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CD — critical dimension
NA — numerical aperture
i i i i i DoF — depth of focus
How to push (high NA) EUV to its ultimate limits? L alength ity conection
. . . . PSM — phase shift mask
Thoughts from a theoretical imaging perspective NILS  normalized image log slope
LER — line edge roughness
THRS - threshold-to-size

f“ \ \ Reduce k; by

&7 __ @‘f’ CD — k  lllumination: off-axis, free form, low pupil fill, ...

V g%, 1NA « Mask: OPC, PSM (low-n), assists, curvilinear, ...
\ l*’" * Process, resist: tone reversal, ...

What is special about (high NA) EUV?

» DoF approaches physical limit (usable resist thickness)

« High NILS and dose required to minimize LER Which imagiﬂg solution* prOVideS
« EUV light is more costly = print at high THRS small k1

« More significant mask 3D effects can reduce

NILS (image blur) and DoF (best focus shifts)

“practical limitation due to reduced throughput of split pupil (SP) exposure are beyond the scope of this
work
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Outline

= Background and problem statement

= Basic idea of split pupil (dual monopole) exposuré

= Overview on settings, methods and procedures

= Problem analysis
= Pupil plots of image metrics
= Exploration of parameter space by Pareto sampling

= Understanding of root causes by near field analysis

= Selected further learnings
= Contributors to improved imaging performance
= Extendibility towards smaller k,

= Conclusions and outlook
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settings:
* absorber: TaBN, 60nm thick
» 8nm vertical lines with 24nm pitch

Basic idea of split pupil exposure NACOEE e it

' ' ' ' points)
Eample. dual monopole, single pitch line-space-pattern (L/S) eft pole ight pole
Basic idea of dual monopole exposure: 7o, s
J.-H. Franke, T. Brunner, E. Hendrickx, JM3, vol 21 (2022), b b
https://doi.org/10.1117/1.JMM.21.3.030501 -= =-
~__

wafer shift = 6.0 nm

= Image shifts between left/right poles T 1T
= Superposition of images causes blurred image (contrast 0.8 —— right: contast=78.0%
. . ) .. - total: contast=78.0%
= I@asfler shift between exposure with individual poles can o0 6
compensate blur G
2041
<
0.2
0.0 . . . ; . . |
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X in nm
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https://doi.org/10.1117/1.JMM.21.3.030501

Experimental demonstration of benefits of split pupil exposure

Presentation of Tim Brunner at SPIE EUVL, Monterey, Oct. 2023
_,1* Exp NILS of 14P28V lines plotted versus programmed shifts

Each shift has enough dose/focus values to find NILS
18% experimental NILS gain at optimum shift of 5.06nm

Exp. NILS through shift - P28V

Data fits expected cos well

/\ e Cxcos(nox/P)

W g First measured value of pole-
% /\ B to-pole shift

5 105 - e 5.06nm wafer 1

i.—. 1 Best shift for /\ * 5.07nm wafer 2

é > 1Y dual monopole * Referenced to accurate stage
o 09 v ® wafer?2

| oo * Pole-to-pole shift consistent
—cosr % wth 58nm TaBN mask model

0.8
o = ('] [as] = [Ta] w M~ [=a] (=)] L] - (o'}
i i —
programmed shift (nm)
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Basic idea of split pupil exposure
Example: dual monopole, two pitches L/S

|
N N VY
— NA ’t' \\:‘\\ /’///'/ “‘
obscuration ¢ N _w el Yy
@ Ohorder N i \ J
% +1st order Y / L
I telecentric ......i‘..‘.’:....... Vv
i setting — - mnmm—— =
shift=3.0nm
=16.0nm =24.0nm
100 T P
50
£
£
0 0
5
| @)
o)
Y
-50
—-100
X (nm) X (nm)
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= pitch 16nm
= pitch-24nm

LY

0.0 0.5 1.0

contrast

settings:

* absorber: low-n, high-k, 40nm

» multilayer: Mo/Si, 2nm Ru-capping
» dipole (2 points)

Wafer shift in dual monopole exposures
aligns both

 Feature position in a given image plane

 Best focus position of the involved
pitches

Similar behavior was observed for many
other use cases
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Problem statement

Split pupil exposure / dual monopole improve imaging of line-space-patterns

Selected questions to be addressed”

= Can we gain from two exposures, or do we need more? How to split the pupil? How much can we gain?

= How does split pupil exposure (SP) impact the optimum OPC (biasing), source shape, absorber n, k,
thickness?

= How about the impact of tonality and source filling on these statements?

