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Fig. 1 Principle diagram of Ronchi lateral interferometer setup

used for wavefront aberration test of projection lens
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put lens under test in Ronchi LSI

'

move object-plane grating and image-plane
grating to focal planes

!

set systematic parameters, such as wavelength,
grating period and phase shifts

!
! '

move image-plane grating to move image-plane grating to
first position near to second position near to
focus focus

' !

move image-plane grating move image-plane grating
along X or Y direction and obtain along X or Y direction and obtain
phase-shifted interferograms phase-shifted interferograms

! '

calculate shearing wavefront calculate shearing wavefront
and its tilt coefficients ¢z or ¢z and its tilt coefficients cz or cs»

| |
v

record distance J. between two positions and
calculate differential value Ac; between cz and cz; or
Acs between cs; and cs;

}

according to Eq. (12) or Eq. (13), use J. and Ac: or Acs to
calculate NA value

F5 T Ronchi 89 U118 19 758 U 4 B2 NA I 130 72
Fig. 5 Measurement process of lens NA based on Ronchi

lateral shearing interferometry
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NA A /nm P /pm 8. /pm Ac, /nm
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direction shearing interferogram near focal plane; (b) Y direction shearing interferogram near focal plane; (¢) X direction

shearing interferogram with about 50 pm defocusing; (d) Y direction shearing interferogram with about 50 pm defocusing

0 L
E -500 1305 1400 1405
~
3
& -1000 EN
——
-1500 + CA- s
-2000

60 80 100 120 140 160 180 200
Image-grating position along axial direction /um

P15 AS I CHIE 1 S, BT DI oo Al e, BB M 2%

Fig. 15 Measurement results of ¢, and ¢; when image-plane

grating is moved along axial direction

A2 T CHI I TS By 150 nm LA, R R 3.2
Y5 B, X B NA I 2 AR X 1R 22 K 0.009 ;4% 1fi 57 7

B 4 LR 25 6 nm LA, X R 10 pm il 17] £ 2 []
B, S B0A NAFH XS5 22 0 0.0006 5 1 % K X NA 9 I
a5 R A AT DL 20 5 AR R 45 04 5 U0 U I RS B
2 nm, AR5 3. 475 A9 05 B 6 A NA R I 5 25 7
0.0082 LA . LG % & ik R &, Al 15 2] NA AH X
HR 228 0.0122, % Ry A 4 % 5% 25 78 0.004 LN, [H 1k
NA 52 Bl £ 455 4 0.29240.004

TSR UE AR SCO R A AU L R FH LA 25 1
PO RR I 5% NA PEAT HOGH I, 5 A s B 4n 5] 16 T
TN o AR SE A Y L 2 v R I A2 B ) i A £ T A
B OZOLEEAE CCD BB R, 5 OGRS
JFE R LA B SEH LI A CCD 22 Ja] 1) 25 /<, 8] B L A7 5% -

R,=htanp,+ [tanp3,, (15)

VR ISP ek SUE &5 RINTAIN | RV S UK. Sitts
FE G IR v i R

1304006-6



£50% F 13 H9/2023 £ 7 B/HEH:

B .
j  image-plane
I grating

CCD
R
P16 A5 I A4 A ' BRE L] B 28 R 258 ]

Fig. 16 Geometrical model of beam radius at detector

5T ' M S 2 R U I M B AR T G A CCD
BAR 1 R R E AL CCD FEBERIEE R

R=Altanf, + Ry,

A AL RN IE, ) B A

TE P13 Jr s BRI B e, O 1R HT B SR LA
05 W R I ) B 0 N TEAT I 4, 5 2 T AR T
JeMEUEAT IR R o AR 5.02 wm By SR HE, AE 7R
Tr D 9y 5 ) 8T, BT UD AR L0 174 04, i AW S 2K
RUATBEIE B O GO BE . 1L B4y 1T A i e b, 4R 40 v
VU R -1 s I ARG M A AT S SR 2 T R R
A, AT LA B HE T O SO BRI

IR e TR R B R A= R SR YT T
DA CCD A B R Wt i 77 1 88 5 . At s
100 pm TG W 568 7 10 8 s & Gl fn CCD, il
HIE s My EE B 3B 1.1 mm, JER AR 97
(G BE 18 2o P 5 A B R B0 SO BE Y FE 48 R, (=1,
2,,9) MR g5 & 17 BroR o 38 5 % il ) 47 & 2,
K OFACBEN 42 R AT RS IS B RS ALZ[H]
18 tan B, K 0.307

25 XA BE R AUE AL NA H R A5

(16)

. tan
szslnﬁlziﬂlc (17)
J1-+1an* g,
2100
—o6— measured data
s000l " *- - fitting data
g
v 1900 |
2
3
8
E 1800
<5
m
1700 -
1600

