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Introduction:

— About Author

— About GLOBALFOUNDRIES .

Lithography Background

— Focus on practical aspects of the Excimer Laser Lithography application in 28nm,
20nm and 14nm technology nodes

— Up to 10B transistors Chip with feature size as tiny as 20nm are patterned using
193nm light... and all 10B need to work on SoC — how do we it?

What is Excimer Laser Lithography

— KrF scanner => ArF scanner => Immersion ArF scanner -
— Resist Materials

— 3D transistors

— Nanowires (wrap-around gate)

Moore’s Law — Twilight? >
LITHO Simulations from Dill ABC Model to PROLITH to SMO

H. Levinson et all. Lithography Target Optimization w ith Source-Mask Optimization. Proc. of SPIE Vol. 8326 83262P-1
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2012 Top 10 Foundries

Top 12 2012 IC Foundries
ROW =
2012F 201 Four 1.469 Taiwan ) | 2012F  2012/2011
Rank Rank Company Ty Europe 2,858 ») | Sales ($M) Change (%)
1,109
1 1  TSMC Pure- 16,720 15%
2 3 GlobalFoundries Pure- China 4,285 23%
3 2 UMC Pure- 1209 3,775 0%
4 4 Samsung 1Dl ;ag;'; 3,375 54%
N 5 SMIC Pure- Americas ' 1,625 23%
1,995
6 6 TowerJazz Pure- 655 7%
K
7 7 GracelMHNEC®  Pure- 2.204 605 %
8 8 Vanguard Pure- Total capacity 590 14%
9 9 Dongbu Pure- 13,618 Source: IC Insights 540 8%
10 10 IBM DM us. 430 420 2% 435 4%
" 13 WIN*™ Pure-Play Taiwan 221 298 35% 425 43%
12 11 MagnaChip IDM South Korea 405 350 -14% 375 7%
*Merged in 2012,

Source: IC Insights, company reports **GaAs foundry



Excimer Laser Patterning— wavelength/10 resolution

« Focus on practical aspects of the Excimer Laser Lithography in 28nm,
20nm and 14nm nodes

« Up to 10B transistors SoC with feature size as tiny as 20nm are
patterned using 193nm light... and all 10B need to work — how do we it?

— Double Patterning

— Triple Patterning

— Reticles:
« Phase-Shifting Masks
 Attenuated Phase-shifting Masks

— lllumination Schemes:
 Off-axis lllumination
« Customized lllumination (DOE)
« Free Form lllumination

6/4/2014 8



Optical Lithography
Water Wafer

Mask Photoresist, film stack CD. Pitch
Source ’

1 Water

é)&r‘nmersmn Lithography
4

lllumination Optics Track
, Lens
Sigma, etc Develop, bake
NA
>NA,,. *n (1.43)
Resolution Limits:
A
P ock *— CD,,. limited by photoresist
NA materials and process

k, fundamental limit of 0.25
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lllumination Evolution: Pupil Shape

On-axis . Off-axis (resolﬂggfnhancement)
conventional parametric composite  freeform
T - = ~ P

i

source

mask

lens

NA = sin(6) “

wafer AAAAA L - : = S=—= =image

A 2
min)=0.5— L, (min)=0.25—
Gl \,(min) =
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Customized DOE and Programmable lllumination

= Replaces diffractive optical elements (DOEs)

* Fully programmable illuminator based on multi-
mirror MEMS array
= |nitial focus of JDP was freeform DOE development

Flexray

DOE _
¥

'ﬂ q 2D Micro mirrors
#

All mirrors are
used for every

Exchange DOE ilumination mode
Move Zoom lens
Move Axicon . . i
o Multi-Mirror
>~ Array (MMA)
\
N -

J. Bekaert, 6th International Symposium on Immersion Lithography, Prague, 2009

r =
e
-
- - - - F [ - - - F
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Computed
- Save ~6-8wks in turn-around time for Op;,'gr‘)'ﬁed

diffractive optical element (DOE)

 Instant creation of any pupil

..
o -
- -
- e
-
e Ty
s 4 P
g | . :
u i b
- - L]
L

Less background stray intensity H i
& Lk
« No change to user interface VIMA ‘

(sharper imaging) MMA
Background £ NI T
removed ‘

matched
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« Better matching tool to tool

to DOE

- Enables tool and mask specific source
fine-tuning



Device Scaling: Moore vs. Rayleigh

o founder Goroon MOOre prodic!

peoC @ of siicon would do; . /1
Resolution = k, X =5+
T NA

50//(/«5/@ power fa/‘
a given 005t doubles

Lord Rayleigh (John Strutt)
(1842-1919)

http://en.w ikipedia.org/w iki’John_ William_Strutt

http://www.nature.com/news/2005/050421/images/moore jpg
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minimum feature size [um]

Moore’s Law — When will it end?

