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Edge Placement Error (EPE)

= Simulation: EPE = {Simulated contour—
design target}: Can account for multiple
sources of placement error.
— Intra-layer EPE
— Inter-layer edge placement between
critical segments of two or more layers.

m Fab: EPE = {Wafer contour edge — design
target edge}
— Intra-layer EPE not (easily) directly
measurable,
— Inter-layer edge placement errors: can
measure critical edge to edge distances.
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Excellent Model Accuracy to CD SEM meas on
large diversity of patterns (N3 EUV, min CD ~ 20 nm)

Model error
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Simulation-based metrology augments the value
of real wafer metrology

m Guide judicious inspection of Intra-layer, Inter-layer hotspots

through simulation of global DC offsets of input parameters.

— Identify specific potential hotspot locations to guide e-beam metrology

— Characterize process windows, which can in turn be used to estimate die
failure probability

— Determine Best Focus through simulation

— Full-chip edge-placement simulation-based metrology accounting for EUV
aberrations across multiple scanners

m Inform simulations with spatially-specific dose, focus, mask CD,
overlay data from tool diagnostics and (sparse/dense) metrology
data: Generate full-chip, full-wafer simulation-based metrology
with multiple possible applications.
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The evolution of lithographic “"Process Window”
characterization (7or measured or simulated data)

Bossung plot: (Bossung, Perkin EiImer
1977) Per feature CD as f(Z, E)

ID/ED tree / forest: EL vs DoF (Lin, IBM
1980, 1993)

— "+/-10% CD”

PWA -> Mack, PROLITH 1995, Mansfield
et al. IBM 2000): Per feature or multiple
features (cDoF)

Optical Rule Checking “ORC" (SONY 2001)

— Full-chip image metrics (EPE, ILS, I, .., L
MEEF, ... DoF)

pv-Band ( 7orres, Mentor Graphics 2005):

Full-chip contour vs dose, focus, mask CD

or any other variable
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Simulation of Pattern Failure (aka “Hotspots")

m Intra-layer
— Pinch, Bridge, Pattern Collapse,
SRAF printing, PR Toploss

m Inter-layer
— Insufficient overlap, bridging

m Deterministic simulation
— Failure mode-specific 3D models
— Through process window dependence
— Failure probability calculation depending upon input
parameter variability and number of patterns within chip

m Stochastic simulation
— Failure probability (ie microbridge or missing via) depending
upon stochastic model

m Combined deterministic and stochastic simulation
— Overall failure probability due to input parameter variation

a nd StOCh aStICS Restricted © 2019 Mentor Graphics Corporation
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Beyond 3c: proper variation in dose/focus/mask CD to
consider, relative to overall mfg variability
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Drives need for appropriate understanding of
process variable distributions in manufacturing

Probability

Mig Distribution

m  And spatial/temporal correlation
properties, since assumption of
complete independence of errors breaks
down at small enough length scale

m Must be sure that for known best dose /
best focus exposed field, that the
intrinsic min variation in dose/focus
across that field can safeguard all within

8

--_-Elut B water@ Lot [ IFan dle IOcatiOnS

How the national debt has grown

The latest $1 trillion increase took 6 months

Failure Opportunities: T )
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Dose (fraction)

Non-Monte Carlo based estimation of Intra-layer
Failure rate for individual feature as f(E,F)

Fmax 9(CDpsp,F)

1
Prain =1 — f f mexp

Fmin 9(CDysL,F)

m  Window for “Failure”: Can be CD defined, or by direct simulation of soft/hard P/B

m  Assume knowledge of manufacturing Gg and O
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Full-chip Intra-layer Failure probability
m Need to account for multiple placements of patterns within chip.

Prow =0 —=(A—=praid)™)) Single feature appearing N times

N : :
Py ran = (1 — (ILM(1-pg,;) ™)) M features appearing Ny times each

o =(1 = Ma P i *N, Poisson approx. to binominal distribution
Pehip fail (1 -l s )) when p;,; small and M, N large.
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Full-chip Failure Probability as a function of CD
Tolerance, and assumed focus, dose distributions

m Identify worst several thousand potential PW hotspots, and # of repeat placements within die.
Simulate each through fine-stepped dose/focus.