“practical limitation due to reduced throughput and

alignment of source (and photoresist) are beyond the scope
of this work

ithogra =
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CRAO - chief ray angle of

_ fise
Use-case settings OF —dark ield
PW — process window
Fixed
= NA=0.55, reduction = 4x/8x, CRAO = 5.355°, iaslk s
center obscuration: 20%, unpolarized light sizeX = target + bias
= Target: square/hex contacts/DF or pillars/LF; 11nm 22nm pitch sizeY = sizeX + dbiasXY

= Slit position: center

Positive bias means larger holes/pillars on mask

Variables *  Positive dbiasXY specifies larger extension in y
= Mask variables: absorber (material, thickness), bias, tonality, - wlhwalies are glen o el sl
multilayer single split pupil
= Source variables: combinations of (rotated) ellipses” o POSHTE _—
with a given source fill ;@ € @ B\ . QP sigma
= Wafer shift (for split pupil exposure) = "a‘ ’ ESIN ® .,f[ - QP_aspect
Objectives | Miewreres e mmra e
= THRS (threshold-to-size - throughput) } nilsE:
= NILS (contrast): max{min(NILS over all cut directions)} J NILSVTHRS
= DoF (PW-based and NILS-based) L .
. . . : we did not target at the absolute best source, but tried to
= Min. variation of CD vs. cut direction: ACD identify tendencies (source fill, location of “good areas” of the

source)
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Methods & procedures

Pupil maps for NILS, THRS,

image shifts,

= identification of most useful source
areas

= general tendencies and sensitivities

AposX (nm) AposY (nm)

1.0 -
4 4
0.5 )
0 g 0.0 0
-2 05 -2
-4 -4
-1.0

10 -0.5 00 05 ~1.0 -0.5 0.0 05 1.0

1.0 0.4 .
4 2.0

0.5 0.3 )
1.5

0.0 0.2 > 0.
© 1.0
-0.5 0.1 -0.5 Q¢ ) os
-1.0 0.0 0.0

~1.0 -0.5 00 0.5 _1'91.0 -0.5 00 05 1.0
Ox

N

Oy
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Pareto analysis

exploration of high-dimensional parameter space
identification of best settings and tradeoff relationships
= comparison of different options

consequences for SMO

contacts/DF, target lln/

 THRS =0.386
© NILS,,=2.33
B DoF=785nm ¢

© townowk, SPIl-10%/10%
1.4 L TaBN, SP fill=10%/10% o .

o Tamstaam ooyl " THRS =0.347
w12 » NILS,;,=2.13
v ° O o @Be -
= ] . =80.

z N | DoF =80.3 nm
1.0

* THRS =0.284

08— o ©NILS,,=2.14

DoF (nm) N DoF =77.6 nm

© THRS=0.315
© NILS,;,=1.90
]* DoF=74.8nm (7

® low-n/low-k, SP

® low-n/low-k, SE 5
e TaBN, SP é,sf
e TaBN, SE

DoF (ovl)
8 2 3 a8

£ Tife

25 50 ’ 75 -2 0 2 4 06 .07 08 09 0 0 &0
bias dbiasXY QP_sigma | absorber
thickness

50 200 250 30

reflectivity phase

thin film values
(without ML)

Near field analysis
= root cause analysis

shift=0.0nm
upper left upper right
shift=0.0nm
10.0
75
5.0
- 25
E 0.0
> =25
-5.0
s
-10.0
-10 -5 0 5 10
X (nm)
lower left lower right
shift=6.8nm
T | T
upper left upper right shift=6.8nm
10.0
75
5.0
- 25
E 0.0
> 25
-5.0
=15
100
-10 -5 0 5 10

x (nm)

lower left

lower right

size = (16.6 / 15.6) nm
n = 0.900, k = 0.020
thickness = 44.6 nm

source: QP_ELLIPSE
sigma=0.80 rx=0.23
rot=45.00 fill=0.20
defocus = -5.0nm
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Outline

» Background and problem statement

= Basic idea of split pupil (dual monopole) exposurc

= Overview on settings, methods and procedures

= Problem analysis
= Pupil plots of image metrics
= Exploration of parameter space by Pareto sampling

= Understanding of root causes by near field analysis

= Selected further learnings
= Contributors to improved imaging performance
= Extendibility towards smaller k,

= Conclusions and outlook
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Pupil diagrams of image metrics for single source point illumination

11nm contact (DF); low-n/high-k

= bias=6.4nm/5.0nm
= thickness=58.2nm

Page 11
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AposY (nm)

0.0 0
' ! -
-
=
1.0 -0.5 0.0 0.5 1.0

(o

NILS

Remarks:

= Bias and thickness values for both cases are taken
from Pareto of quadrupole exposure (no split) with
largest DoF and nilskE

Observations

= Largest THRS and NILS in Zone A (4-beam
interference)

= Noticeable variations of all image metrics between
and within zones

= Strong image shift between left/right poles

= Qualitatively similar observations for other
absorbers, thickness and biasing

\

Lithography =
Simulation %Fraunhofssl;

=  Public



Exploration of parameter space by Pareto sampling

contrast throughput

/I_ow—n/lovv—k, \ / \
(SE) Objectives

single exposure

Fixed: * nilsE: NILS efficiency NILSV THRS
* n=0.9, k=0.02 for both pitches;

* MoSi multilayer "good values” >= 1.0
How to find and '

Variables: * DoF: of overlapping PW
* thickness: [20nm, 65nm] represept good for both pitches
- focus solutions?