1000
——— 1968:
100 \/
10 \
1 Scenarios:
0.1 > light source
' \\ economic
0.01 |limits of current device physics "\ dgwggtg)ohr;si o
. \ limitation
| atomic dimensions > lec?fgrlm?gs
0.0001 | | | \\
1850 1900 1950 2000 2050 2100

year



3D-MOSFET

Planar FET

FinFET

32nm min feature 20 nm min feature 10 nm min feature

6) Deposit Gold Layer
Apply thermal Release Tape

8) Transfer CNTs to Wafer
Remove Gold/Tape




M. Preil, Future Fab International, Issue 38, 2011

_ight Source Evolution: Shorter Wavelength

0.436pm

B Wavelength
B Feature Size

04—+ —+—+

Light Source Wavelength s :
g-line
nm E 450
g-line 436 € —
Mercury Arc : 300
Lamp h-line 405 250 Duv
193 nm
i-line 365 - 1a3
Excimer Lasers | KrF 248 e
, N Year L _EW
Al 125 S S S
DPP or LPP EUV 13.5
» The Lithography Challenge
1 Above Wavelength ” an;;gh SubWavelength
&.30um

Miiodall 7

+—t—+
1980 1982 1984 186

(—
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Modern 193 nm ArF Lithography Tool

ArF Immersion Scanner ASML 193 nm TWINSCAN Immersion
Schematic

7\
‘ 193 nm Source
A (nitrogen)

1.35 NA

Lens
(nitrogen filled)

A=193nm NA=1.35

Wafer HP = k1 A/NA

(air/water)

6/28/2013



Excimer Laser — Fab Abatement

XLA-300 Cymer 193nm Laser Top Level Specification
Power W 90
Dperational Energy Range (Total Range) miJ 10.0 - 15.0
Fep Rate Range (OTS applies) kHz 165-60
Fulse duration (TIS) ns =72
Duty Cycle o 75
Speciral Characteristics
FWWHM pm 012
E95% pm 0.25
ES5% BW Stability pm 0.05
ASE =3 10-4
Energy/Dose Stability
Dose stability o =+-010
Model Rep.rate Fan Power
XLA-300 6000Hz 5600 W

W. Gillespie , Proc. of SPIE Vol. 5754, p. 1293
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Immersion Scanner —Agile Intra-field Leveling

Constant flow

height difference signal Fab1: 100% fields measurement initially for
1-2 wafer in a lot per Device, per Layer, per
Scanner. Thereafter, APC update annually
using 13 fields/1 wafer/x number lots
Sample plan.

A Filter

Conditioned
Air inlet D“‘"'E -""‘1;“"" Level Sensor AGILE Sensor

Pret 1l ..

Mass Flow Sensor
(thermal)

==

Reference nozzle Measurement nozzle

Resist :

BARC
AGILE:
The AGILE application uses the AirGauge focus Si0,

sensor in order to measure the top surface of the
resist.

In combination with the level sensor wafer map
the AGILE application ensures optimal leveling
and productivity on process wafers

Improvements observed up to 50% reduction in
focus variation across field




CD Uniformity (CDU) |

Sources of CD non-uniformity

Exposure Tool

R
l‘i‘ k‘b Resis coating

!Qﬁ*m‘!_
aians
.‘.‘.‘ "

B .
1%iee Confidential % ASML

Reticle

Etch

d Inter-field Errors
» Dose Correction

d Intra-field Errors
~ Slit Exposure Correction
» Scan Exposure Correction

DoseMapper concept

Wafer exposed
without corrections

Measure

Linewidth (APC)
Exposuro

CD-Analyzer

mechanism

Tool

calcuate
Correctlon

DoseMapper concept

Dose actuators

Interfield:
Dose per Fiel

Intrafield X-slit:

Unicom

gl[]

Fitter
Position

Slit position [mm]

Wafer exposed
WITH corrections

gg

improved
* 3“ CO-Uniformity

Apply cotrecibn dunng eXposurs

nnj

‘ - -

lntraﬁetd Y-scan:




Advanced Wavefront Engineering N Process windon

bhefore & after FlexWave

8 =e———
o B,
Individual s 11
heating control =4 HL"I'
o L
mask 2 1
- | ﬂ
T L After [~ T
0 - 3
0 50 100 150
” DOF (nm)
9% DOF improvement
P
o
8
g
o :
P00
= it R
wafer

Principle of the FlexWave an optical element
close to a pupil plane of the projectionlens
with heating zones

F. Staals et al. Proc. of SPIE Vol. 7973, 2011
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Extreme Ultraviolet (EUV) Lithography Tool

EUV Projection Opti

6-Mirror
Projection Optic
(NA=0.25)

Illuminator Optics

[

."-

EUV Source
Collector

EUV Generating
Plasma

Ref: S. Wurm (SEMATECH)

cs Schematic

/

Reflective

X

. | l
i I ‘*L
-m-! ! ' :
i :_

A=13.5nm NA=0.33

HP = k, /NA

i

300 mm Wafer

6/28/2013

ASML 13.5 nm NXE:3300B Scanner
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Single Atom Transistor

M. Fuechsle et al. Nature Nanotechnology, V 7, pp 242-246, 2012

Donor potential, U

Atomic transistor ©NewScientist

VOLTAGE|

LONE PHOSPHORUS ATOM

. o CURRENT

PHOSPHORUS

Potential (eV)
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Cost of Wafer Fab As a Function Of Feature Size