14nm Metal
m Determine PW versus assumed tolerance and dose/focus distribution. Logic chip
m Calculate full-chip failure probability map and [EXEEIONEICREIElslln ANl ML R E1IVg=
CD Tolerance = +/-10% CD Tolerance = +/-25% CD Tolerance = +/-50%
Probability Success
Bl 070
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Comparing different chips for overall fail rate

= 14 nm Metal chiplet with mostly SRAM B 4 Logie cDTol=23
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. S TSUNT 5 2e-6 g 20e6 e ™
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Choosing Best Focus for yield maximization:

2D Probability Density Function for dose and focus
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Inter-layer hotspot Process Window

14

m This library could be merged with available

m For each design, there will be unique worst

case layout locations corresponding to specific
CD, overlay error vectors.

Large Via

— CD layer A; CD layer B; Overlay vector
e . E'“ Min Area (1m?)
Build a design-specific inter-layer edge o Y o
1 2 £ | 2'33312
placement hotspot library. E 5 <+ o
2 2 N B > 0.0020

M:ZX Misalignment (um)

8

Bridging
Error window

dense on-product wafer state data and used

in a variety of ways:
— Yield learning through intelligent directed

Small Via

00000

H H Small M2 Nominal M2 Large M2
inspection
_ 7 7 1 Sturtevant, J., "Two-layer critical dimensions and overlay process window
COS t savin g S / YI 6/ d I ncrease / M f g Cap acl ty characterization ane improvement in full-chip computational lithography”,
e Xp ansion th ro ug h / /] th O rewo rk reductlo n Micro/Nanoithography, MEMs, MOEMs, 15 (2), 021406 (2016)
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Min Area Metal-Via Overlay: Nominal CD Condition

Billions of simulation-based measurements
Across full chip for each overlay error vector

0.00, 0.02) shift . o :
( ) Determine worst-case in-die location

-ﬁ;-jfi*

(-0.01, 0.00) shift 00) shift

Key Is that each limiting layout location per overlay vector is UNIQUE!

Restricted © 2019 Mentor Graphics Corporation Menbr® |
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E-beam Overlay metrology increasingly important to
validate simulated metrology analysis

Pl

Metal

(1046, 4934,
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Combine in-fab metrology data with design-specific
virtual metrology to predict die fail rate per wafer.

Design-specific library: Offline
@ = S Design-specific library
NP —— dbase of botential (~ 108 potential HS with CD,
e o et overlay metadata)
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14 nm Chip: Metal/Via

: "’nﬂ{. N ‘ :7__ - E
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Wafel’ data (E, Z, OVEI’|aY) Restricted © 2019 Mentor Graphics Corporation Menbrw
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EUV Lithography Simulated Metrology
Opportunities

m Stochastic failure: Increased LER/LWR, which has typically
been ignored in full-chip simulation for 193i. Stochastic
model now makes full-chip consideration of this local
effect possible.

m Aberration-driven CD and image shift control: Intra-layer

and Inter-layer.

— EUV aberration levels are ~ 10X higher than 193i, and tool to tool
aberration signature differences leads to uncorrectable CD and pattern
shift errors. These effects are pattern and illumination dependent.

— Exceedingly painful / impossible to do such in-fab with real metrology

Restricted © 2019 Mentor Graphics Corporation Menbr® |
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Impact of aberrations in EUV

m 7 nm design with parametric test structures corrected with Measured aberrations at 13 slit

— Measured center slit aberration, verified using slit specific aberrations locations from NXE3300
— Center slit 3D mask, verified using slit specific 3D mask

AberrationVCD residuals -12.72 mm

5
0.9 CD RMS (delta) VS sI|t p05|t|on 4
9 e R AR Vs S S ] 3
0.8 B i £
0.7 SRR ) D U 1) e A S S E 2
=R I o U Dl S s O A O AP S o !
E O L S0
W 04 B B R 3 -1
= o3 BB B R R R o
= .3 -2
™ BN TEN N BRI RIS RN BN R .
F] § B RN AN AN R PN Fe X
0.0 -
6.36 -4.24 -2.12 0.00 2.12 424 636 8.48 10.60 12.72 0 200 400 600 800 1000 1200 1400
Aberration Shift residuals -12.72 mm
Shift RMS (delta) VS sI|t p05|t|on ‘ 5 ' ‘ ,
0-7 '7‘ """"‘ """""""""""""""""""""""""""""""""""""""""""""""""" . """"" ‘ """"" ‘ """" - EM
0.6 B L i OkifE i O QiR L L L — mmm Aber
~odl M : Shlftdelta B Sh'ft enter Shlﬂsllt 3 : 3 3 z
Sy | | 5 | 3 : 1 | E
(7] c
= w
o ]
]
: : [a]
0.60 -8.48 -6.36 -4.24 -2.12 0.00 2.12 424 6.36 8.48 10.60 12.72

