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Abstract: Extreme ultraviolet lithography, a pivotal technology in semiconductor manufacturing, imposes
atomic-scale precision requirements on optical surfaces and necessitates negligible surface and subsurface
damage. This paper addresses ultra-precision fabrication of optical components by first elucidating the

mechanisms by which material properties and manufacturing processes induce surface errors. Technical
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challenges and recent advances in measuring surface errors across spatial scales are then analyzed. For
low-spatial-frequency figure errors, emphasis is placed on absolute measurement methods and sub-aperture
stitching techniques. For mid-to high-spatial-frequency roughness, developments in white-light interferom-
etry microscopy, atomic force microscopy, and super-resolution white-light interferometry are reviewed.
To meet multirmodal characterization requirements for surface and subsurface defects, the advantages and
limitations of complementary detection methods-including electron microscopy, interferometry, scanning
probe techniques, and scattering approaches-are comparatively assessed. Finally, against the backdrop of
prevailing technical bottlenecks and the demand for high-performance optics, future directions are delineat-
ed, highlighting intelligent measurement systems, multi-physical coupled characterization, and in-situ
monitoring. This analysis is intended to serve as a technical reference to support domestic production of
critical equipment components.

Key words: advanced optical manufacturing; optical measurement; surface metrology; surface roughness

measurement; defect measurement
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Fig. 1 Influence of different spatial frequency roughness of photoetching optical components on optical imaging quality
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Fig. 2 Evolution of optical surface defects in service
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Tab.1 Performance comparison of general measurement technologies

Technology and Curvature o
Advantage Application
manufacturers measurement
Geometric probe measure-
ment technology v Efficient measurement of geometric Measurement of rough machining
es
(Netherlands IBS, features stage of optical components
Japan Panasonic)
Tilted Wave Interferometer N The system error is less and the mea- Rapid measurement of aspheric sur-
0
(Germany Mahr) surement speed is fast face
o High repeatability, laser displacement ) .
Subaperture stitching system ) High-precision measurement of
) No interferometer can be selected to mea-
(America QED) large-aperture complex components
sure curvature
DUI measurement system v Large range of nanometer resolution,  Rapid measurement of large-aper-
es
(America QED) fast measurement speed ture complex components
LUPHOScan interferometer v Large range, can measure rough sur- Measurement of aspheric surface in
es

(Britain Taylor Hobson)

face and transparent surface
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Tab.2 Performance comparison of Zygo interference objective lens
Objective type Optical system design Advantage Disadvantage Application

Coaxial lens, beam splitter and reference mirror

Mirau type [ | | Beam
i splitter
Reference 7§
mirror
(central
obscuration) =S
eamms——————

Object

Non-common-path interferometric system

Lens
. *%\\\ B
. Reference cam
Michelson type mitror r\ __4 splitter
\
lV'
=

Object

Use partially transparent parallel plate as beam

splitter

Wide-field ob- ‘f\,,]_,},,/‘

jective

Reference mirror

Beam splitter

Object

Compact com~  The central obscu- Precision mea-
surement of
mid and high

magnification

mon optical path  ration blocks light

structure with and the effective

high integration field 1s limited

i At very low mag-
Avoid central o .
. nification, the Low magnifica-
obscuration, . o ) )
. physical size is tion and wide
and the theoreti-

. o large and the sys- range measure-

cal view field is o
tem complexity is ment

high

unlimited

It is necessary to

The advantages accurately control

of size and the tilt angle of the o
. ) ) Wide field mea-
weight are obvi- beam splitter, and

surement
ous and easy to  the freedom of op-

integrate tical path adjust-

ment is increased
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Fig. 6 Three-dimensional super-resolution morphology

by near-field assisted white-light interferometry """’
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Fig.7 Problems existing in commercial white light interferometry and atomic force microscopy for measuring mid and high-

spatial frequency errors in large-aperture ultra-high precision optical components
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Fig. 9 Rapid measuring equipment of local scattered light

based on image sensor
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Tab.3 Performance comparison of existing mid and high spatial frequency roughness measurement methods

Angle-resolved scattering measure-

White light in-

Parameter ment system Atomic force microscopy
- - - terferometry
Full-field Rapid measuring
Surface roughness measure-
o <<0.1 0.1 <0.1
ment limit (nm RMS)
<2 mm 2 mm-1 pm <10 pm

Measurable spatial wavelength

(Incident wavelength,

error range

Continuous

: i i

: Angle-Resolved Scattermg(Wavcledgth 633 nm)
Power spectral density ZXV\Ikhl e light mterferometry| |
I
|
I
I
1

incident angle)

Continuous

(determined by (Related to field of view and

objective lens) resolution)
Segmented Segmented

1p>< White light mterferox:netry

I - -
I 10 um atomic force microscopy
| Il

1000

Slow
. . (The detector
Single field measurement speed
needs full space
scanning)
Full aperture measurement
time for 650 mm EUV lithog- —
raphy collector mirror
Large-scale characterization ca- .
o More difficult
pability
) Non-contact No
Sample damage risk
damage
Working distance from sample  No requirement

Economic cost Moderate

10 hours

Non-contact
No damage

No requirement Near

L
100 10 1
Wavelength error/um

Very slow

(The probe scans point by

Moderate ) . )
point, which takes a long time
at high lateral resolution)
7 days(2X)  Several years(50 pm X 50 pm)
Better Difficult Very difficult

Non-contact Contact/ Tapping mode (po-

No damage tential sample alteration)
Very near

High Very high
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Tab.4 Defect detection methods and performance comparison

Transmis- )
o ) ) ) ) ) Optical co-
White light Atomic force Darkfield micros-  Angle-resolved  Scanning elec-  sion elec-
Performance ) ) ) ) ) herence to-
interferometry MmICroscopy copy scattering tron microscopy  tron mi-
mography
croscope
Surface/sub-
Surface/
surface defect Surface/
. Surface Surface Surface Surface Surface Subsur-
detection ca- Subsurface
» face
pability
Contact No Yes No No No No No
Yes
Sample dam- Yes (Sample  (Sample
No Yes No No ) No
age preparation) prepara-
tion)
Three-
) ) Two-
Measurement Three- Three- Two- dimensional Two- di Three-
imen-
dimension dimensional dimensional dimensional (reconstruction dimensional ol dimensional
siona
required)
) Lateral: Submi-
o Lateral: microm-
Minimum de- ) cron ) Nanome- )
. eter Nanometer Micrometer ) Submicron Micrometer
tection scale . Axial: Nanome- ter
axial: nanometer
ter
Detection
Slow Very slow Fast Fast Slow Slow Moderate
speed
o The system only No depth infor-  Complex
Difficult defect lo- .
Sharp defects o collects scattered ) mation; sample
) ) calization; ) A detector with )
cause fringe dis- ) o light far away ) ) Conductive prepara-
) Point-scanning lim- high dynamic ) ) )
ruption; o from the reflected coating re- tion; Material
) itation; ) range and large ) o o
o Full aperture in- . light; . L quired ; Size limi-  limitation;
Key limitation ) Full aperture in- ) field of view is ) ) o
spection challeng- No depth informa- Vacuum envi-  tations;  Limited im-

ing;
Vibration isola-

tion required

spection challeng-
ing;
Vibration isolation

required

needed to realize

tion; ronment need-  High vac- aging depth
) o fast full aperture )
Particle/pit differ- ) ed; uum envi-
o ) detection )
entiation impossi- Sample size ronment
ble limited required
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