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EUV source power limits throughput — high-efficiency patterning

Absorber Mask Phase-Shift Mask (PSM)
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8x brighter image (SHARP)
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8x brighter image (SHARP)
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7x shorter
exposure (MET)

Absorber 94 mJ/cm?

PSM 13mJ/cm?

Berkeley Ref: Patrick Naulleau, et al., Ultrahigh efficiency EUV contact-hole printing with chromeless phase shift mask,
Proc. SPIE 9984, 99840P (2016)
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Current work: rigorous lithographic simulations of etched PSM
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Goal: Use simulations to model EUV etched PSM design

Mask Design
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Goal: Use simulations to model EUV etched PSM design

Near-Field Patterning
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What makes phase-shift masks so efficient?

Absorber Mask Phase-Shift Mask (PSM)
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Phase shift mask: don’t absorb light, delay it

Absorber Mask

Absorber ML Mirror

=0 R=1
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Absorber Mask Etched Phase-Shift Mask

Absorber ML Mirror Un-etched Etched
R=0 R=1 ML mirror ML mirror
R=e™=—-1 R=1
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Line = Space pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) MI

Absorber Dipole 12.5 0.67
Phase Shift Conventional 12.5 200 1.62 2.4
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Line = Space pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) MI
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Mask Type | lllumination | CD (nm) MI

Absorber Dipole 12.5 0.67
Phase Shift Conventional 12.5 200 1.62 2.4
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Line = Space pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) MI

Absorber Dipole 12.5 0.67
Phase Shift = Conventional 12.5 200 1.62 2.4
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Line = Space pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) MI
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Line = Space pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) Ml

Absorber Dipole 12.5 0.67
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Line = Space pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) MI

Absorber Dipole 12.5 0.67
Phase Shift Conventional 12.5 200 1.62 2.4
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Contact pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) mm

Absorber Quadrupole 18 0.45
Phase Shift Conventional 18 288 2.62 5.9
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Contact pattering with phase vs absorber (ideal thin mask)
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Contact pattering with phase vs absorber (ideal thin mask)

Mask Type | llumination | CD (nm) M
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Contact pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) mm

Absorber Quadrupole 18 0.45
Phase Shift Conventional 18 288 2.62 5.9
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Contact pattering with phase vs absorber (ideal thin mask)

Miask Type _ lllumination | CD (nm) W

Absorber Quadrupole 18 0.45
Phase Shift Conventional 18 288 2.62 5.9
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Contact pattering with phase vs absorber (ideal thin mask)

Mask Type | lllumination | CD (nm) mm

Absorber Quadrupole 18 0.45

Phase Shift Conventional - 2.62 5.9
So phase-shift

masks are more
|efficient. Are they
“| practical?
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Not all pitches can be printed with alternating PSM
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Not all pitches can be printed with alternating PSM
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3D Geometry — m phase shift etch depth depends on pitch
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3D Geometry — m phase shift etch depth depends on pitch
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3D Geometry — m phase shift etch depth depends on pitch
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3D Geometry — m phase shift etch depth depends on pitch

\ Printable with EUVL, NA=0.33
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3D Geometry — m phase shift etch depth depends on pitch
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Printable with EUVL, NA=0.33
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Edge placement error (EPE) through focus and exposure

S 10 15 20 25 30 35 40 45

===Nominal Edge Placement nm
—Edge Placement, Threshold = 0.4
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——Edge Placement, Threshold = 0.8
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EPE (nm)
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w=045 w=046 w=047 w=048 w=049 w=05 EPE (rlm)

NEen = 20

Neion = 21

NEion = 22

Neien =23
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Choose design with largest process window




Choose design with largest process window

w =045 w = 0.46 w =047 w =048 w = 0.49
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Choose design with largest process window

multiple features
on the same mask?
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3D Geometry — m phase shift etch depth depends on pitch
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Optimizing design for different features, NA = 0.33

P, = 25 nm, Non-shadowing P, =25 nm, Non- shadowmg
=22

N =20 NEt = =22 N =23 N = 24 EPE (nm) Etch Etch Etch

Illl 3— ﬂ.ﬂ K3

= 25 nm, Shadowing 1A = 25 nm, Shadowing

R B K]

= 50 nm, Non-shadowing = 50 nm, Non-shadowing

= 50 nm, Shadowing

o

(6)]

Py

= 50 nm, Shadowing

-

‘

Berkeley

UNIVERSITY OF CALIFORNIA



Optimizing design for different features, NA = 0.33
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Optimizing design for different features, NA = 0.33
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3D Geometry — m phase shift etch depth depends on pitch




Optimizing design for different features, NA = 0.55
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Contact array: NA = 0.33, p,,r = 36nm
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Contact array: NA = 0.55, p,,r = 22nm
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Summary
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Phase is much more efficient than
amplitude

6-8x for contact array
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Summary

Phase is much more efficient than
amplitude

6-8x for contact array
Etched multilayer EUV mask

sﬁ%, .=.=' works in theory and experiment
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Phase is much more efficient than
amplitude

~ 6-8xfor contact array
@ B Etched multilayer EUV mask

....| works in theory and experiment
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Alternating phase-shift masks
can only print certain patterns
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Phase is much more efficient than
amplitude

6-8x for contact array
58 B Etched multilayer EUV mask

..-.| works in theory and experiment
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Need rigorous simulation to accurately design mask

Optimal design varies with pitch, pattern, and orientation
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