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Optical Wafer Metrology and Holistic Patterning in Lithography
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Optical Metrology : diffraction-based overlay metrology (DBO)
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Some Views on
Our Research Landscape

(for wafer metrology) Optical Wafer
Metrology
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2D-aberrations versus 4D-aberrations
(isoplanatic versus non-isoplanatic)

2D /isoplanatic

4D / non-isoplanatic
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2D-aberrations versus 4D-aberrations
(isoplanatic versus non-isoplanatic)

2D / isoplanatic Isoplanatic Computational Imaging
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Hopkins’ Expansion of

4D wave-aberration function
(rotationally symmetric system)

IjI’ field
(real space)

pupil
(Fourier space)
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Hopkins . o
(1918-1994) . (Hopkins coefficients;

SML

HI(H-3)" (p2)"

Aberration name Vector form Algebraicform  j m n
Zero order
Uniform piston Wooo Waao 0o n
Second order
Quadratic piston Wao(H - H) WanoH* 00
Magnification Win(H - 5) Wy Hp cosigh) L
Focus Wil - 8) W:;;:;,n'."i oo 1
Fourth order
Spherical aberration Wl - 5P Wit 0o 2
Coma  pupil distortion Wy(H - 5)(5 - ) WinHp cost¢) 0 1 1
Astigmatism WosslH - 5)° Wor H o cos™(d) 00 2 D)
Field curvature Wa(H - H)(3 - ) WapH" | 0 1
Distortion field distortion Wy, (H - Hi(H - §) Wy Hipeosid) 1 1 0
Quartic piston Wil H - H? Wy H 2000
Sixth order
Oblique spherical aberration  Wayo(H - H)(7 - 5)? Wy H2 o | 0 2
Coma Wan(H-HYH-5)5-5) W Hp cos(d) 1 1 1
Astigmatism Win(H - H)(H - ) Wi Hp cos®(g) 1 2 0
Field curvature We(H - B3 - ) Wi H*p? 20 1
Distortion Wsnn(H - HY(H - j) WsuHpoosid) 2 1 0
Piston Wl H - AP W HE 3100
Spherical sherration Woeald - BF Wigno® 00 3
Un-named Wisi(H - 5)5 - 31 Wi Hpfcosld) 0 1 2
Un-named Wag(H - 55 - ) Woa H2 g cosfgy 0 2 |
Wil H - 57 WiaHPp cos*d) 0 3 0

J. Sasian Table 5.1) Un-named
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Non-isoplanatic 4D-PSF Forward Model

i(H) = | Hyp (H;H') o (H)dH’

image wave = 4D-PSF object wave

matrix notation I = H4 . 0

PSF, ~ Hap ‘?_TA PSF,,
Hyj @ H,
©
= _/

H, ~_ ) — H,

Hl

T

AsML H,p contains spatially varying PSFs, dependent on the position H' of the point in the object.
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f Inverse Problem
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New Approach: SVD-on-Deconvolution-Kernels for Inverse Problem
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New Approach: SVD-on-Deconvolution-Kernels for Inverse Problem

K U S . %
/ \ Y
local ﬁ\ . O
deconvolution-kernels o O
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deconvolution kernels moda
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| A
product-convolution Kmax | 1 \

series approximation D4D (ﬁ, ﬁ/’) ~ 2 Dre (Ifi o Ifir) Wy (ﬁ’)

of 4D-Deconvolution Kernels

k=1
SVD-based B Kinax . . . Kmax iSOplanatic modal
deconvolution 5(H) ~ p (H) “ [W (H) i(H)] deconvolutions on spatially
for 4D-aberrations object- K k image- weighted versions of the
ASML (~ Koy FFTS) field k=1 field measured image field i. ,,.,,
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Two Strategies for 4D Aberration Correction

Strategy-1

1-step Approach

1. SVD-based Deconvolution for
all 2D & 4D aberrations in one go.

PRO
One single framework

Strategy-2
3-step Approach

1. Isoplanatic Deconvolution with
the deconvolution kernel for the
PSF at one chosen location.

2. Pupil Distortion Correction
(by remapping of pupil (Fourier)
space due to W131, W151, ...)

3. SVD-based Deconvolution for

all remaining 4D aberrations.

