H23% s e TR Vol. 23 No. 8
2015 4 8 A Optics and Precision Engineering Aug. 2015

XEHS 1004-924X(2015)08-2220-09
SEHEIENIZHNHBEERET

I ORCLK OB.EAREEEAR
(FERFERKELFR SR EDEF R, LA LFEREALRE
AETLFIEAE O, FM K& 130033)

FEE X A T Bk AR ER TG 2 T B RS SOk T R I AR AR T — &4 ok i B b S 2SSk B Ty
o 7R PN TR T IR R R A R PR 2 B A B 50 pems (fF FH A AR A R 0 RS I AR — 4k Ty
] X HEAS B 22 BE A B 0. 30~0. 70 mm, I3 4, HE T IS K L Bt Al 1 H 5 B8 1 1k L B2 R 4 o AR TR DR 22 W BIRUR . I
5 308 st S AR T 4 BB S 5 0 T i o R AR & 10 e, SEBRAUOG S50 R - 8 IS Sl RS A ok A
280 mm 1742 i 1 RE 25 4106 o A5 A9 I TORS R 0. 8 nm(RMS) 78 160 mm 1148 B M1 3K 187 45 25 41 56 3075 /4 g
T 4558 R 1.1 nm(RMS) , S8 T 8 =50k B 18P 48 1E 09 B (9, 488 S B Bkm AR sk EDe oot TiRE T &7
BRI o 7R RIS T A 4 A /N B S B i 6 T vk

X 8 W.oAFhI;AERE;EFHHERERE; TFERE

FES %S TQI71. 68 XERHRIZAD : A doi: 10. 3788/0OPE. 20152308. 2220

Motion-precision control in bonnet-polishing
WANG Fei® , ZHANG Jian, PENG Li-rong, WANG Gao-wen, SUI Yong-xin

(Engineering Research Center of Extreme Precision Optics, State Key Laboratory of
Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China)

% Corresponding author, E-mail ; wang f@ sklao. ac. cn

Abstract: To meet the ultra-high precision manufacture demands of spherical surfaces and aspherical
surfaces in an optical system of Deep Ultra Violet (DUV) and Extreme Ultra Violet (EUV), a series
of motion-precision control methods in bonnet-polishing were proposed. Firstly, the temperatures of
main operation units were finely controlled to allow the motion-precision of polishing to be to 50 pm.
Then, the coordinates transmitting method was used to guarantee the two-dimension unity between
measured data and operating data to be 0. 30 —0. 70 mm. Furthermore, the convergence efficiency of
surface-error in fine polishing was improved by bonnet removal estimation method and feedback cor-
rection method. Finally, the vertical position accuracy between bonnet and work piece was improved
to 10 pm by probing-correction method. The experiment results on a actual polishing by using motion-

precision control methods indicate that the surface machining accuracy is 0. 8 nm(RMS) in polishing a
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flat with a diameter of 280 mm , and that is 1. 1 nm(RMS) in polishing a concave with a diameter of

160 mm. The proposed methods realize ultra-high precision polishing for spherical surfaces and as-

pherical surfaces, and they are also suitable for other contact small tool computer controlled polishing.

Key words: optical manufacture; bonnet polishing; motion precision; sphere polishing;flat polishing
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Fig. 1 Structure diagram of bonnet tool
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Fig. 2 Rotating types diagrams of bonnet tool
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Fig. 3 Influence of temperature on polishing work
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Fig. 4 Demonstration of coordinates transferring method

F A DU S0 55 n TR 2 T AN ST A b
F R ARBUM o PR UL T B A AR B R 22 ]S RS
A7 X . AR 2R )67 X v S R OC TE A B N
K 4 I A9 A TR0 B B T 1 K o R R A
T 2205 1) — B0 L 35 1 5 06 X oy 2O SR FH 4 B
G o A b A 3 2 A e N TR A AE N T
M1 SR BHE A TR0 [ L PR &0 2 At T
10> AR B T A s B ) s 3 5 T 85 A o T35 % 1Y
23 [ K BE AR L s BRI TR s B A5
e 4 prs. PRI TR ESE LT 5 Mn
AL 1.3.4.5 SARig s AE— ARG B L AT
P 2 B PO BERE T M AR K TR L 2 T AR ID A
HFARIC AR AR R 7 1) . BE IR ic S 80 A B T4



