discussion on k1 improvement

Resist process concern
Illumination improvement
OPC solution

leti
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Optical Engineering: OPC

Original Anti-Serifs Original Hammerheads
o I I I I | lll
o h H ‘ ‘ ‘ ‘ I l l
Wafer H H ‘ ‘ ‘ ‘ | | | |
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Optical Proximity Correction (OPC)

C065 Metall
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Mentor Graphics
Mercarty Tapes Robot

1S72

leti
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Lithography options for tomorrow

Optlcal lithography

Resolution concern
= Discussion on k1 improvement
i = Ultimate resolution for 193nm generation
= EUV

E-Beam direct write lithography
Self Aligned Ligraphy by block copolymers

Imprint lithograhy
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Ultimate resolution?

A
NA

o
7
J/ TN K1=CD,_ *NA/A
7 — 0.36=65nm
/—/ 0.57=220nm

’—/'—

Ultimate k1: 0,22 (double €Xxposure)

—|] — 0.72=350nm
0 86
Lkﬁ d old days

t\ /

M < Design Target
10000-— Above _  Near _ Below
A A A
3000
1 000
1000
1000 w\\}\éfi‘ DUV DUV
c ~_ A=248nm A =193 nm
c g-line N_‘_\ ............
1001—A=4360m Hine 2% 180 v
A =365nm 130

65
90‘\?\\\\)ﬂ§

%/////////////////////
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How to push again 193nm lithography?
Double exposure technique — option 1

2 exposures =2 to resolve most agressive pitches

“ “ : +

KEY ADVANTAGE CHALLENGES
Resolution Technological cost
Alignment

Design decomposmon

Sﬁgb@posure = | _




Double exposure— option 2

itch doubling
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+/- SADP process flows

The big PLUS : long term extendibility
Final Thought

Minus

= Technological cost

= Complexity :
= Spacer control
= 27 exposure...

= Design rules

“Conp lement” 1931 PD ) ||‘. e
could he hetter sirategy \ u ‘ ‘
than * Rephce umm IH'

= (1]

to salve on e tutb-' 111.1 "‘d

om lowr density layouts.

(intel) $FMICON WES L, Tukyl 5, 209, San Farcsca, Ca, USA

leti
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Lithography options for tomorrow

Optlcal lithography

Resolution concern

= Discussion on k1 improvement

= Ultimate resolution for 193nm generation
= EUV

E-Beam direct write lithography
Self Aligned Ligraphy by block copolymers

Imprint lithograhy
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Rl EUV lithography
The next optical generation?
Return to high k1 regime...
Above Near Below
10000~ " — 5 —— . ——
3000
000
¢ 1000
1000 DUV DUV
=248nm A =193 nm
=
c g-line
A = 436nm —\
100 A =365nm 130 % 65 45
’ 32
' 22
16
1 Pulling in feature size % =EUV 135 nm
1980 1990 2000 2010

Year

leti
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Les challenges de la lithography EUV?

Absorption problematic
v'Vacuum

Reflective mask

v'"Mask & reflective optics

Sources: power

Reflective optics v'Target : 250W min... up to 1kW
v'Stability
v'Debri residus

Specifications

EUV Source v'"ML mirrors: 70% reflectivity

condensor

v'Masks: defects< 10-3 defects/cm?
@13,5nm ® v'optics: < 0.1 nm roughness
vacuum wafer
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Performances

Line & space CAR and non CAR

Dipole illumination

E A R E BN E B N 2

ER AR EEREER R

i

AL EE R E R NEN
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EEEFEEEREE R DR}

XA REIEENTE XN

AR LB AR AR 2D )

.
A
B
i
-
3
-
-
~

T

Contact CAR
QUASAR illumination

R Peeters, Proc. of SPIE Vol. 8679 86791F-5 - 2013
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Lithography options for tomorrow

Optical lithography
= 193nm
= EUV

E-Beam direct write lithography
Self Aligned Ligraphy by block copolymers

Imprint lithograhy

leti
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Electron beam direct write lithography

A mature technology... since 1960!
= High resolution capability = A = 0.004 nm @100keV

Several options
Single beams Multi-columns

A
=

Multi-beams

- 10w/hour
- Production

- 2-5w/day
—->R&D ->Small serie

>1pl/2-5h
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How to build a multibeam machine?