0 200 400 600 800 1000 1200
CCD position along axial direction /pm
FL17 - CCD vl 1) £ s il e ) e e 42
Fig. 17 Measurement results of beam radius when CCD is

moved along axial direction

55 F 5 M 45 NA 4 0.294,

28 BRI A J7 R A9 NA I 2 45 3 5 LA 5t 24 )
AR — B, 225075 1% AN, B AR B U & 1) 5
M AE 1% AN .

ST B8 UE 12 B Y iR 25 6 U A T A 0 R, E AT
T — A E . A E A 3P AT R AL A ) 1~
37 IR JE v R FOR A A R DU I T, EE AR 22 4
VE JE v U AR R IR T Y -4 (P V) A AN
Y1 R (RMS) 1% 2243 51 4 38.22 nm A1 2.76 nm. £ 18
R YIR S AT E AR SR BRI UE R 1%
BB U R 22 (R 1% B9 NA TR 22) %F I AY % 1 5 4
TR 2ZE AR HRFTE 250 LLP, XoF I iy 2 170 52 0 AT DL Z0m
Ui W R AR O 2 0 A5 A NA ] DL RAS R B A B B
b, T I S IR R O T

0.30
—— wavefront 1#
\ - - =- - wavefront 2#
0.25 | “ 5 wavefront 3#
5 :
£ 0207 2 )
3 =
% g
= 015} ]
¢ N
,{é 0.10 - s.\ Relativesheaﬂngerrori'!o/'
& . ;
0.05 | \\ /
L NS

0 L L L ! L 1
-10 -8 -6 -4 2 0 2 4 6 8 10

Relative shearing error /%

P18 e o gt 8 22 Wil 09 D) 8 22 1 72 A G &R
Fig. 18 Relative RMS error of reconstructed wavefront versus

relative shearing error

DL RANA BETTE R 0.3 (1 38 5% 9 B3 1E 0 15 I %o
S W E T 5 F XM Ronchi 8§ Y11 ¥ 1 4 52 ) 45
NA I S 07 2 00 b o J5 2] i — 2 4 e NA %
W B R DR 22 0 A R G, TR NA B IR 25 A6
5T, B UEAS T7 35X iRy NA I (A7 ot .

S I

AR SCHE T — Fh 3T Ronchi 87 81 T 3 9 #5%
BENAM Ik . HSHE S T OB £ A i A )k
T2 EUF AR, 87 T Ronchi 8 9] T3 R g
Y1k w04 0 0T A R I A B NA 2R B
KRB LLNABIHE N 0.3 B9 £ 5 W Bx I & X}
ST T Sk, M5 NA K 0.292, W & i% 2% /N T
0.004 o K¢ 8 45 5 5 JUAAr o6 24 00 & 7 32 19 D it 45
YEAT T L B8 IE T 7 VA A R o A AE £ T
BRI B R, AN DN — > 5 010 J 1] A 7 I 5 D0 % i, B
AL A I 4 4 ) NAE . %5 75 R A Ronchi 85 Y1 T
P ACRD AT S B A B M AR A NA N . S5 S a3
TZ 7 5 W NA I 5 T fig 4 B 2 Ronchi 55 81 1 #54X
R T B AR I i S B AT ] R SR BB R 4 B Y

1304006-7



Rt

NA 18 225550,

(2]

(3]

[4]

(7]

(8]

(9]

[10]

[11]

[12]

& X X #
Malacara D. Optical shop testing[M]. 3rd ed. New York: Wiley,
2007.
EOKEL, WhEZ W, IR AR, A5 07 D) ELBE T 5 O S H R BF 5T R
JHHERT]. #ot 5 e 72 bR, 2022, 59(14): 1415004.
Wang Y H, Yao Y F, LiJ R, et al. Progresses of shearography:
key technologies and applications[J]. Laser &. Optoelectronics
Progress, 2022, 59(14): 1415004.
B, R, BREE, . HOCTUEE T U I AR I ST
BRIEAIHT S M T]. WOt 5ot d 7, 2022, 59(5): 0512001.
LuoJM, GuJW, LiJH, etal. Error analysis and improvement of
liquid refractive index measurement using laser speckle interferometry
[J]. Laser & Optoelectronics Progress, 2022, 59(5): 0512001.
A, B, W, BT T A BGR RE O T
FEFFEDESE[T]. BOG S e T2, 2021, 58(11): 1108001.
Zhao D E, Li N L, Ma Y Y, et al. Characteristics of double-
vortex optical interferogram based on shearing interference[J].
Laser & Optoelectronics Progress, 2021, 58(11): 1108001.
Braat J, Janssen A J E M. Improved Ronchi test with extended
source[J]. Journal of the Optical Society of America A, 1999, 16
(1): 131-140.
Ray-Chaudhuri A K, Nissen R P, Krenz K D, et al. Development
of compact extreme ultraviolet interferometry for on-line testing of
lithography cameras[J]. Proceedings of SPIE, 1995, 2536: 99-104.
Flagello D G, Socha R J, Shi X L, et al. Optimizing and
enhancing optical systems to meet the low 4, challenge[J].
Proceedings of SPIE, 2003, 5040: 139-150.
Lai K, Gallatin G M, van de Kerkhof M A, et al. New paradigm
in lens metrology for lithographic scanner: evaluation and
exploration[J]. Proceedings of SPIE, 2004, 5377: 160-171.
de Boeij W P, Pieternella R, Bouchoms I, et al. Extending
immersion lithography down to 1z nm production nodes[J].
Proceedings of SPIE, 2013, 8683: 86831L.
Zhu W H, Miyakawa R H, Naulleau P, et al. Lateral shearing
interferometry  for high-NA  EUV  wavefront
Proceedings of SPIE, 2018, 10809: 108091S.
Miyakawa R, Naulleau P. Lateral shearing interferometry for high-
resolution EUV optical testing[J]. Proceedings of SPIE, 2011,
7969: 796939.
Rimmer M P. Method for evaluating lateral shearing interferograms
[J]. Applied Optics, 1974, 13(3): 623-629.