3000
i
. . :
c Fewer Companies Deliver Moore's Law
2500 19 Revenues from Shipments of Semiconductors
E Intel
o T
2000 Toshiba
Renesas
Texas Instruments
ST Micro
1500 Moron
%ur:'zm Revenue To Support
One Leading Edge Fab
1000 s o
500 I 3
20 25 30 35 40 45
0 '___I_- T - T l T I T T T T TSME and LM are foundres.
10 2 15 1 08 06 04 025 0.18 R, —
Credit Suisse Technology Conference 2011 @

feature size [um]

Economics of Moore’s Law: in XX Century ...and in XX| Century!



Rising Cost of Wafer Fab vs. GNPs

100 nm 75 nm 45 nm 32 nm
technology technology technology technology .
node, 2004 node, 2007 node, 2010 node, 2011 1999 GNP Of-
1000 A A | £
— .‘ ] Denmark
\ |
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100 LN e Hungary
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N " i, | | [ 5 zech Rey
| | |
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Reticles for Excimer Laser Litho

L

Vi i /| Quartz

Chrome

A amplitude of electric field
(at mask level)

Y

intensity at wafer

Benefit: Lower cost of process:

Thin mask model for advanced 32mm work.

Application: Implants. and new Binary
OMOG variants
* WOG - 32nm Critical
+ WOH 28 nm Critical
*  WAF for 20 nm planned but ABF2
possible

/| Quartz
MoSi,
Chrome

2 v

\ amplitude of electric field

(at mask level)
intensity at wafer

L

Benefit: Enlargement of process
latitude in lithography:

small improvement of resolution.
Application: Levels with contact-
holes or similar structures.

6/4/2014

& 2 | Quartz
I . Chmmc
Phase
amplitude of electric field Trench
(at mask level)

Benefit: Better resolution.
enlargement of process latitude &
DOF in lithography:

Application: Poly / Contact /— Not
used at this time

26



Dill Model

Initial light intensity =

T For G-line, I-line novolakresists
3
Top Anti- TARC : . pooa y o .
Reflective Coat (TARC) Height Inll’s equation for the imaginary refractive mdex £ 18
g || P X A
- k=" (Ae~E 4+ B). (1)
More transparent Bleached 4
with exposure time Photo resist Photo
Resist
Less transparent Unbleached Height
with photo resist depth Photo resist
] [ E_'__.l _______ ~
o8 Do

Light intensity after absorption = | Where ‘ Dill Parameters

where |4(2,t) = lye-= = A NI 5‘7

Change of the chemical reaction with time = [(z,t) -

Modification of Dill Model for Chemically Amplified Resists

T p .
K= T {Ae CE + Blising + E{r‘i:ﬂ tel Biduning  (2)

S.K. Kim “Exposure Simulation Model for CAR. Optical Review, Vol .10, Issue4, pp335-338
6/4/2014 27



E.Barash, S. Randhawa. Proc. SPIE 3183, Microlithographic Techniquesin IC Fabrication, 82 (August 14, 1997);

PROLITH

LONCOUT SN0WN O MENDIgY FIang:

PEE Latent Image -

Metrology Results:

Number of Measuements |1

965 Resist €D ) ]
Placement Errar [nm) 00
349 LD Enmor %] -BB.6
T33 Sidewal Aingle - Right [deg ) | 77.5
Sidewall Angle - Left [deg.) 775
618 Sidewal Angle-Avg|deg) | 775
Resist Logs [nm) 263
5{}2 Tirne ta Clear [sec) 03
386 Ailtemate Graph:
154
39
T
193 :
10/5 645 -215 215 645 1075 4 \
5 A Wafer Processes
Step | Type Mame Thickness (... | * Process B: TCXD41 {coat)
Thickness (nim)
g Coat | TCX041 90.000 Refractive Index real) 1.52

Resist | TOK TArF Pig-001ME (F... 105,000 N e t 0.007

| ; = Thickness [nm) 108
j Coat [ A S ! 000 Process : AB40 SIARC (coat)
Deposit | ODL-HME014 100,000 Thickness (nm) 35
- i : Refractive Index (real) 164
Deposit ' 51 Dioxide 200,000 Refractive Index {Imaginary) 015
R | E—— | il Process 5: ODL-102 {deposit)
Deposit | Si Mitride 385,000 Thickness [nm) 100
| I I Refractive Index (real LE]
Deposit i Dicxide 50000 _ sisbarsiiieng oo SR
Process 4: 5i Dioxide (deposit)
Thickness (nim) 200
Refractive Index (real) 156312
Refractive Index (lmaginary) 1]
Process 3: 5i Mitride (deposit)
Thickness (nm) 3as
Refractive Index (real) 286348
Refractive Index (Imaginary) 024013
Process 2: 5i Dioxide {deposit)
Thickness (nmj 50
Refractive Index (real) 156312
Refractive Index (Imaginary) ]
Process 1: Silicon (substrate)
Refractive Index {real) 0882143