« biasX and biasY * ACD: over all cut directions

* ellipse center and aspect (get round contact)
« wafer shift

\\6—7 parameters / \B\Objectives /

\
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¢ low-n/low-k, contact hole (DF)
« target: 11nm, pitch: 22nm

Exploration of parameter space by Pareto sampling - pupil fill: 20%
Single Exposure (SE)

—
1.0 os DA PWovl: 83
mBiasX = 2.5nm  *° THRS=0.314  om =
e
contacts/DF, target 11nm / mBiasy’ = >.4nm o Nbomi=2.08 - fow
© low-n/low-k, SE fill=20% thickness = 4O.Onm—1-0_1A0 —-0.5 00 05 10 ’ DOF - 644 g;‘z’z -a0  -20 0 20 40
1.4 i fy (in NA) Nnm defocus (nm)
1.0 DA PWovl: 98
w 1.2 mBiasX = 1.8nm  °3 THRS = 0.283 ﬁ = s
U'l ) O . _ §0_325 —— pw_135.0deg
2 0 mBiasY = 5.1nm " - RS 1.
thickness = 47.0nm 1. ~ DoF=74.2
1 ) 0 | -1.0 05 00 05 10 * 02003 5 0 20 40
fy (in NA) nm defocus (nm)
0 8 \ v - 0.400 PWovl: 136
40 50 60 70 80 90 mBiasX = 1.8nm  ** » THRS=0.284 )
DoF (nm) mBiasY = 5.1nm NILS,,.=2.14 505275
thickness = 47.5nm—1.o_1_0 — o e ole DOF=776nm el
fy (in NA) defocus (nm)

» Tradeoff between achievable nilsE and DoF
» Tunable by illumination setting

Lithography = .-\ nhofer
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* low-n/low-k
« target: 11nm, pitch: 22nm

Exploration of parameter space by Pareto sampling * pupil fill: 10%/10%
Split Pupil Exposure (SP)

mBiasX = 5.4nm *° o oo e
B. Y 4 6 0.5 05 THRS = 0386 0.350
mBiasY = 4.6nm S go3
NILS,;,=2.34 oo
contacts/DF, target 11n thickness = 44.6nm -os %o
- 10 o DOF = 765 nm 0.225 TSony
© low-n/low-k, SP fill=10%/10% shift = 6.8nm " _10-05 00 05 10 e _Sx (r(:m) > 10 Ree L T, [) 20 40
1_4_ O low-nflow-k, SE fill=20% fy (in NA) defocus (nm)
mBiasX = 5.6nm i
w1 N - THRS = 0.386
. 0 ) mBiasY = 4.6nm oo E o )
n o FB GV ! = NILS,,,=2.33
c thickness = 44.6nm™* )
¢ ! ! -1.0 _10—10 -5 0 5 10 :; DOF = 785 nm b —_ 23:13'5.0229
1-0 ) Shlft = 6.8nm -L0 _0'? (?I;ONA)O'S Lo oy 02004 %0 0 20 40
X defocus (nm)
) 0.400 PWovl: 80
0.8 | | | | mBiasX = 5.9nm 0.375
40 50 [?OF ( 70) 80 90 e THRS =0.333
oF (nm . : =7, e
thickness = s B N NILSin=2.29 ~ 0250 —
-1.0 o oo 5 oll, DOF =82.6 nm e = passaes | | |
452nm gt _0'?X (?r;oNA)O'S Lo S ‘ -0 2 defoa?s (nm) * *
shift = 7.7nm

» More than 20% improvement of nilsk (compared to SE)
» Only small improvement of DoF
» Significantly larger bias along shift direction (biasX)

Lithography = .-\ nhofer
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1.0 o

* low-n/low-k ~» Y
« target: 11nm, pitch: 22nm ZZ . ‘
sizeX = 12.8nm, sizeY=16.1nm > o5 . @/

f, (in NA)

Understanding of root causes by near field analysis

e thickness=47.5nm ol |
near field (NF) intensity sum of NF single pole total image rocess windows
for sinale (point) poles Intensities ir%a Zs (at best focg:’us) p(alon 4 cuts)
shift=6.8nm (wafer scale) g g

upper left upper right

single pole images

shift=6.8nm
0.400 PWovl
—— pw_0.0deg
0.375 —— pw_45.0deg
0.350 pw_90.0deg
% 0.325 —— pw_135.0deg
5 0.300 _
4] '

shift=6.8nm

g 0 DOF=67 4nm. El =10 00%
lower left lower right > :c: 0.275 L sl - O
_5 0.250
0.225
_10 0.200
-10 -5 0 5 10 -10 -5 0 5 10 defocus (nm)
x (nm) x (nm)
» Image shift / blur originates from the asymmetries of the
water NF (excitation of odd waveguide modes in absorber
o target openings) due to off-axis illumination
i ] mask
: | feature » Shift of wafer sharpens superposed near field and image,
e but degrades overlapping process windows (PW)
- -
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Simulation s