CD/Shift changes from aberrations much larger than EMF effects

Restricted © 2019 Mentor Graphics Corporation Mel‘“ar'®
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Tool to Tool Aberration Variability in EUVL

Tool to tool aberration variation is of the same order as across the slit variation

Max: 1.5nm 1.0nrm 1.0nrm 1.0nm 1.5nm 2.0nm 2.0nm 1.5nm 1.6nm 1.0nm 1.0nm 2.0nm 2.5nm

N Tool-Tool aberration residuals == 0.0nm = /nmM1 Chlplet 2mm X
| I Y I D D O B B g 2mm
w LW 1 1 o i 4 T H . 4 4 d - B B 1.5nm
‘ M= 2som|  ® Placed at 13 different slit
P B RN N B B BN B B S B R locations
10° o \Q'@ o o R o \Q@ \q:v\n, # 1 # 7 # 13

Slit (um)

m Design OPCed with Tool A measured aberrations and verified with Tool B measured aberrations
m Contour differences between Tool A nominal and Tool B nominal contours

Tool to tool variation is uncorrectable by OPC software

Restricted © 2019 Mentor Graphics Corporation Menbr® |
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Characterizing tool — tool aberration variation impact
through simulation-based metrology

~

ﬁi” Aberration A Identify which tool in an *N’ tool fleet set guarantees best

i overall performance — ‘Golden Tool’ in the fleet
L]

#B __ ——  Aberration B
\__ L

= Correction — Verification results matrix ~ m Use every tool in the fleet for

correction to get ‘N’ unique
masks

#A

|

-

&

\
\

Aberration C

H

@]
&
&
Rl
E
\ |
Y

m Verify each of these masks
against every tool in the fleet

Aberration D

m Characterizing OPC mask
performance in verification
—EPE : max, range, 3 sigma
—EPE Severity count
—Image shift

Aberration E

-

EUV fleet of tools each NA: No Aberrations

with un ique a berrations Restricted © 2019 Mentor Graphics Corporation Menbor: I
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Impact of tool aberration diffs on Intra-layer EPE

For each OPC mask, cumulative verification errors across each tool
—

1.8
1.2

EPE Range EPE Range EPE Max
: 5.4 T s S . - - -
. , : : : :
4.8 .
D 4.2 2.
% c 3.6 E >0
2 3.0 w 1.5
S B 2.4
o
(o]
A

0.6
0.0

NA

1 OPC Model

m Tool with the lowest aberration not
necessarily the best tool

Count

m  Tool that matches the rest of the
fleet most closely is the best tool

In this fleet Tool D would be the best candidate for model calibration /
correction for this specific layer / source map
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Inter-layer uncorrectable edge placement errors

on test patterns (Metal / Via example)

m 5 scanners (3300, 3350) o Y hm
actual across slit aberration ol - mm
flngerprlnts é chi DN BN ... . j g c : : 1:6

m Large variety of metal, via >, N mm W o |
TPs across slit. v - 5 I N -

m All combinations of OPC model N
and exposure tool for metal 4
and via layers. w1 -

m If no tool-specific OPC model ~ s 7 iy
and mask dedication, - 05 o
manifests worst case of ~ P e ©
snm max uncorrectable .

I'nter_layer edge to edge Max Edge to Edge Error = |{ Zmetal— zma}l + {|shiftmetal — shiftvia|}
e r r Or S . Restricted © 2019 Mentor Graphics Corporation Menbrw |
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Example of uncorrectable CD and pattern shift
across slit:

Via OPC Tool 3 Exposed Tool 1

TN /
( l ) e o
) —— ()
— - /I’K\ |
| -
(/“ | ; L B /) -----
—~ : . . )
-12.6 mm slit position | +12.6 mm slit position -
| Restric£éd©zo19 Mentor Gréphics Co-rporati.on | Menbr: |
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Summary

Simulation-based metrology can be used to assess process window for intra-
and inter-layer failure, and to guide specific metrology sampling for most
effective use of in-fab tools.

Analytical alternative to brute force MC method presented for prediction of
failure probability for individual hotspots, and for full-chip yield estimation

Designs will have particular locations where specific two-layer CD and overlay
error vectors will manifest most severely from an inter-layer edge placement
perspective.

Simulation-based metrology can be used with actual in-fab wafer metrology to
assess wafer-level die failure

EUV will not necessarily solve all inter-layer edge placement control woes,
simulation can be a powerful tool to elucidate.
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