MAPPER
LD

Lithograph . -
ithograp Design constraints

To meet the 45 nm (hp) specs @ 10 wph, several constraints apply...

CD control: Dose variation > 4000 electrons / pixel or
<10 % 30 > 30 pClem? B4 150 nA @ 45nm/10wph
Shot Noise (<5 % 30)
CD: 45 nm
—) No crossover 4
Coulomb interactions
Overlay <15 nm
—> <10 kV <
Wafer heating

CD control: Dose variation

<10 % 3o Source current<1% 30 [—p Thermal emitter
Source stability

Throughput > 10 wph
St vt —P > 10" hits/s BEEEd Optical data transport
Jata rate

MAPPER workshop — Delft Sept 2005
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Machine specifications

MAPPER
Lithography @ Design constraints

... which drive the system parameters

Brightness: Highest
150 pA @ 45nm/10wph available thermal emitter > 13,000 beams required
< 10" AlIm2SrV
13,000 lenses without
Mo crossover 13,000 & -beam columns ‘ndividual control
Electron scattering Existing bi-layer resist

Thermal emitter

Existing single source

Existing telecom

Optical data transport

7.5 GHz per data channel

technology

MAPPER workshop — Delft Sept 2005
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MULTIBEAM CONCEPT
The MAPPER technologie

A movie to understand the principle

m!r

HHII
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concept.avi

MULTIBEAM
Benefits and doubts

= Benefits
= Resolution/Flexibility
= Economical gain
= |ndustrial capability

= |ndustrial compatibility

* Doubts

" |ndustrial maturity
= Technology maturity

= Timing for industry
= Strong industrial partnership & commitment

= Data treatment (speed & integrity)
= Infrastructure

Leti €v+rrer, L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 36
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MAPPER production tool roadmap

FLX-1200/800 FLX 1200T/800T
Available 02 2014 Available 032015
Imaging
technology node BSnm  40nm  28nm  &65nm  40nm 28nm
Throughput
WPH 300mm 2 2 1 5 5 2.5
WPH200mm 4 4 2 10 10 5
"""" Overlay
single machine 10nm 10nm
Fieldsize
max x 26.0mm 26.0mm
: maxy 33.0mm 33.0mm
MA F P E R UDOF 200nm 200nm
Hithography Data inut format OASIS.MAPPER DASIS.MAPPER
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LETI — MAPPER IMAGINE consortium

1 module
1 -> 10wph

10 clustered modules
10wph/module
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Consortium outlook

SOKUDO v %‘/ ca]]()]] v

@ Nissan Chemical v~

tok ¥
<Tr v

JSR Micro &g v/

GMspir v sssl= | Y

v Participation renewed for 2013

leti
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http://www.nissanchem-usa.com/index.php

IMAGINE environnent

PROCESS

100% resist partner tests
Push process capabilities

Ie‘i L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 40
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IMAGINE roadmap
3 years %ﬁ' 4 years %@

2011 2012 2013 2014 2015 2016
IMAGINE
ASTERIX
M5 Ma Mo MATRIX 1.1 MATRIX 10.1
resolution stitching Validation
C t
e * K k&
MATRIX @ LETI 1st Throughput/module Resolution
In 2 phases  exposure 10wph 7nm Node
g@gﬁ- * upgrade

FLX 1200/800 ready
for customer

EmarpeR ﬁ' Qualification plateforme
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Reference process baseline

1. Resist stack
1. Optimized to decrease backscattering electrons at 5keV
2. Compliant with CMOS process = use of tri-layer process stack