=  Public



* low-n/low-k
« target: 11nm, pitch: 22nm

Understanding of root causes by near field analysis
Impact of wafer shift

NF intensity poles  sum NF pole images  total image process windows
= = shift=0.0nm single pole images shift=0.0nm 0.400 PWouvl .
0375 — puosdes thrSizeRef = 0.284
0.350 Fa0.0lics pos = (0.00/1.16) nm
_ 20325 " pw 135 deg CDminjmax = (11.00 / 11.22) nr
. £ g o300 : ACD = 0.22 nm
9/ S NILS minmax = 2.14 / 2.23
0.225 nilse = 1.14
0.200 ;4 250 ) 20 40 DoF = 77.56nm
x (nm) defocus (nm)
shift=6.8nm el iRz 0400 T thrSizeRef = 0.284
0250 T rvoocie pos = (0.00 / 1.22) nm
~ Foas — P30 e CDminimax = (11.00 / 11.48) nm
.o E £ @333‘;/@; ACD = 0.48 nm
- : onzso/’—\ NILS minmax = 2.30 / 2.52
- 0.225/ nilse = 1.22
-10 D — 0:200——35 —20 0 20 40 DoF = 67.35nm
< ) x (nm) defocus (nm)
» Wafer shift sharpens distribution of superposed near field intensities, reduces shift
between individual pole images and increases NILS
» DoF drops, threshold-to-size remains unaffected
ithogra =
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Understanding of root causes by near field analysis
Impact of wafer shift & SMO

NF intensity poles

shift=6.8nm

upper left upper right

sum NF pole images  total image process windows

PWovl

single pole images

) shift=6.8nm shift=6.8nm 0.400

Wl 10 —— pw_0.0deg

|e_® 10 0.3754 — pw_45.0deg
i’ 0.3501 pw_90.0deg

—— pw_135.0deg

defocus (nm)

X (nm) X (nm)

il
_ E 0.3251
] g £ g 03001
= 5 o N > < 0.275 e e S
5 E s - 5 0.2501
NG 0.225-/
o e -
N 10 1o 020035 %o 0 20 40
U oL defocus (nm)
EEE x (nm) X (nm)
shift=6.8nm
upper left upper right
® o shift=6.8nm single pole images shift=6.8nm 0.400
@ = . 0.375
0.350
i}
_ _ 50325
c £ E 7 0.300
c L% lower left ower ri > > ;C: 0.2757 __ pw_0.0deg
5 gﬁ' 0.250 1 — pw_45.0deg
© @ <I'I- 0.225 pw_90.0deg
— LN & . —— pw_135.0deg
A
>I<I - -10 -5 0 5 10 0-2007 45 -20 0 20 40
[ORNO R
NN =
v n +

» SP with dedicated SMO exhibits

low-n/low-k
target: 11nm, pitch: 22nm

thrSizeRef = 0.284

pos = (0.00/1.22) nm
CDmin/max = (11.00 /11.48) nm
ACD = 0.48 nm

NILS minjmax = 2.30 / 2.52

nilst = 1.22

DoF = 67.35nm

thrSizeRef = 0.386

pos = (0.00/1.23) nm
CDminfmax = (11.00/11.32) nm
ACD =0.32 nm

NILSminimax = 2.33/ 2.47

nils = 1.45

DoF = 78.51nm

» SP with dedicated SMO suggests larger width, larger o, smaller height, smaller absorber thickness

= significantly improved threshold-to-size and nilsE (driven by the larger biasing in x)

= slightly improved NILS and DoF
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Pareto sampling
Impact of SP for different absorbers

dualMP, shift = 6.8 nm

PWovl: 95

* THRS = 0.386

— target = 11.0 nm 0.5
pitch = (22.0/22.0) nm e
size = (16.6 / 15.6) nm = n
n =0.900, k = 0.020 c 00 N”_S : _2 33 a
thickness = 44.6 nm = min ) o

sourc P_ELLIPSE -0.5

sigma=0.80 rx=0.23

rot=45.00 fill=0.20

defocus = -5.0nm -1.0
-1.0-05 0.0 05 10

fx (in NA)

pw_90.0deg
— pw_135.0deg

.

contacts/DF, target 11n

© low-n/low-k, SP fill=10%/10%

DoF =78.5

-40 -20
n m defocus (nm)