Refractive Index {imaginary) 277773



Integral Part of Design Flow

3.00

= ] e
Al
2.25 '“I-f."_h'“- I
ST Y R
E qs0f|R=aeTl TETY
-l y—- Tin
T — -l ‘J
a- 4]
075 JI__ in =
ML it
0 075 1.50 .0-9“7
0.861
X fpm] 0.774
i 0.687
- L
- 0.427
0.340
0.254
0.167
0.75 150 225 3.00
X [um]
Figure 1: The importance of resist simulations in three dimensions: (left) Figure 2: Simulation results for a large topographic mask area: (left) sample
aerial image and (right) photoresist as patterned on wafer with undercut. layout 3 x 3 pm2, 3D mask and (right) aerial image intensity.

Contour @ 0% height Contour @ 30% height

No errorthrough PW Pinching detected at
overdose

Y. Fan et al. Proc. of SPIE Vol. 8683 868318, 2013.



Optical Proximity Correction (OPC)

.

—» Mask

Tmask

—» Stepper | —» Etch

X Texpose X Tetch

f Tprocess

T -1process

OPC

>

—1

o o
)

—> Process

6/4/2014
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Technology Requirements and Greater Dependence on

Simulations
Node, Year 90nm 65nm 45nm 32nm 22nm 15nm
Pitch 250nm 200nm 140nm 100nm ~70nm ~50nm
A 193nm
NA .75 1508
tool scaling 85% -
1EH05 s s e e e o
Optical Prox 2
O
T 1644 = s s =
offla 5 > |
o -ication
Patterning o
Solutions 1.E+03 N
1.E+02 ation
130 90 65 45 32 22 16 ]
Node T
Edges 600 M 'Typical per layer CPU Hours required to process full chip OPC by technology node.
-Compttational
Needs(CPus) | 100 200 300 500 1000 2000

J. Sturtevant. Proc. of SPIE Vol. 7639, 763902
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Greater Dependence on Simulations

« With advanced 20nm and 14nm nodes — more lithography simulations required

to assure new design is manufacturable.

« Ecosystems are formed — collaborative device manufacturing. Foundries, EDA,
fabless customers

%5 Increased Litho Resolution

:!!!!!!!!!!

Percentage of Increased Litho Resolution
Delivered Thr-::hugh HW & SW by Node

B % increased Resolution
[froen Scanmer

0% Increased Resolution
from RET SW

ﬂnm Hml -I-Enm Hnm Hlnm Node
2004 2008 2010 2012 Production Ramp

Percent of Total PV Activity

Migration of Mfg Requirements Into Design

45nen 28nm 200m
Technology Node

-

2 RiRIEEIREE

Doubie Patterrang (OP)

Ltho Simulation (LFD)

Sovart 70

OMP Simudation (CMPA)
Crtical Acea Analyss (CAA)
Recommended Rules/Sconng

| Mfg Required
» Mfg Recommendad
= Traditional DRC

6/4/2014
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Practical Limits of Lithography

« Manufacturing processes all have variation

— Should think of OPC as part of the mfg process
— The magnitude of the variation
« Tool and process control issues

— The sensitivity to the variation
« Design, RET and process issues

« Analysis of process variation key component of lithography
development

— Process Window analysis
- MEF

— Overlay

« These techniques are equally applicable to simulationand
experiment

6/4/2014
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Process \Window

- All variation combined into two values
— Effective focus variation
— Effective dose variation

« Sensitivity to process variation quantified in terms of:
— Depth of focus
— Exposure latitude

- “Elliptical Process Windows”

— Can have direct correlationto sigma values of expected process
variation

6/4/2014
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Focus

Defining Process Window

100
80
60
40
20

-20.3

-40
-60
-80

-100

FEM Wafer

ED Tree

CD tolerances

Bossung Plot

N

CD

—e— CD-Tol

—a— CD+Tol

Log Dose

>

140 dose
136 —+—0.8
\ }:fi—/ -=-0.85
— 0.9
\///'i}'“;\\\ 0.95
% ——1
/ \ —e—1.05
Vs XN\ Dy
/ 66 X\ ——1.15
[/ 1 W\ P
i >
-100 50 0 50 100 150
Focus
Process Window
PW Target
160\\
140 X%
120 \\
T 100
c N
L 80
8 &0 \\
20
0 T T T T T T - T
0 2.5 5 7.5 10 12.5 15 17.5 20
Exp Lat (%)
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n

A

MEF

Mask Error Factor or Mask Error Enhancement Factor

Wafer CD

%,ae:MEEF

(MEEF)
Describes sensitivity of wafer dimension to: . MaskCD (1x)
— Mask dimension 3
— Mask design dimension X2