2224 b=

%23 &

o T B A
N T PR ICAS B w AT 3K 0. 05 mm, K6 M35
BIRCHEE w B 2 MR GEFE B MR RARERD
FEFEAE 0. 15~0. 35 mm P Bl T {4 il R 2L S
B NI OB o (AN S N A oL 7 i 2y ST v
BT w4 (OB w BBUE R 0. 30~
0.70 mm:
u=v1i + i . 4
TET T A 000 A 2 o 2 RS B 1 R oG R 4
B o A T ARAS R RS B R N Ta5 R, A 5T
K BE RS DU RE 7 . A SCY R e kG B T A - &
H4 0.1 nmRMS 946 I &2 304, 7T 58 20 O/ IE K

540 1 RS B

JE S 4l 0' 2 ok bR K A7k IDORS B PeE T RE AR N
AT T 15 22 W SUKCR T BRI IEAL . B R
FH R0 DX 3838 57 2 Bk i Mow) 28 1A BN — A~ 5
B A A [ 0S8 T AR b SRR TR
DX 38, X6 AT g R 0 A58 R A i E AT 3 51 R B
T K 3 5] B TR B A R DA A4 B Sk 2 R i 1
RS, E 5 FrR. B 5, K il £
Ry 0 TR B A RS R X8R 1,203 4r o R
PETEAHE 0.3.,0. 15 F1 0. 05 mm B, J& i [X 5 15
5725 Bt A TUT R 1K, T o XS T e 7 K A
HEATI W 5 () fs .

@ m Surface/Wavefront Profile E
+100.00
N E—
- —x 4
000 ==X =S e —e L - B
<! /
E : 2 /
Z -20000- \ i
0 E \ /
K] b p //
= 40000 = Mo oo
=600.00 ._l L 1 1 1
0.0 10.0 200 300 400
Distance/mm
[PV 196,572 nm_ | [rms 82667 nm_ |

() ¥I5] L BRI EE R

(a) Result of level removal polishing

() 35 53 BRI S ) it

(b) Depth measurement of level removal

K5 B RBRIEEAG 2Rt

Fig. 5 Removal estimation by uniformity polishing method

H TR ) S B S 55O TR il S 48 TR
filt DX IAN ] L 35 5] L BRI AR AR 10 2 %5 (W ZAE 3K
1955 — N 145 55 AR AR i TR S R AR 4G i
7 BEAEIE & 6 pros . 4 m THT 5 T 5
R IEAT X b & B T T 55 s RIS S X R A
BHEARAE X B D AE TE 45 R PR K T
A TG e 5 AR 05 07 5k 2B e R A ot
T BRA, ATAR 3 3 R T4 BN T2k Bk 4 F
FHEIE R0 i 25 B i 1948 1 D7 ¥ an =0 (5) Jir
7 o o I TR 2 B i A48 1 D7 vk an =R (6) TR

Ri=R,« 1—Z/Z) . 5

Ri=R,/(1+Z/Z), 6)
LR WBIERWRBEE L LRE, R HIH5
FBRIEA T A RS L KPR, Zo S TRy LA
AR R PV A, Z0 0 T 5 T A% A A5 16 % 1)
PV {H.

B
BV 237.406 nm B 101.955 nm |
Ims 40.493 nm rms 16.949 nm
Ca) 0 T i THTE (b) fin T J5 T B

(a) Before polishing (b) After polishing
6 —FEORG 2 W Y IS TR A 5 SR
Fig. 6 Results of before and after polishings

HY T () — AR A8 0 b i T R AR A
/D DRI A 0 T % P A A T U 45 D R T 2 B
R 3 kR 2K R AR 18 1R T AT IR



%8l

T KL RO R Y E SRS R 2225

T, AT B A R g A M SRR
3.3 SEELNEREE

SPEESL HEE AR 0.15~0. 3 mm,
M T TE 200 mm B94T B 4k 2 A 2 A N
50 pm, FEHE RN T T3 5] AR WiAHH R, 8 %
A A R Sk 7 G S AR P AR G Bl ik
0.1 mm g%, M 550 T T ot 72 16 48 1E 1
WS TR 0k 00 3 — 25 G 8 LE B Sk R0 T A
P E KR, Zeeko A HIM IRP RIS LR
25 HLAT S S Ty 25 0 AR I T RE PR 0L T FE 4y
TR FH 33K — A0 A5 A0 S S T i 38 A R R 4
JB S 55 T A 1A 07 8 1R 25 L SR R X LR AT A