PRO
Computational efficiency
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Dark-Field Holographic Microscope (DHM)

Image sensor

ill. -1st ill. +1st

Experimental
DHM set-up
@ VU-ARCNL

A =532nm / 632nm

NA =0.80
. v e Schematics of
off-axis holography R DHM set-up
 measurement of amplitude and phase @ VU-ARCNL

AsmL of the image field from the sideband of the hologram
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4D PSF Callbratlon via 2D-array of Nanoholes

60 nm

0 nm

¥

70x70 um? field-of-view

i
« Nanoholes acts as §-functions 3
« Nanoholes probe the spatial variation of the o -
AD-PSFs as measured directly via the 3
sideband of the hologram. *3 AEM
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4D-PSF Calibration via 2D-array of Nanoholes

Simulated PSFs (from parameters Optics Design)
Measured PSFs abs all 11x11 PSFs at 532nm at 7um distance

A =532nm
NA =0.80

7x7 SW-subset of 11x11 nanohole array

f assumed position
@ of nodal point
(= origin of field space)
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4D-PSF Calibration via 2D-array of Nanoholes

Measured PSFs Isoplanatic+pupil distortion+SVD (4 modes) correction

A =532nm
NA =0.80

7x7 SW-subset of 11x11 nanohole array

f assumed position
@ of nodal point
(= origin of field space)

Page 16

Public



4D-PSF Calibration via 2D-array of Nanoholes

Measured PSFs Isoplanatic+pupil distortion+SVD (4 modes) correction

A =532nm
NA =0.80
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4D Aberration Correction for Array of Grating Pads

No Correction, as-detected.

W
| N

r=6320m Ul il
NA = 0.80 i il i

pitches: 900nm 800nm 700nm 600nm 500nm 400nm
ASML

Public



4D Aberration Correction for Array of Grating Pads

Full Correction, isopl. + pupil disto.corr. + SVD + digital focus.
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4D Aberration Correction for Array of Grating Pads

Full Correction, isopl. + pupil disto.corr. + SVD + NO digital focus.
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Some Extra Thoughts

* Non-isoplanatism can be caused by at least 3 effects:

» 4D aberrations of the imaging optics
» Surface roughness of the multiple lens components

* Field-position dependent apodization in Holographic Microscopy,
see submitted paper to Optics Express (Sept. 2022):
Field-position dependent apodization in

dark-field Digital Holographic Microscopy for
semiconductor metrology

TAMAR CROMWIJK, 12" MANASHEE ADHIKARY,"2 CHRISTOS

. i inNn- MESsINIS,? SANDER KONIJNENBERG,® WIM COENE,® STEFAN
Other areas of Appllcatlon' WiTTE,"2 JOHANNES F. DE BOER,! AND ARIE DEN BOEF':2:3

» Correction for Spatially Varying Blur in Incoherent Imaging in Astronomy

e See: L. Denis, E. Thiebaut, F. Soulez, J.-M. Becker, R. Mourya, Fast Approximations of
Shift-Variant Blur, Int. J. Comput. Vis. Vol. 115, 2015, pp. 253-278

« Based on MSE-optimization using an iterative approach
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Conclusions

Deconvolution for 4D field-dependent non-isoplanatic aberrations is feasible for
coherent imaging in off-axis holography at low computational costs.

A computationally efficient SVD-based deconvolution strategy has been proposed.

The SVD-based deconvolution can be combined with two prior steps of

(a) isoplanatic deconvolution
(b) pupil distortion correction

in order to further increase computational efficiency.

Very first experimental data as acquired with Dark-Field Holographic Microscopy
have shown a first proof of concept of our 4D aberration correction strategy.
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