_ o6 PWovl: 156
i b o CONTACT: 156 1.0 0.400
1.4 © TaBN, SPfill=10%/10% o, i 65 = THRS = 0.347 o5
. ) target = 11.0 nm 0.5 )
O low-nflow-k, SE fill=20% pitch 1225.0//1%26.())) nm g 04 - g.;z:
size = .. .6) nm oY
" = - 0.0 .=
® TaBN, SE fill=20% n= 0950 = 001 c © NILS,i=2.13 " o0
o 0z £0.275
source: QP_ELLIPSE -0.5 s —— pw_0.0deg
igma=0.83 rx=0.23 — 0.250| — pw_45.0deg
T + DoF=280.3 0250 = pososee
I I I 1 2 i defocus = -5.0nm -1.0 0'200 —— pw_135.0deg
-1.0-0.5 00 05 10 - Y T R—T % 30 20
(V)] ) O O mm = fi (in NA) nm defocus (nm)
—_ © o “e  CONTACT: 136 1.0 * 0.400 PWovl: 136
QP_ELLIPSE 05 —_ —— pw_0.0deg
c o T v ayigma T THRS = 0.284 o — i,
T NZ pitch = (22.0/ 22.0) nm o4 0.350 pw_90.0deg

size = (12.8 /16.1) nm —— pw_135.0deg

f, (in NA)

.

n = 0.900, k = 0.020 0.0

thickness = 47.5 nm

source: QP_ELLIPSE -0.5
sigma=0.77 rx=0.23
rot=45.00 fill=0.20

T Zo32s
[=]
* N”_S ; =214 4 0.300
o min g
£0275
. DoF=77.6
defocus = 0.0nm -1.0 00 0.225
-1.0-05 00 05 10 I L | | |
h 30 20 0 20 40
\ fx (in NA) nm defocus (nm)
0 ' 8 I I I I CONTACT: 92 10 o ! PWovl: 92
0s
0s

40 50 60 70 80 90 THRS = 0.315

target = 11.0 nm 0.5
pitch = (22.0 /22.0) nm
size = (13.8/15.9) nm
DoF (nm) NILS n=1.90
thicks =59.9nm m|n_ .
sour P_ELLIPSE -0.5

3
’="U|
353
oo
SN
o
fy (in NA)

o ) DoF =
e _O'i(?ﬁONA)O'S He X (nm) 74.8nm R Qodefoc-.?s(nm)

» Split pupil exposure provides significantly larger gain than low-n/low-k absorber

» SP: Low-n/low-k performs better than low-n/high-k (not shown here)

» Free variation of n & k in accessible parameter range does not provide significant improvements

— pw_135.0deg

20 40

\

Lithography = .-\ nhofer
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Analysis of Pareto Data for square contacts/DF
Comparison of exposure strategies (SE;SP) and absorbers (low-n/low-k; TaBN)

0.45

v 040

0.30

low-n/low-k, SP
low-nflow-k, SE
TaBN, SP
TaBN, SE

» SP offer significantly better THRS and better
tradeoff between NILS and THRS

(Va)
E’ 20 » low-n/low-k with split pupil exposure (SP) enables largest
threshold, NILS and DoF, e.g. NILS > 2.3 with THRS >0.4
h and DoF>75nm
. » TaBN with SP performs significantly better than low-
% n/low-k with single exposure
i
O
Q 60
0.3 04 05 15 20 25 60 80 |
THRS NILS DoF (ovl)
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Analysis of Pareto Data for square contacts/DF
Comparison of exposure strategies (SE;SP) and absorbers (low-n/low-k; TaBN)

&)1.40 é g .
Il.35 -
l_oso it ’%s
: g
0.25 i g
» Optimum absorber
g I 3 %! 7! thickness differs
=2 L O Al between single
N exposure and split pupil
= P ‘é% ] %% - exposure
L % % < 8 w8
= : ¥ <l
S . 8 ;& i 5%
() H - e
bias  dbiasXY  QP_sigma | absorber reflectivity  phase
low-n/low-k, SP thickness : Y :
!:_n:;flt;ﬁ:—k, SE thin film values
BN .
BN, SE (without ML)

\
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Outline

» Background and problem statement

= Basic idea of split pupil (dual monopole) exposurc
= Overview on settings, methods and procedures
= Problem analysis

= Pupil plots of image metrics
= Exploration of parameter space by Pareto sampling

hft 30m

onm
m “_
contrast

shift=0.0nm

10
5
0
=5
-10
-10 -5 0 5 10
X (nm)

shift=6.8nm

= Understanding of root causes by near field analysis ’
= Selected further learnings

T SOk (om)
= Contributors to improved imaging performance
= Extendibility towards smaller k,

y (nm)
y (nm)

0
x (nm)

= Conclusions and outlook
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proc.featureType =
"CONTACT"