LITE+)
0E-] == silichim
== garhone
1062 amarp b
a3
3 -
I O1OE3 '_
1,0E-4 ’ !
2TRREY BERiE
1 D=3 v e e e s s D = 357uC/cm? D = 673uC/cm?
: i ' CD = 23nm CD = 22nm
' LER =T7,5nm LER =4,9nm
2. 32nmhp capability on p-CAR (PoR) HSQ
Wir 266 CD PCAR Exposure Biased Wir267 P-CAR Z!.O Beams CDSEM 32nm hp -Hor&Vert-
1Wafer 20 beams. 5 different doses Asterix S04 Raster Scan exposure
A0 e : A 35
, . \verage .onm
22 | 2‘2‘ 1 Sigma 0.8nm
a0 ot = ~ " : a0 4 3Sigma 2.5nm
T 5 [mn 022 $ 38 1
i 33.74 T 3BT
£ 5 m s | EN
= - L J a e *? e T et
0O o3 J(Sigma 0.9 8 32 -
(& og | [3Sigma 26 30 1
o | [c [ 31.0nm)| gg 1
29 | |dose | 0.333C/m?| | Pyl
T 22 4
20 ’ ' 20 +— f———+—+—+
0.25 0.3 0.35 04 R S NS S
Dose (Clmz) Beam N#
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15t steps on technology learning
Prototype platform feedback

= Learning on preventive maintenance plan
= Main lllumination Optic (MILO) swap on quarterly basis
= Projection Optic System (POS) upgrade
= Stage instabilities : sensors, knife edge

= Regular progress on resolution performances

2010 2011 2012 2013
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Best resolution with PoR

18nm hp

Prototype S04 Champion resolution
Latest results with POR

o ———

Ieti L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 44
© CEA. All rights reserved



LETI process capability improvement
= 2 new 300mm tracks arrived in Q4 2012

= R&D configurations to address advanced process developments

= Multibeam
= DSA

“ |nstallation in progress
= SOKUDO DUO : SAT completed

SOKUDO

leti



Resist sensitivity status
= Resist sensitivity on target @ 5kV for 20nm node

5kV
28nm dense 1 OOkv

L/S & Contact 19nm A8nm

A
?—“ I
i < @
§ 5 5
8 4 ]
1 5 %
}" 11 3 3
N i - (=
8
3 } ! 8 B NS

D0=20uC/Cm? D0=36uC/Cm? 460uC/cm? 660uC/cm?

1.9 @ . 0.0 0.0 & 0.
1 0.8 0.0 . 0.6 0 9
) O 8. 6 e 0.0 0 ¢
PO © 0. 606 0.0 ¢
3 0.9 00 0 6 0 0 0
2. 0.0.060.6.0 0.6 0
1 . 0.0 6.5 0. 0 0.9

tok

'9. 0 0 0 0 0 88 LS design | Dose to size (uC/cm?)| Expo latitude (uC/cm?/nm) LWR
PSR E RN 8 .0.0.0 5.8 6 8 32/64 29 0.37 4.4
D0=30uC/Cm? D0=61uC/Cm? 28/56 30 0.27 4.6
24/48 - - -
" 12/48 59 0.93 4.2
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Resolution demonstration

Brickwall 26nm hp Contact 24nm hp Metal 1 24nm hp
CD 26nm CD 26nm CD 26nm

MR

22nm hp
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EBDW processes integration capabilityg;

= Several demonstrations done using single beam systems

= Noissue with 50kV systems : No technical issue — No resist thickness
constraint

= Electrical results aligned reference optical lot

Implant level
EBDW corner lot vs. optical reference
On CD mismatch

Vial : optical
Metal2 : E-Beam

s 1 + ) *
4 ¢ b A ‘4
‘ 4 \ . ‘ e
* ' 4 \ y .
y beoped 0N v e
" ' ¢ < .
¥ :
i

wafers 586

BASE LINE GPS0 |
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0BH-QUEH

Case of 5kV - Litho cut - 36nm pitch Layout
Logic block SRAM block

! Tela [nnovations
i =
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03H-QREH

36nm pitch Layout with MAPPER platform

Logic block | yn  SRAM block
JIRPPE
S Ly ] | |

=) 8 o6 0 o 0. 0.0 0 0 0 0
- 60 0 e o e o 0

Positive tone: 90% density

AN Tela [nnovations
LH HHEH
[}
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Focus on resolution for 90 & 65nm node
Resolution & high throughput potential

|
{
@
!
;
}

e g AT s S ST

OOOODDOOO0D0O0D
(2101050 0.0.010:0:010.0.
OOOOO00O000O00
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@1901010 0010 0 0.0:010
9.01810/010 0060010,
91910109 0,010,009 0.0
O0OOO0OOOOO00
9801000010 00 00
OO0O0OD0ODODOO0
01019701010 010 0 51810
OO0000OOOOD0000

PCAR - 18uC/cm?