metrology[J].

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

£50% F 13 H9/2023 £ 7 B/HEHN,

Dai F Z, Tang F, Wang X Z,
reconstruction based on Zernike polynomials for lateral shearing
Applied

et al. Modal wavefront

interferometry: comparisons of existing algorithms[J].
Optics, 2012, 51(21): 5028-5037.

Dai F Z, Tang F, Wang X Z, et al. Generalized zonal wavefront
reconstruction for high spatial resolution in lateral shearing
interferometry[J]. Journal of the Optical Society of America A,
2012, 29(9): 2038-2047.

LiP, Tang F, Wang X Z. Compensated differential Zernike fitting
method for wavefront aberration metrology based on grating lateral
shearing[J]. Applied Optics, 2022, 61(1): 1-9.

PR, BB LM dbat: JbarRAE AL, 1984.

Zhao K H, Zhong X H. Optics[M]. Beijing: Peking University
Press, 1984.

Abbe apertometer maker: Zeiss[EB/OL]. [2022-10-09]. https: /
www.microscope-antiques.com/abbeapert.html.

R - B8 BOK IR IR B R G R G B RR T W RIATT
MR (M B ER, P 7. bt B Tk R AL, 2016:
474-479.

Born M, Wolf E. Principles of optics]M]. Yang J S, Transl. 7th ed.
Beijing: Publishing House of Electronics Industry, 2016: 474-479.
LuY ], Tang F, Su R, et al. (3N-+1)-frame phase retrieval for
double-grating Ronchi lateral shearing interferometry[J]. Optics and
Lasers in Engineering, 2022, 158: 107139.

Dubra A, Paterson C, Dainty C. Wave-front reconstruction from
shear phase maps by use of the discrete Fourier transform[J].
Applied Optics, 2004, 43(5): 1108-1113.

Servin M, Malacara D, Marroquin J L.. Wave-front recovery from
two orthogonal sheared interferograms[J]. Applied Optics, 1996,
35(22): 4343-4348.

ZEAS LA BY U1 8 IR R AT SE[D ] AL A E R B R
%, 2016: 52-58.

Li J.
measurement technology[D]. Beijing: University of Chinese
Academy of Sciences, 2016: 52-58.

LiJ, Tang F, Wang X Z, et al. Wavefront reconstruction for

Research on grating shearing interference wavefront

lateral shearing interferometry based on difference polynomial
fitting[J]. Journal of Optics, 2015, 17(6): 065401.

Harbers G, Kunst P J, Leibbrandt G W. Analysis of lateral
shearing interferograms by use of Zernike polynomials[J]. Applied
Optics, 1996, 35(31): 6162-6172.

van Brug H. Zernike polynomials as a basis for wave-front fitting in
lateral shearing interferometry[J]. Applied Optics, 1997, 36(13):
2788-2790.