Overal performance improvements of Split Pupil exposures sl sl

Contributions of wafer shift, OPC/SMO and absorber thickness: summary

130 relative
1 3% 1 SP3: shift + OPC/SMO & abs. thickness
33 13 % I SP2: shift + OPC/SMO (abs. thickness from Ref.)
% 110 10.5 % P SP1: shift only (OPC/SMO & abs. thickness from Ref.)
100. Ref. SE: OPC/SMO & abs. thickness
SE SP1  SP2 SP3
» Wafer shift improves_NILS } > 20 % improvement
» SP-aware OPC/SMO improves THRS
» Mask absorber thickness can be used for fine tuning: few % improvement
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Extendibility towards smaller k1
Performance for 10nm target (20nm pitch):

low-n/low-k, target 10nm

@ contacts/DF, 5P
1 4 {4 @ contacts/DF, SE
O pillars/LF, SP
O pillars/LF, SE

40 50 60 70 80
DoF (nm)
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DF — dark field

LF — light field

SE — single exposure

SP — split pupil exposure

» Insufficient imaging performance for
contacts/DF using single exposure

» Comparable imaging performance for
pillars/LF using SP and SE

» Comfortable imaging performance for
contacts/DF using split exposure
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Conclusions and outlook

Split pupil exposures (SP) are beneficial for 2D
features

Gain depends on tonality, source filling, absorber
material and target

Application of SP has significant impact on SMO:
OPC (biasing), optimum source shape and can even
impact to optimum absorber thickness

Flexible (Al enhanced) SMO algorithms/software can
take care about the increased complexity

Combination of low-n absorbers, SP and
flexible/multi-objective SMO can push low k; high
NA imaging to its ultimate limits

How about split pupil aware ILT?

Page 24 22.01.2025 © Fraunhofer lISB

SMO - source mask optimization
ILT — inverse lithography
technology

130 relative

100 II
SE
3% ™ SP3: shift + OPC/SMO & abs. thickness
13 % > SP2: shift + OPC/SMO (abs. thickness from Ref.)

10.5% > SP1: shift only (OPC/SMO & abs. thickness from Ref.)

Ref. SE: OPC/SMO & abs. thickness

“practical limitation due to reduced throughput and
alignment of source (and photoresist) are beyond the scope
of this work
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settings:
« absorber: low-n, low-k, 40nm

- - - - » multilayer: Mo/Si, 2nm Ru-cappin
Basic idea of split pupil exposure + dinole 2 points) P9
Example: dual monopole, single pitch line-space-pattern (L/S)
- iR DA
obscuration t\’/vsl Ktvézj
® O order [
% 1%t order \
! ‘e'fe‘iﬁﬂg“’ —V CV—#
, pole pair contrast:
left pole right pole wafer shift: left/right: 79.7%
100 6.0nm total: 79.5% _ _

pitch=24nm + Image shift between left/right poles
0,=0.511 w .

50  Superposition of images causes blurred

£ image (contrast loss)

g o B E BEEE BB ER O -

= «  Wafer shift between exposure with

—50 . o
individual poles can compensate blur
-100" ————
—24 0 24 —24 0 24 24 0 24 00 02 04 06 08 10
x (nm) x (nm) x (nm) contrast
Dual monopole imaging was originally proposed by J.H. Franke et al., Journal of
Micro/Nanopatterning, Materials, and Metrology 21 (2022) 030501
https://doi.org/10.1117/1.JMM.21.3.030501
- r —
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Impact of tonality

Pupil diagrams of image metrics for single SP illumination

AposX (nm)

. AposY (nm)

11nm contact/DF, low-n/high-k
= bias=6.4nm/5.0nm
= thickness=58.2nm

AposX (nm)

11nm pillars/LF; low-n/high-k
= bias=-1.6nm/-2.8nm i
= thickness=64.9nm -
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Remarks:
= Bias and thickness values for both cases are taken from Pareto
of quadrupole exposure (no split) with largest DoF and nilsE

Contacts/DF:
= Largest THRS and NILS in Zone A (4-beam interference)
= Strong image shift between left/right poles

Pillars/LF:
= /Zone A
= Slightly lower THRS and NILS
= Significantly smaller image shifts
= /ZoneD
= Significantly larger THRS in zone D
= Large image shift and failed feature detection
for extraction of NILS along all cut directions
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plot_paretoComparison-47.py

Impact of tonality
Pareto: contacts/DF vs. pillars/LF

contacts/DF, target 11nm pillars/LF, target 11nm representative data from Pareto front:
© low-n/low-k, SP fill=10%/10% Ah © low-nflow-k, SP fill=10%/10%
LA1 0 omionk sz S 48 LA O o St a0 SE: SE: low- | SP:TaBN  SP: low-
@ TaBN, SE fill=20% @ TaBN, SE fill=20% @ e@
e L -?;%l? TaBN In ) n, low-k
2 12 ° ° 2 12 -‘?ﬁ ow-
= R, W oy = .qm ° DF: THRS =~ 0.315 0.284 0.347 0.386
1.0 ' 1.0-
8 o LF: THRS = 0.284 0.288 0.312 0.301
0805 50 60 70 s 9 %% s0 60 70 8o oo DFNIS 1.90 2.14 2.13 2.33
DoF (nm) DoF (nm) LF: NILS 1.96 2.30 2.09 2.35