EMAPPER

ithagraphy
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Key results achieved on pre-alpha platform

14/12/2012 SPC Average Spot Size in Resist
5 beams measurement

Recovery
plan

D0=36uC/Cm?

ensitivity on target

40 | n

. Stage stability
% M . In . +SptSzX Moy J
g ® u|m .l: i a ¥Ey CIRY 4‘ =SprSeY Moy I I I I
r ':.‘;E.»' i) S SR | PP A P
< H s N (L]
25 ¢ 8 -
20
'\‘L ,\“{, '\‘L ,\“{, \‘L ,\“{, \q’ ,\Q, \q’ ,3, \q’ ,3, '\q’ ,\‘L '\q’ '\q' '\q’ '\‘b '\‘b —_—
@pﬁb@@f?@ \‘59& a"p‘g\ff’@%\ \"Pb\ o"‘é\\m":p«\ \’5@ Q’P@g\i"@ @@\ u"\\\\fi‘\(\\ \\\@%\\.{ﬁ@@’x\ é‘éﬁ g‘b
oy S B S 4
z
- ;ﬁ ) 2r
Stage prototype
MAFI:EWRW Beam _to_beam Control gep yp Typel Type2 Type3 Typed
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cluster.mov

Lithography options for tomorrow

Optical lithography
= 193nm
= EUV

E-Beam direct write lithography
Self Aligned Ligraphy by block copolymers

Imprint lithograhy

leti
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B

lock copolymers... ' ' g t"\
A B ¥ v
=T
A .

Different morphologies accessible __ Na Intrinsec period
\ for different compositions N, +Ng L, <50 nm

... & Directed Self-Assembly

Block copolymer

Conventional
lithography

2 P 9 W

~ 60nm

Dirercted Self
Assembly
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Directed Self Assembly for Microelectronics
Block copnolymers self assembly capabi*ﬁt@i“s

Very high resolution "
‘Low intrinsic Line Edge Roughness - -
:Ea‘§y process oy

Low cost ' h
-5

| C-Mgs Lithography constraints bo

| 4 &

| - gontrol the domain orientations (1D - @ : E

| . Alignment control with respect to a pr%ew lev
#‘utegratlon capabilities b' =31

Peew
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Why grapho-epitaxy preference ?

A versatile process :LETI demonstration
[G raphoepitaxy\

193nm PCAR HSQ eé-Beam resist

\ Leti approach,

Contact shrink

) i

“Study an ot i arameters governing the BCP self-assembly: toward
a future integration in lithographic process ” X.Chevalier et al,79700Q, SPIE2011
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State of the art

Chemical surface modification

[n
®

Contact shrink

193nm Exposure Hardened positive resist

'— g‘eavne?gadmem
) Exposure/ Bake  DSA+ hardened positive resist

PG ]
i o

r"

Chi-Chun (Charlie) Liu, Paul Nealey,
Sematech DSA workshop, Kobe, Japon 2010

R T AT TR h R H LA LT e R AT ST

0 S Rl Cheng et al, ACS Nano,VOL. 4, NO. 8,
Jeong et al, ACS Nano,VOL. 4, NO. 9, 5181- 4815-4823, 2010, IBM Almaden
5186, 2010, KAIST, Republic of Korea Research Center
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ENIAC LENS program

a PS-OH graphting (5 nm) E-beam lithography and O, plasma PMMA mask removal

Self-assembly after annealing x
inunmodified areas MMA domain removal

@ P50t beush ayer ‘ PMMA 950k \ PMMA domain
’ Silicon surface \ P5-OH modified section - 951 PMMA Layes \ PS domain

17,5hp L/S with cheml epltaxy

Block copolymer deposition

193nm resist deposition 193nm lithography Block copolymer deposition

e v e

Self-assembly after annealing

MMA domain removal

N

’ 193nm resist \ PMMA domain
PS domain
@ e Qe g

cnml 15hp L/S with grapho-epitaxy

I narec Proc. SPIE 7970, Alternative Lithographic Technologies IIl, 79700P (April 01, 2011)
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2"d collaboration initiative
launched by CEA-LETI

leti
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1)¢nL missions

Push material platforms to maturity

= From lab scale to industry
= Evaluate advanced copolymer platform

Develop 300mm patterning solutions

= Certify material compatibility with clean room standard
= Screen DSA material performances
= Verify transfer capabilities

Scale-up DSA processes to production level
= Compatibility with design rules
= Respect of ITRS standard : defectivity, throughput...
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How to go from R&D to industrial ?