L. . = slope=MEF
Two names, two distinct concepts, no consensus on which R
one is which Design CD (1x)

In CL we often consider MEF, but with mask modeling we can

consider both effects separately OPC deals with MEEF

Launch Internet Explorer Browser.Ink

Mask
Design

6/4/2014 36



Computational Lithography Process Optimization Tools

o%Pitch TargetcD " NA/Q:0.65038

numAssists assistSize LOC_1 LOC_2

QRIENTATION VER, EDGES: 1
1

1
L
3 2L
ORIENTATION; VER, EDGES: 3,3.L

CRIENTATION VER, EDSES 44,1

Bl el

ARRRRIAT

6 hnine € Phase

5_45/3.8xE0
130 70 7.4
135 70 78.1
140 70 78.6
145 70 79.3
150 70 79.7
155 70 79.8
160 70 80.0 "5y
180 70 81.9 0
190 70 84.6 st 0
200 70 87.7 me: {140 %71 0
210 70 90.5 0. 0 0
220 70 92.9 o 0 0

Graph Type: (& Contowr ¢ Suface
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Tools - Lithography Manufacturabi

ity Assessor

1
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ORC- Built-in detectors

~=R o
Y, m L& r:_gp w5
e i
Imagequalitys oy ahib COU Edge All angle All angle Enty: Thru-PW
ILS, Imin, e Placement o : active
optimization bridging necking C2C / MEEF
Imax error short

-_—
T ﬂ } .
|
il
Cchu/Ccbv Line-end / Extra printing Contact Contact Contact
end-cap feature: SRAF, side enclosure exclosure area

lobe
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Outline

RET Selection

— Evaluation of various RET per level

— Optimization of the RET/litho/dataprep process in simulation/experiment
— Must be done in conjunction with design rule specification

RET Process Development

— Film stack optimization

— Resistand etch process optimization
— Integration

RET Application Development
— Creation of application code for dataprep
— Generally includes decomposition, SRAF placement and MBOPC

Examples

6/4/2014
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Interaction of RET Selection and Design Rule Creation

6/4/2014 41



RET Selection - Example

. tSa you want to print a 90 nm pitch metal level usinga 193nm, 1.2NA exposure
00

« Where do we start?

« k1 =NA™ half-pitch / lambda = 0.28

« Strong off-axis illumination or double exposure required
= \What are process window/MEF requirements?

« Determine expected focus, dose and mask variations

« Set targets accordingly

= \What are acceptable design restrictions?

*  Minimum line only required for pitch < 180 nm
*  Minimum space only required for pitch < 180 nm

6/4/2014 42



RET Example — Symmetric IIIumlnator

Quadrap ole Process Window I I
llluminator
1.2

1 =111
0.8 / \ Process Window —=T

E 06 / Target .

0.4
0.2 - / ._I

O O O o o o
N (Q\| N o o o
— > < < © ®© O
—

Pitch

‘ No possibility of

No process window at min pitch single exposure

6/4/2014 43



RET Example — Assymmetric lllumin

tor ——

Dipole I I ]
llluminator Process Window

|

12
(
0.8 -

= 06
0.4
0.2

0 1

Adequate process window at min pitch — but highly orientation dependent.
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RET Example — Addition of SRAF

Dipole I
Illuminator Process Windo
1.2 / / I

1 - /
s L) .
2 06 \ //

Y oal b -

3

0.2 -
0 T 1

o
o

125

Pitch

SRAF significantly improve isolated PW.
Still a small range of problematic pitches
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\ \

0001
008
009
GlY
GCY
GLE
GCE
GLC
Gcc
« G/
Gcl

A\
\

Pitch

Process WinV

e
\

0.2 shssssannnnn

DfM opportunity?

&

=

RET Example — Selective Retargeting

| . |
..m AN - oD O < o
© S - S o o
(©)
RS Md
8 =
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LITHO-ETCH-LITHO-ETCH (LELE)

Litho1. The first pattern [yellow] is
exposedonto a hardmask.

Double Patterning Lithography

LITHO-FREEZE-LITHO-ETCH (LFLE)

Lithol. Thefirst pattem [yeliow] is
exposed onto sticon [blue].

SIDEWALL SPACER

Litho + Etch 1 (dummy pattemns). A dummy
pattemn [yellow] s created onsiicon [blue].

Etch 1. The fisst pattemis etched into thehard
mask [brown).

Litho2. A second pattem [yeliow]is exposed
onto siicon [blue] doubling pattem density.

Etch 2. The final, double-density
pattemis engraved into the silicon.

Wash. The remainingmaskis
washed away.

Freeze, coat with newresist. Theakeady
developed layer [yeflow]ischemically frozen
and coated with a second layer of resist [brown).

Litho 2. Asecond pattem [brown] is
exposed, doubling pattern density.

Etch. Theunprotectedsiliconis engraved
with the final.double-density pattem ina
single etchingoperation.

Grow sidewalls. A fim [brown] s grown
around the dummy fnes.

Etchback. Alofthefimis
removed except thesidewalls.

Stripdummy pattemn. The dummy pattem
[vellow] is removed. ieaving the sidewalls.

Etch2. Theremaining double-density sidewal!
pattem s etched into the siticon [biue].