» Pupil split exposure provides only small performance improvement for pillars/LF
» Contacts/DF using SP and low-n/low-k provides highest THRS;

best use of EUV light enabled by guiding of light and large biasing
» Pillars/LF using SE or SP can provide comparable (or slightly better) NILS

Lithography =
Page 28 22.01.2025  © Fraunhofer IISB : ! ~ Fraunhofer
! Simulation et

=  Public



Impact of tonality
Near field analysis for pillars (LF) optimized for single exposure (SE)

near field (NF) intensity

for sinale (point) poles
shift=2.6nm

upper left upper right

lower left lower right
I I
| _—

F LB ]

I |

;1 mask
|

|1 feature

y (nm)

Page 29 22.01.2025

sum of NF
intensities
(wafer scale)

shift=2.6nm

© Fraunhofer 1ISB

single pole
iImages

single pole images

s
-

y (nm)

total image
(at best focus)

* |low-n/low-k

« target: 11nm, pitch: 22nm

e sizeX=12.8nm, sizeY=9.8nm
e thickness=40.1nm

shift=2.6nm

0.400

1.0

0.5

0.0

f, (in NA)

-0.5

-1.0
-1.0 =05 00 05 10
fy (in NA)

process windows
(along 4 cuts)

PWovl

0.375

G 0.300
o
£0.275
=
0.250
0.225
0.200

—— pw_0.0deg
—— pw_45.0deg

0.350 \ pw_90.0deg /
20325 \wg |

—40 -20

-10 -5 0 5 10

x (nm)

» Superposition of scattered light from the low-n absorber
provides a reasonable bright surrounding of the target

» Wafer shift decreases performance

0 20 40

defocus (nm)
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*  low-n/low-k
» target: 11nm, pitch: 22nm

Impact of tonality
Understanding of root causes by near field analysis: impact of shift on pillars/LF

NF intensity poles  sum NF pole images  total image process windows

upper left upper right

shift=0.0nm single pole images shift=0.0nm 0.400 PWouvl

10 0.375 thrSizeRef = 0.288
‘ ~ 5 o3 pos = (0.00 / 1.15) nm
| 20325 CDminmax = (11.00 /11.01) nm

5 0.300
()

£0275 T / ACD = 0.01 nm
] —— pw_0.0deg
-5 0.250 T gx—:zg::g NILSmm)‘max = 2-30 I 2.32
0.225 — pw_135.0de ;
pw_ 9 nilse = 1.23

-10 0.200

y (nm)
y (hm)
o

lower left lower right

o o -40 =20 0 20 40
e x(gm) > 10 defocus (nm) DoF = 82.68nm
single pole images shift=2.6nm 0.400 PWovl .
10 0375 thrSizeRef = 0.303

LB

y (nm)

y (nm)

.
4 S o
- -

0.225 — mig;gzzg NILSmmlmax =2.32 / 2.33

-10 0.200 nilse = 1.28
T BT 30 —20 0 20 )

X (o) defocus (nm) DoF = 81.85nm

S 03501 pos = (0.00/1.17) nm
Eg:zzz CDmin/max = (11.00 / 11.03) nm
| ’ o275 = oems | ACD =0.03nm
‘ ' _5 0.250 . pw:45.0deg

» Only minor improvement of nilsE (THRS) by SP, small optimum wafer shift
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Root cause of swings: double images

Observations for line-space patterns

= reflections from multilayer and from top of
absorber cause two contrast inverted images

= interference and variation of the phase shift
between the top absorber-reflected and the
multilayer-reflected light cause a swing
behavior of the total amount of the total
reflected light and many other imaging
characteristics like NILS and BF
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Thickness (nm)

Thickness (hm)
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A. Erdmann et al.: “Characterization and mitigation of 3D mask effects
in extreme ultraviolet lithography”, Adv. Optical Techn. 6 (2017) 187-
201, https://doi.org/10.1515/a0t-2017-0019
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proc.featureType = proc.includeML = True

"CONTACT" proc.positionShift = 0.0nm
. . sizeX/Y: 12.8/16.1nm proc.defocus = 0.000nm
DOUbIe Images for Slngle exposu re proc.absorberN/K: 0.09/0.02 vThicknessimages_015/16.zip