A production-oriented consortium

DSA Materials R
=)
. >
Industrial B%Oefr:crtri]viltyTEGRATION £
C g —_ :
O scalabilit — Design compatibility T
© >
o /
= c
T S
@ i)
S N S
i —) X
I Pre-industrial First 300 mm demonstration > ©
) reactor — Process development % ,3
< — Etch, Strip, ... = %
£ =) ¢
o k=
3
<
@ — —
A Samples: Process capability 2>
Lab. scale — Material compatibility — Throughput 3
— Material properties — Patterning capability CEU
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ineat  In few words

Objectives

= A collaborative program to develop a full DSA solution

= Joint work in LETI environment on material, processes, demonstration &
integration

= A cluster open to materials and equipments’ suppliers, IDM, EDA

Partnership status — May 2013

= DSA material development
= Copolymer material industrial partener
= Collaboration with other laboratories & resist partners :='L:rM LCP _

= Equipment suppliers SOIUDO o
= 2 industrial partners

= End users

= Bilateral work with ﬁ

ARKEMA
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Key achievement

Process implementation

Basic case demonstration : contact shrink application
Density improvement : contact multiplication
Modelling
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DSA 300 mm process implementation

BCP self-assembly
by graphoepitaxy

¥ Brush bake: 230G/ 1min
st | using PGMEA .
Non graftedm.Jsh removal.: using P sk
DSA bake: 245C /. 1min -,‘ ) .

PMMA remeval processes

“Pattern density multiplication by direct self-assembly of BCP: towards
300mm CMOS requirements”  R. Tiron et al, - 8324-23, SPIE2012

Pattern transfer by.etching ‘ ) , )
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300mm new process capabilities
2 advanced 300mm tracks - Q4 2012
= SOKUDO DUO track

TEL LITHIUS track
Delivered October 237 2012

Delivered December, 19t 2012

To address R&D lithography programs at CEA-Leti
= Multi-beam through IMAGINE project

= DSA projects via IDEAL program 1eoL

OBF-QuEH

JDP programs sighed

Privileged partnerships — Bilateral activities
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Polymer compatibility with CMOS requirements

Polymers metallic contamination Track-compatible solvents
01 B ARKEMA PS-b-PMMA ' R
8 -
; © ® Cylin:l;rsspacin;s(nm) “ ®
[=2]
2 4
21 Polymers arhitecture
e e

Fe K Li Ni Cr Mn Cu Al Ca Mg Ti Zn Na Co

Metallic contamination < 10 ppb

14 15 16 17 18 19 20 21 22 23 24 25
Elution volume (mL)

chains dispersity < 1,1

Polymers solution fully compatible with current lithographic CMOS requirements
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PS-b-PMMA tunability vs. node extendibility

Proc of SPIE 2013, 8681-5
Feature-size under chemical control (molecular weight,
composition...) L, : 20 to > 50nm demonstrated
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, SPIE Paper 8680-5

! e BT g
._-._-_.-_.--.._.
gy

PM MA X.Chevalier et al

b

N

T etvlale e $%0% st

. sletantetet g
AR S SPOI A O NESS STI AR  T

Broad range of PS

tch demonstrated

lous pi

S
>
=
E
2
©
&
=
o
a
<
=
p=
al

b

Customizable PS
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Key achievement

Process implementation

Basic case demonstration : contact shrink application
Density improvement : contact multiplication
Modelling
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DSA LETI’s 300 mm pilot line

193nm litho

pattern BCP self-assembly BCP pattern
@ ﬁ transfer

CD ~ 120nm D ~ ' CD ~ 15nm

29

E RC RC¥C ) C) ® 00 0 0
97979 00 ® 0 00 0
EXCRC RE X0) © 0.0 0 0
CXCICRC IO OO0
£ 3¢ 3¢ 3L 3¢ ) 0.0 0 .00

DSA Process of reference (lithographie and etch) available on
300 mm pilot line in Leti
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CD uniformity after BCP self-assembly