Common set of problems for double patterning

6/4/2014
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Triple Patterning

Single Patterning Double Patterning Triple Patterning

Twao of the three layers are identical

Critical Critical Proximity
triangle doublet conflict solved

6/4/2014 48



Single Exposure Process

S Mask

-

1. Coat resist, expose mask 1 2. Develop resist 3. Transferinto Poly

6/4/2014
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Double Exposure Process
Mask 1 — Mask 2

el s

Latentimage

1. Coat resist, expose mask 1 2. Expose mask 2

L

3. Develop resist 4. Transferinto Poly

6/4/2014 50



Poly input layer Phase mask
—a = AN —-
P ﬁ m—
— ;
— = c——nn]
- Block mask

High-performance circuit design for the RET-e nabled 65-nm technology node

Lars W. Liebmann, Arnold E. Barish, Zachary Baum, Henry A. Bonges, Scott J. Bukofsky, Carlos A.
Fonseca, Scott D. Halle, Gregory A. Northrop, Steven L. Runyon, and Leon Sigal

Proc. SPIE 5379, 20 (2004)
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Double Exposure Double Etch (DE?) Process
GRISLIND Cut Litho

ARC

1. Coat and Expose Resist 1 3 peyelop, Trim Etch, Transfer 4. Expose Develop Resist

kil ¥
7

Cut RIE
= Single Pass Gate Etch
e LA
4. Transfer into HM, Strip 5. Etch into Gate

Complex and expensive process!

6/4/2014 52



Optimized lllumination

SoftCuasar Cluas 89/63 Conv 38 Dose SDq 50c

CERN I

ih:E{ [
B

w’ m 'H' m

| ‘||
02

as !
0 g4 DB
02
-1 s s U4

lllumination optimized to improve through-pitch process window and
improve SRAM printing.
Lithography process optimization using linear superposition
of commonly available illumination modes

Michael M. Crouse, Yasri Yudhistira, Min Ho Lee, and Hope Matis
Proc. SPIE 6154, 61541Q (2006)
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Assist Features - RET Selection

DOF: 360nm pitch :
T Not_ | Poor | Rob P
ot i oor i obust 5 L ome an S8 I
*®I printing {printing: printing g S
gl | | 4 - o -
* : : — 2 . )
30.35- : i E e o i
5 : : ; 3 e o a—a—2 =t 4
o 03} | | R .
o | | E —&— Focus ACLY
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i) : | o Mask ACLV
0.15} | iSame as "y 1T e Total ACLV_ | 4
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20 4IEI
:’-"\siat Size (nm)
Best achievable
DOF with SRAF

Assist Size (nm)

Across-chip linewidth variation (ACLV)
for specific focus, dose and mask

variations.

J. Meiring et al. ACLV driven double-patterning decomposition with extensively added printing assistfeatures (PrAFs) Proc. SPE 6520, 65201U (2007)
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RET Selection - PrAF Type

Block PraF Variable Pitch PraF Standard PraF
o Te : - T 0o
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L IR e 3 PrAFs o >
: : 7 Pitch
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Results - SRAF vs PRAF/Cut Mask  PRAF

A

R g g e )

D

e
Designed

palttern —| EEEE

magenta, 1
SRAF cross-

hatched

C—D

Single Exposure

‘Paving the way. to

~ PV Bands
overlayedon
mask design

1FPSO0NO09ESYB6

DEZ? Process

yll-chip gate-level double-patterning
application,” H. Haffner, Z. Baum, S. Halle and J. Meiring

Firstexposure
cross-hatched,
second
exposure grey
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Dipole Lithography — RET Selection

30

F L
26 '|!.
241
2.2F

2.0F

18}F M,

Z14
121
100

19747 ILL -

Del — Annular
0.4 — Quasar
0.2 — Dipole

0.0 I | I I 1 1 ! I I
g0 &0 70 B0 90 100 110 120 130 140 150 160

CD (nm)

Dipole shows improved contrast
for small CD’s.

70nmline on 170nm pitch
193nm, 0.75NA

1.1
1.0
0.9
0.8
0.7
A o0s
< 0.5
0.4
0.2
0.2
0.1
0.0

I I
-
©
-
119844, ILL

-\ R

— AnnbrFMNATS
— Quas ARMATS
— A35 ArFNATS

B0 80 40 -20 0 20 40 &0 80
X-position (nm)

Dipole decomposition mask design for full-chip
implementation at 100-nm technology node and beyond
Stephen Hsu, Noel P. Corcoran, Mark Eurlings, William T.
Knose, Thomas L. Laidig, Kurt E. Wampler, Sabita Roy,
Xuelong Shi, Chungwei Michael Hsu, J. Fung Chen, Jo Finders,
Robert J. Socha, and Mircea V. Dusa

Proc. SPIE 4691, 476 (2002)
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ouble Dipole Lithography

Split-X

&
N

Split-Y

. Y-dipole exposure

4. Single Developed

Image in Resist

1. Layout Design
(70L/S on 0.93 NA)

3. X-dipole exposure

Dark field Double Dipole Lithography (DDL) for 45nm node and beyond
Stephen Hsu, Martin Burkhardt, Jungchul Park, Douglas Van Den Broeke, and J. Fung Chen

Proc. SPIE 6283, 62830U (2006)
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Perfect mask — but no
way to manufacture.