Measurement Method for Numerical Aperture of Projection Lens Based on
Ronchi Lateral Shearing Interferometry

Lu Yunjun'?, LiZhongliang"”, Tang Feng', Wang Xiangzhao'
'Laboratory of Information Optics and Opto-Electronic Technology, Shanghai Institute of Optics and Fine
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Abstract

Objective

The wavefront aberration and the numerical aperture (NA) of projection lens directly determine the critical dimension and

resolution in lithography. Hence, high-accuracy wavefront and NA measurement is crucial in lithography systems. With the

advantages of a common optical path, null testing, and no need for extra ideal reference, double-grating Ronchi lateral shearing

interferometry (L.SI) has great potential for high-accuracy and high-dynamic-range wavefront measurement, which is suitable for

online wavefront aberration measurement of the projection lens in lithography. In Ronchi LSI, NA is also a basic parameter for

1304006-8
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wavefront measurement. Traditional method of NA measurement needs to measure the focal length and the exit pupil diameter.
Although there are many ways to measure the focal length, the diameter of exit pupil cannot be measured, unless the aperture of the
system is that of the last element. The method which uses the commercial Abbe apertometer (Zeiss) is relatively mature, however,
this method requires manual adjustment of the vernier and surveyors have to observe at the exit pupil plane, which increases the
complexity of the measurement process. In the present study, we report a new method of NA measurement in the double-grating
Ronchi LSI system. With theoretical derivation of the geometric optical path difference introduced in the shearing wavefront, by
measuring the shearing wavefront and calculating the tilt coefficient (the coefficient of Zernike Z, in X-direction shearing wavefront or
Z, in Y-direction shearing wavefront) at two different axial positions, NA is calculated by using the distance between the two axial
positions and the differential value of the tilt coefficients. This method can be integrated easily into the current double-grating Ronchi
LSI system, which can achieve the online measurement of the NA and wavefront simultaneously.

Methods The image-plane grating is moved along the axial direction (Z direction) in the study. Taking the X-direction shearing
interferogram for example. The projection lens under test is placed in the double-grating Ronchi LSI system, and the object-plane
grating and the image-plane grating are placed at the corresponding focal planes of the projection lens under test, respectively. The
image-plane grating is moved to the first position, and then moved along the X direction according to the phase shifts mentioned in the
(3N+1) -frame algorithm, where N is a positive integer. A total of 3N-+1 interferograms are obtained. Firstly, the shearing
wavefront ¢, at the first position is calculated using the (3N-+1)-frame algorithm. Then, the image-plane grating is moved along the
axial direction with distance &, to the second position, and the shearing wavefront ¢, at the second position is measured and calculated
again with the same method. Thirdly, the X-tilt coefficients of Zernike terms (Z,) of ¢, and ¢, are calculated, which are recorded as ¢,
and c,,, respectively. The differential value Ac, between ¢, and ¢, is obtained. Substituting the 8. and Ac, values into Eq. (12), the
NA of the projection lens under test is calculated. The method using Y-direction shearing interferogram has the similar process. The
NA of the projection lens under test is calculated by substituting the 8. and Ac; (differential value of Z, coefficients between the first
position and the second position) values into Eq. (13). The image-plane grating can be moved n times, then an average value of the

n—1 groups of Ac, and Ac; will be obtained to eliminate the random error during the measurement.

Results and Discussions The projection lens under test used in the experiment has a magnification of 5X and an NA of 0.3.
Overall, with the equally spaced movement of image-plane grating along the axial direction, i.e., all the intervals between two
adjacent positions are equal, the measured tilt coefficients of ¢, of Z, (X direction) and ¢, of Z; (Y direction) change linearly with the
position variation along the axial direction, as shown in Fig. 13. We can see that both ¢, and ¢, have nearly the same value at the same
positions, which is consistent with the information shown in Eqs. (12) and (13). An average value of the 12 groups of Ac, and Ac, is
216.4 nm, and the distance . between any two adjacent positions is 10 pm, then the NA of the projection lens under test is calculated
to be 0.292.

Conclusions In this paper, a new method which can be used for the online measurement of the NA of projection lens in the double-
grating Ronchi LSI system is proposed. The geometric optical path difference in the shearing wavefront introduced by the defocusing
of image-plane grating is theoretically derived, and the mathematical model of the relationship between NA and the tilt coefficients of
the shearing wavefront (Z, in X-direction shearing wavefront and Z, in Y-direction shearing wavefront) is established. By moving the
image-plane grating along the axial direction, the shearing wavefront is measured and the tilt coefficients are calculated at each
position. The NA of the projection lens under test is calculated using the corresponding mathematical model. A microscope with a
designed NA value of 0.3 1s used to carry out the experiment, and the experimental measurement result 1s 0.292. The result of NA
measurement by using geometric optical method is 0.294, which verifies the effectiveness of the proposed method. Compared with the
traditional geometric optical method, the NA value can be obtained by small defocusing near the focal plane using the proposed
method and only the shearing wavefronts at two different positions along the axial direction are needed to measure. This method is
also the premise of high-accuracy and high-NA wavefront measurement in Ronchi LSI system, and it provides a convenient method
for the measurement of wavefront and NA in Ronchi LSI system simultaneously, without any need of other devices.

Key words measurement; numerical aperture measurement; projection lens; Ronchi lateral shearing interferometry; shearing

wavefront; optical path difference
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