E-beam litho

Spec. 8%
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Guiding patterns (e-Beam litho.) CDgyyige = 96.3nm / 3o = 1.2nm

After BCP self-assembly CDgep =17.0nm / 36 =2.2nm
Metrology @ theses dimensions need to be improved

Ieti 50KUDO L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 72

© CEA. All rights reserved



CD uniformity after BCP self-assembly

Spec. +8%

inspec. 193nm dry litho

Guiding patterns (193nm litho.) CD
After BCP self-assembly CD

=116.5nm; 3o =2.7nm
=21.6nm; 3oc=1.7nm

guide

mean
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CH shrink: defectivity evaluation vs. process

— 300 mm process, manual spin coat

— Guiding patterns : e-Beam litho + etch
— CD SEM-images @ 100K

— 68 chips / 100 contacts per chip

— 6800 meas. points / 5 missing contacts
— 99,93 % valid contacts

Best process: 99.93 % of good contacts on the wafer
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CDgp vs. CD,,,i4. and pitch

guide guide
E-beam litho

24 24
e~ Pitch = 140nm CD . iy.. =56Nnm
£ 23 23 guiding
‘3'22 " 22
I R — T 21 a -
= TAA%A A |A = " m
a 20 20 - -
@ 19 19
g 18 18
Q.
0 17
a 17  Z 4

16 16

40 50 60 70 30 50 100 150 200 250 300 350
CD,icing (NM) pitch,,igine (NM)

BCP adsorbs £10nm of CD dispersity

Slow CD gp variation with the pitch
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CD of BCP monitored after litho & etching

193nm dry litho

——Guide

28 ) B 6 —&—BCP litho
— ——BCP litho BCP etch
€ 27 BCPetch W 5
= 26 4\
o

4

=2 E. N\
+ c
© ——
g2 —_— . Y
0O 21 1
o

20 [ [ [ [ 1 0 : : : | ‘

100 1o 110 115 120 125 100 105 110 115 120 125
CD guide (nm) CD guide (nm)

Good CD control after BCP litho. (CD dispersity is improved)

Etching step need to be optimized (here PMMA removal only by wet)
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Contact hole characterization

Guiding
patterns

Need to combine different
metrology tools to fully

characterize patterns (hybrid
metrology)

J. Foucher et al, Proc of SPIE 2013, 8681-5

leti



CH shrink: defectivity evaluation vs. process 1/2

- 1w00%
193nm dry litho [95-100]%
Good Defects [80-95]%

< 0,

300 mm POR

manual spin coat

CD SEM-images @ 120K

130 chips / 3250 meas. point

> 70% of chips with zero defects
95,15 % valid contacts

This methodology allow us to

benchmark processes and materials
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PMMA removal: wet treatment

contacts
Wo dev N
wet dev. :

hv + wet dev.

Wet by acetic acid

— Only wet : missing contacts

— Need to depolymerize PMMA before wetting by different exposure
treatments (ebeam, 193nm, implantation, etc)
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Acetic acide only

CD dispersity after dif. treatment 5o s
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— PMMA depolymeriziation before wet improves dispersity

— Acetic acid and different organic solvents 300mm track compatibles are

available
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Two integration schemes

2. NTD Resist
[ L)

1.Double hard-mask

L11]193nm or e-beam

| Guiding
- LUCOERC ) () ()
D | !
I . i
) I |
N 1
DSA
patterns
| . - photoresist
I 1 1 B Vv
B s

Hard mask #2
- Hard mask #1

NTD resist approach: less process steps but resist reflow and control of CD

during DSA bake still difficult




_ar sOC etching

CD ~13nr X308K iBBNnm

N
0 .
7]
L
O
o
x
a

PS-PMMA transfer in typical 193 hard-mask is demonstrated
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Key achievement

Process implementation

Basic case demonstration : contact shrink application
Density improvement : contact multiplication
Modelling
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Contact doubling

/Guiding template_ — BCP DSA BCP etching \

ﬂylindrical BCP (LO= 38nm
in guiding templates

e”ipycal “eggf’vb‘)x” — Contact doubling demonstrated with

DSA

— Pitch sizing possible with contact
doubling approach
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What’s next: Exotic configurations