Inverse Lithoaraphv

Wafer target

Best mask using P
standard mask ‘
blank. ~~ ‘
Q
b

“ldeal” AtPSM Manhattan AttPSM

Aerial image (contrast 0.85)

Manufacturable Mask

Optimum mask shapes determined to print final wafer target. These mask
shapes do not need to look anything like final target and can include many
“unattached” features. Concept of “assist features” is automatically included.

| ] Inverse Lithography Technology (ILT): what is the impact to the photomask industry?
Interesting study of benefits/ Linyong Pang, Yong Liu, and Dan Abrams

drawbacks to mask industry. Proc. SPIE 6283, 62830X(2006)
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Global Source-Mask Optimization

= Algorithm engages true degrees of
freedom in the imaging process

=  Global algorithms can often yield
fundamentally better solutions

= Mathematically derived solutions
need not look like starting design

= Distinctly different solutions from
conventional RET methods

= Can be coupled with Deep
Computing for large areas

7

Source

O(Optimization
variable)

N\

V—3

Wavefront
Engineering

Manufacturable Mask

|

Mask Wavefront
‘41\ (Optimization

variable)

=
S

N/

Design
(objective)
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Dense OPC
Grid-based simulation more efficient with increasing layout density

180nm sparse sunulatlon 45nm sparse simulation 45nm dense simulation

B Y

4111}

Dense has additional advantages:

- Algorithms that can be run on hardware accelerators
- Automated fragmentation of layout (post-simulation)
- Integration with pixel-based (“inverse lithography”) algorithms

- Improved checking algorithms for verification

Dense OPC and verification for 45nm
Nicolas Cobb and Dragos Dudau
Proc. SPIE 6154, 615401 (2006)
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Litho-aware Layout, Opportunity

« In litho-aware layout, designers complement traditional design
rules with direct litho modeling to achieve physical and parametric
yield targets for aggressive layouts in resolution challenged
tech nology nOdel&yout, process variability bands, opportunities for enhancement:

1. RX Original & :
PVband

2. PC Original
& P¥band

3. CA Pvband

4, M1 Original &
PVband

Slide courtesy of Lars Liebmann
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Litho-aware Layout, Benefits/Challenges

Benefits:

-« CatchRET or OPC problems early and outside the
critical path

- Alertdesigners of unmanufacturable or extremely
variability-sensitive layouts

« Help designers visualize manufacturability
concernsto drive optimized tradeoffs

Integration Challenges:

= Accuracy vs. runtime

=  Process stability over time

= Fab portability of the optimizedlayout

= Accurate identification of ‘designer-actionable’
hotspots

6/4/2014 Slide courtesy of Lars Liebmann o3



Litho-aware Layout, Litho-variation to Yield
correlation

process deviation

statistical analysis of layout-process interactions can be
correlated to process-limited yield

Reducing DfM to practice: the lithography manufacturability asse ssor
Lars Liebmann, Scott Mansfield, Geng Han, James Culp, Jason Hibbeler, and Roger Tsai
Proc. SPIE 6156, 61560K (2006)
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Predictive Modeling: Time to Market

= Predictive modeling affords first time right

SRAM Active Area

45 nm cell: sub-0.250 um? 32 nm cell: sub-0.200 um?

===

B P 4 , S P

e
e

— - C— - e, T I X i I B e i
g . . i - . -
i o ' S : N AN Jm— N
= - M\-_ . N
O TR T —— T —— - — 3
% C g . P —— T . S

-
s e ) [ — e

o
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Predictive Modeling & Deep Computing

Scientific Process Resource-Efficient

r Modeling \ K Modeling \
[

Rigorous but slow » Approximate & fast

e Limited to small areas e Can do large areas (full chip)
- Understand physical effects - OPC & Verification
- Calibrate approximate models|

e Computationally intensive
- Large Linux Clusters
- BlueGene

e Also computationally intensive
- Blades with Acceleration
- 100’s of CPUs

41

ceinge
@ wafer

6/4/2014 66



Elements of Predictive Modeling
Wafer Wafer

Mask Photoresist, film stack CD. Pitch
Source ’

A
qud
AYA
e ] g ™
| EMF |

Predictive modeling involves building physically based and separable models for all elements
of the patterning process.
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irtual Patterning Flow . |
Runtime Comparison

(932 Patterns, ~0.5x0.5um?ea):

Blue Gene 12 hours

GDS Layout Commercial | 5760 hours
Mask Output Simulator (8 months!)