proc.qp_sigma/fill: 0.77/0.2

—
thickness=47.56 0310 ——s 4 28—
right poles: pos=-2.12nm left poles: pos=2.12nm all: THRS=0.284 NILS=2.22 0.305 e 3 — left 2.6
10 10 10 right L— ~_ _— right 24
0.300 — all 2 — al :
= 2.2
: : 0.295 £ 1
image with g0 £l 520
. _ —_ T O. =
£ £ 3 = 3 =18
M I_ £ £ £ 0.285 S -1
. > > > o R — left
. -5 -5 -5 0-280 -2 14 right
(ML reflection 0275 -3 12 — al
-10 -10 -10 0.270 -4 1.0
- — 40 42 44 46 48 50 52 40 42 44 46 48 50 52 40 42 44 46 48 50 52
+ tOp a bSOFber x (nm) x (nm) x (nm) thickness (nm) thickness (nm) thickness (nm)
reflection) |
thickness=40.00 0.0016 4 2.8
left poles: pos=-0.27nm 3 — left 26
10 0.0014 right Y
' — 2 — all 2'2
. 0.0012 -
Image wo ML: 0 E 1 o2
z E 0.0010 x R
top (and bottom) £ 2. Lo
0.0008{ — left - — left
-5 right 14 right
absorber refl. 00006] ™8 I P
Ho o - — - 40 42 44 46 48 50 52 o 42 41 45 48 50 52 Yo 42 41 46 48 50 %2
x (nm) x (nm) thickness (nm) thickness (nm) thickness (nm)

» Contrast inverted images
» Image wo ML exhibits
= almost no shift between poles (less/no contrast blur) > with proper phase it can act as a weak attPSM
= significant variation of intensity vs. thickness
= difference in contrast between x and y cuts (due different bias)
» Optimum absorber thickness close to maxima of “threshold-swings” wo ML to “exploit” top absorber image
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Double images for

proc.featureType =
"CONTACT"

proc.absorberN/K: 0.09/0.02
proc.qp_sigma/fill: 0.8/0.2

|
thickness=44.59 i ———- 4
right poles: pos=-0.07nm left poles: pos=0.07nm all: THRS=0.386 NILS=2.47 © 3 — left
10 0.40 right right
- all 2 — all
. . 0.39 T 1
image with _ _ 2 £
£ £ F o038 =
M L. £ £ : 8_—1
. > >
-2
. 5 0.37
(ML reflection -3
-10 40 42 44 46 48 50 52 _440 42 44 46 48 50 52
+ top absorber o thickness (nm) thickness (nm)
reflection)
thickness=40.00 = a4
left poles: pos=-3.59nm all: THRS=0.001 NILS=1.20 0.00060 N 3 — left
10 10 right right
0.00055 —al 2 =
|mage WO MI_ 20.00050 g 1
—_ — T =~ 0
E 3 = 0.00045 5
top (and bottom) £ £ 2
0.00040 -
-5 -5
absorber refl. . S L
10 -0 40 42 44 46 48 50 52 _440 42 44 46 48 50 52

-10 =5 0 5 10
x (nm)

» Contrast inverted images

» Image wo ML exhibits
= significant shift between poles (pronounced contrast blur)
= significant variation if intensity vs. thickness
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thickness (nm)
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proc.defocus = -0.005
vThicknessimages_011/12.zip
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Comprehensive evaluation of Pareto data
General remarks

Procedure used so far

1.4 |
1.3
w12
1.0 ~
o)

0.050 0.055 0.060 0.065 0.070 0.075 0.080 0.085

dofPWovlp
Generation 615

Limitations

«  Complete evaluation of few selected data points/settings

only

. THRS=0.286
.. NILS=2.09 3
< DOF=68.6NM w0

© THRS=0.262
2 NILS=2.15
= DoF=74.9nm

 THRS=0.262 '»
= NILS=2.11  §o
= DoF=77.7nm ..

= THR$=0.250  °»
= NILS=2.07 g
- DoF=79.4nm ="

© THRS=0.309 .00
. NILS=205 &
#|" DoF=50.9nm .

PWovl: 227

ddddddddddd

ddddddddddd

uuuuuuuuuuu

uuuuuuuuuuu

« Missing information on global trends, e.g. NILS or THRS vs.

bias

 _limited evaluation of settings: e.g. no data on reflectivity,

integrated intensity (Imint)
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Evaluate all points/data on Pareto front

Goal of this investigation is to understand:

= Separate contributions of THRS and NILS to nilsE

= |dentification of additional global tendencies
= Comparison between:
= single exposure (SE) and
split pupil exposure (SP)
= dark field (DF) and light field (LF)
= materials
= Jow-n, low-k: n=0.9, k=0.02
= TaBN: n=0.95, k=0.031
= nkVar: n=[0.87, 1.0]. k=[0.01, 0.08]

This was done for:
< target: 11nm, pitch: 22nm
- pupil fill: 20% (SE), 10%/10% SP
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Abbreviations used in this document

EUV : Extreme Ultra Violet

CRAO : Chief Ray Angle of incidence at Object
CRAA : Chief Range Azimuthal Angle of incidence

CD : critical dimension

NA : numerical aperture

DoF : depth of focus

| — wavelength

OPC : Optical proximity Correction
SMO : Source Mask Optimization
ILT : Inverse Lithography Technology
PSM : Phase Shift Mask

NILS : Normalized Image Log Slope
LER : Line Edge Roughness

THRS : Threshold-to-size

nilsk : NILS Efficiency = NILS x THRS*
DF : Dark field

ILF : Light field

SE : Single Exposure

SP : Split Pupil exposure

QP : Quadrupole

PW : Process Window
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