Complex structures available for contact multiplication by DSA to
address design rules (hexagonal symmetry may be broken)
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Pattern prediction and simulation

Litho/etch

KK )
- B e v
i:_. - REe -

Design

'm_;%‘a DSA ’ﬂ
BCP contacts 2 X e
placement % f!';. t& .
S s B : . 4
3 5 ,%g..’&’ | |
imulation @ i (:@ .

o - = . L & > |
il “etel <,

Layout adapting Modeling & experimental
validation

Complex structures available for contact multiplication by DSA to

address design rules
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Key achievement

Process implementation

Basic case demonstration : contact shrink application
Density improvement : contact multiplication
Modelling
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DSA physical modeling

Model based on spinodal decomposition and the Cahn-
Hilliard equation

Guidings Simulation Experimental
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Predicting polymer structures: compact model

150 ‘ : - - - 150 - - - ‘ ‘ 150

1007 1 100f 1 100}

507 50F 50t

[ Design

of

nm

E o

-850

OcCalculated CH |

1007

placement BF BD szo

-150 ‘ :
w0 100 0 o0 50 100

-100r1

o . ]
BF BD+2% SZ+0.5 BF BD-2% SZ-0.5

-150 -150
-150 100 50 0 50 100 150 -150 100 50 0 50 100 150

Simulation contour
Contour variation w.r.t. dose focus and mask CD error variations

—+— Extracted Contour

. Calculated CH
position

CH position on
O P

wafer
%

- iy B
Pattern multiplication: process available and simulation tools

under development

Ieti L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 89

© CEA. All rights reserved



Overview on IDeAL scope of work

— Methodologies for Pattern placement
new platforms control & CD metrology

— NTD — Solv. anneal. PMMA

— Hard Mask — N2 Bake removal

Litho POR
(L, = XXnm)

\ 4

Integration

CDU, PW, defectivity

Contact multiplication and placement prediction
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Summary of technical achievement

» DSA is a complementary lithography technique

— In a first step by using PS-b-PMMA like materials (lowest CD after etching
10nm); In a second step by using high y materials

» A credible alternative for contact and via patterning
— CDU is improved by using DSA 36 < 2nm

— Defectivity 5 defects per wafer (99.97% of good contacts): need to move to
automatic measurements

— Etching capabilities demonstrated
— Metrology DSA is in film order: need to implement hybrid approach

» What’s next: 2D structures

— Physical and compact models have to be implemented in order to predict
order
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Lithography options for tomorrow

Optical lithography
= 193nm
= EUV

E-Beam direct write lithography
Self Aligned Ligraphy by block copolymers

Imprint lithograhy

leti



The technology Moo

I
Full wafer Imprint
mr
I
Step and Stamp

B om o on
B & 5ol

Hot Embossing Roller imprint
proposed by Chou in 1995

e More than Silicon substrates

e Polymer / flexible substrates

e Bio compatible polymers

* High resolution / large surface

Nano-Lithography, Stefan Landis, ISTE-Wiley, December * 3D complex shapes
2010, 352 pp e Non flat samples

UV Imprint
proposed par Colburn & Wilson in 1999
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IMPRINT capabilities
1995 (U. Minesota) 2003 (CEA-LETI) 2004 (U. lllinois)

- 10 nm

Master Replical
RMS=0.22nm  / RMS=0.37nm

= Very high resolution = Large surface (200 mm wafer) _ _
—But on a few pm2 — Very high resolution (10 nm /10 nm) = Molecular Scale resolution : resolution 2 nm
2004 = 2011 2012 (CEA-LETI)

= Introduction in ITRS (2005) / Industrial players
= Equipment (sub 30 nm alignment accuracy, size enlargement,
throughput improvement )
= Process (stamp manufacturing, functional materials, lower defectivity)
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Focus on CEA-LETI activities

900 1

800 A

700 4

600 -

500 -

400 -

300 A

200 A

100 A

Patents worvide

359 393

180 156 169

BIO APPLICATION

f

Photonic Crystal for light extraction

TE/TM Band Structure

Frequency (wo/2mc=0/1)

12qqy eopdo

Photon extraction at
the I' point

Direct patterning of Organic resistive memories
with C60 molecules embedded in PMMA