Aerial Image

Resist Profile OPC Model

. . Output

OPC Model
Calibration
Patterns

Rigorous EMF 777
Modeling Simulated

0 Resist CDs
, OPC Model

- Calibration with
Simulated Data
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Mask Modeling

OPC fit without Mask Model

OPC fit with Mask Model

isopad ] invisn

,‘,; N Integration of the retical systematic CD errorsinto
e %% AN an OPC modeling and correction

°%e e, "'h, 4 Geng Han, Scott Mansfield, and Azalia Krasnoperova
be © %o 0y Proc. SPIE 6154, 615431 (2006)
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EMF Modeling

- EMF corrections are required to achieve CD tolerances
— Traditional, simple biasing will be insufficient for future nodes

« Rigorous modeling has been computationally prohibitive

« Large area modeling addressed with internal code on Blue Gene™

20pm @mask

A
A 4

Output plane
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D Sensitivity to Mask Birefringence

= 10 nm/cm An = 3 nm/cm
. . |P5o-.|-.p.|l-.mrnmu}m-.a-nb-:lta-¢g. EI\'_-'I-I1I:r|11.'cr|1 . o 1S carms fom B3 e 5k SrsaTimion
Wafer CD Variation (nm) Wafer CD Variation (nm)
- 'CD variation (10ntn Spec) i CD variation (3nm Spec)
c S o
=) 0.03 o o ¢
O 0.8 = ._
= oo < __g_.u:ua
SIE) g 0.07 g Ry
e § 0.06 C!_) ;5: 0.06
@) 0.05 QO 0
i : 0.04 — . . —
D e et e s s ( his P]ijft'ari i 0.25 03

Pitch{um)

Pitch

1.2 nm max 0.60 nm max

EMF simulations show the impact of mask birefringence on wafer CD uniformity.
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Optical Modeling

« Ultilization of physical parameters whenever possible

« Goal is to have fully physical optical model

object plane pupil plane image plane
illumination pupil Y entrance pupil 4P, exit pupil y

px\/

dose

\ Q(a) .
v
lllumination Mask/Pellicle Wafer
Source Map Pupil 3D Mask Jones Laser BW/
Polarization Effects Pupil Focus Blur
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Hyper-NA Optics

IBM defined a convention to treat polarization for projection
systems that has been adopted by the industry

Scalar: 2 Pupils Polarized: 8 Pupils

i
na o
o E
8 (i}

o
i i A5y

o

I 8

;]

Intensity g

Intensity

Jones Matrix Convention

6/4/2014
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Photoresist Modeling

« Highly accurate, physically-based optical models lead to predictive resist
models with few fitting terms

—————————ﬁ

object plane pupil plane image plane
L ik R v Calibration of OPC models for multiple focus
/ X conditions
I _ > Jochen Schacht, Klaus Herold, Rainer Zimmermann, J.
. :? I Andres Torres, Wilhelm Maurer, Yuri Granik, Ching-Hsu

\IJ ‘.;1_\ E Chang, G. Kuei-Chun Hung, and Benjamin Szu-Min Lin

I ' I Proc. SPIE 5377,691 (2004)

I Q(a) 4 J(il;) ‘i’(P)/

lllumination Mask/Pellicle Lens Wafer

= Physically based photoresist models predict exposure and development

defocis=0.0 dzfocus=0.0 deforns=0.0 defocus=0.0 deforus=01
048 D43 0.43 0.42 0485
03z 158 038 |- 0.3g 0.2
023 0.3 0.28 0.28 0283
0.8 ; : 013 0.2 013 01E1
oo: g Tl 0oz 0z 0.0z n.og
D 013 0.26 03952 0 013 026 03352 0 013 03 03052 i 013 02 03052 0 013 025 03952
Acid Concentr Acid Concentr Normalized Development Development
before Diffusion after Diffusion Deprotection Rate Contours

http://www. panoramictech.com/Products/Resist/Panoramic ResistSimulator. pdf
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Modeling in Double Patterning

« Nonlinear shrinking techniques may be applied between lithography and etch.

« These processes must be properly modeled.

il T ™y
Patterning of Image A

DE’SigH lith h hirink h Stri ist

- ography shri BARC etc p resi
split for Relacs™ MHM etch and BARC

DP
-lmage A recicl BT Thaa=e W 200nm P

ag E% S s e s (N RS

MHM Low-k diel.
L % A
r
g = ™ r z ™
Patterning of Image B Patterning
of dielectric
lithography shrink BARC etch Strip resist material
Relacs™ MHM etch and BARC
e o b i
= 1 E: :00nm P 190nm P
N P B P s s P E s P EEEE [ BN B BN B |
L A ' y

Manufacturability issues with double patterning for 50-nm half-pitch single damasce ne applications using RELACS shrink and corresponding OPC
Maaike Op de Beeck, Janko Versluijs, Vincent Wiaux, Tom Vandeweyer, Ivan Ciofi, Herbert Struyf, Dirk Hendrickx, and Jan Van Olmen
Proc. SPIE 6520, 652001 (2007)
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Etch Modeling

« Etch process can be effectively modeled with empirical models.
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Etch modeling example

Post develop verification

~

s

—

Post etch verification

PPC model build methodology: sequential litho and etch verification
Ali Mokhberi, Vishnu Kamat, Apo Sezginer, Franz X. Zach, Gékhan Pergin,
Jesus Carrero, and Hsu-Ting Huang

Proc. SPIE Vol. 6349, 63491Z (Oct. 20, 2006)
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