)
) Top electrode  Bottom electrode
(Pt 100 nm) Pt 10nm/TINSnm Pad

Imprinted bow ties (on 200 mm wafer) )

Tailoring Nanostructures Using
Copolymer Nanoimprint Lithography
d

—p

Transmission (1 = 100%)

06

05 AN

0.4 /h'u,\i/‘\x‘\ -'}\_-\ -
f P”" \\./" \.\ J’r.‘

03 b AN

0'2 ;“fﬂ""t o o

0
400

500 600 700 800
Lambda (nm)

900

/

Contacts:
stefan.landis@cea.fr
vincent.reboud@cea.fr
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LETI demonstration works

OLED-LED

Electro Optical characterization +20% of light

PSS for LEDs

887
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To conclude...
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Which lithography for tomorrow?
Look in the crystal ball

4 choices

= 193nm & double exposure
Reliable and mature technology facing resolution capability limits

= EUV: photon forever
High development cost>2BS... Still not mature...

= Multibeam
Potential is here, but no sufficient support from IDM world

= DSA
= Smart option with rising interest... but need to progress

= |Imprint

= |nterest YES... but overlay and defectivity issues for CMOS applications
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DO your own market !

A lot of possible options and combinations

= Photons or electrons
= Single or multiple

Who will be the winner
" The solution on time
= The most cost effective one
= The one compatible with design requirements

Ieti L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 100

rrrrrrrrrrrrrrrrrrrr



Few words on
LETI collaborative dynamic

The LETI envir- y1ment IS OPEN to push collaborative programs
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Questions

What is the cost of 1 million transistor in 2009
= 1-1$
= 2-0,1$
= 3-0,01$

Howmany litho steps are needed to manufacture an
IC?

= 1-40-60

= 2-40-50

= 3-20-40
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QUESTIONS

What is the minimum achieveable k1 process factor
of optical lithography

= 1-0.33

= 2-0.25

= 3-0.22

What is the resolution limit of a 193nm 1.35NA tool

based on Rayleigh criteria in single exposure mode?
= 1-40nm
= 2-35nm
= 3-32nm
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QUESTIONS

What is the triangle of death of resist process
development

= 1 — Resolution — sensitivity — roughness control
= 2 — Resolution — sensitivity — mechanical& chemical stability
= 3 - Resolution — sensitivity — etch selectivity

What are the possibility to improve k1

= ] - Resist exposure optimization
= 2-0PC
= 3 -lllumination modification

Ieti L. Pain — RedNanolito — summer school 2013| 16/07/2013 | 105

© CEA. All rights reserved



Questions
Key concerns of EUV lithography today

= 1 -Source power

= 2 —Scanner reliability

= 3 — Mask infrastructure
= 4 — Resist resolution

= 5 — Resist sensitivity

" 6 - Optic reliability

Advantages of low accelerating voltage E-Beam direct
write lithography?

" 1-Low charging

2 - Heating

3 - Resolution

4 — Throughput

5 — CD uniformity control
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Questions

Advantages of tri-layer stack for low accelerating E-
Beam ditrect write lithography?

= 1 -Resolution

= 2 -Charging

= 3-Heating

= 4 -Roughness

= 5 -Sensitivity

" 6 - Reduction of back scattered electron level

What is the link between resolution and intrinsic
period of block-copolymer?

= 1 —intrinsic period = resolution limit
= 2 —intrisic period = % resolution limit
= 3 —No relationship between resolution and intrinsic period
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Questions

What is the intrinsec LO range achievable so far with
PS-PMMA platform

1-10nm<L0<120nm
2 -10nm <LO0 < 60nm
3-20nm < LO<60nm
4-20nm<L0<120nm

5 - Basically no limitation. It depends of polymer molecular weight
parameters

Key advantage(s) of DSA solution

1 —Throughput

2 — Resolution

3 — Pitch reduction

4 — Roughness limitation

5 — Design rule simplicity

6 — Technology cost reduction (including all manufacturing steps)
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Questions

What is THE key advantage of Imprint lithography ?
= 1 - Defectivity
= 2 -Throughput
= 3 - Resolution
= 4 -Qverlay
= 5—All these parameters

What is the key application today for imprint
lithography based on publication and patent ranking ?

= 1] -Biosystems
= 2 -Data storage
= 3 - Photonics
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