A S TOU A, il S A B T 3 s o Bk
SEIRSCEL . ST R bR R TR A Sk e i
B A AR R TR B R, RS Z
WA ARAH Zo o SRS HUN bR Bk T2 O RO%E B
2% A BB Sk e v B L IR TN T 0 TR —F
TR ARG Z AR AR Z, . B T ARMERR Y 42
LR s o 3K RN A s S e e I )0 o PRI RO
ST AR R

R=7Z—7,+R,, )

Ao RS L T il 242, Ry S br Bk
Mk it Kgs R EZENE 7 s, B 7
Ry 20 AR S S TR 5 o 220 0 45 2L 9 2% 1
(B ARAS 0 500 BHE AR v i 224 2.5 pm,

4
g
% 2
RSN
1]
s -2
L
=
L |
z
g -6 v
=

-8 .

0 5 10 15 20 25
bonnet

7 SRR S Oy 3R 2 A o A PR A 2R

Fig. 7 Repeatability of bonnet apical-radius measurement

AHEBE S 5 T A R 2% 58 A R I b 2
P, WA SR AE AR S BRI A BT
ST R TN T T i TR R [ L R ) 4 SR
B W AR 22, I8 8 Ca) i, P T L
2 U0 A 3 Ao ) e R S S Rl A DA%, BR D
0 A5k 5k 7 8% A AR bR RN . AN )R B
5 Tk 1) 67 B R 2E W B 100 pm B/ % 10

pm DL UNE 8(h) BTz . BERE, #R A 0. 15 mm
Y AHERE S R i, W0l A7 8 O 22 51 A B A XA
WoE Rl 66.7% FFEZE 6.7%, BERE TR%E
B S 55 T A o7 ORGSR B AR T T 0k R 25 B eR
Bomka e k.

Geometric Correction/mm

Geometric Comrection/mm

i 100 ~100 yimm I yimm =100 -100  x/mm

Ca) FMEZETIT R 45 2R

(a) Before correction

C D FMaJE BRI &5
(b) After correction
B8 SRS k5 TR w22 #MEE TS 45 21
Fig. 8 Results of before and after corrections for re-
ducing position error between bonnet and

work piece

4 KR

R T SRS RO s Bk BE I O ik i
RO 4> W% FH 280 mm 1 A2 191 M 160 mm
A58 1 M0 35K T A 28 S S N 2 D K, i
g R E 9 FE 10 fros, H RMS {E 53 )35
F 0.8 nm M 1.1 nm, T, e WSl #2 n
11 fiR.

+7.57

[PV 11.780 nm__|
[rms 0.844 nm |
| Power 0.000 wave |
|Size X 2724 mm |
|Size ¥ 2724 mm__ | |

B9 VTR 2 e 45 21
Fig. 9 Results of flat polishing



2226 G MR TR 5523 %
+6.17
80
70
60
nm
50
40 —e—H
30 —m-ER 7
~10.80 A
10
[PV 16.975 nm | 0
0 1 2 3
[rms 1.107 nm | .
TR R
| Power 0.013 wave |
|Size X 1499 mm__ | R
(Size V 149.9 mm |

P10 ML A A6 4s SR

Fig. 10 Results of concave polishing

5 4

AR SCEE RSO Tk #E b SR SRS
PEWI DT BEAT T VR AR S0 B AR A L A R T
VA SR BE L TR X RS R L R R I Sk
A TR BE A5 1 (o TS X MRS B2 1k 3 0. 30
~0. 70 mm, fif B Sk 75 0 T B f 5 AR Rk )

S Rk

(1] JFi&. @k, k&, 5. GEBREDCS T 0 B A
WAL P EES, 2014, 7(1):26-46
SHI T, YANG Y Y, ZHANG L, et al.. Surface
testing methods of aspheric optical elements [ J].
Chinese Opticss 2014, 7(1):26-46. (in Chinese)

(2] FHLa,Ar s oh, ik, . R A% ) BE 2 B il AR Bk

TR P B BER B N T LT ). A5 % =42, 2007,
15(5) :633-639.
LI R G, ZHENG L G, ZHANG F, et al.. Com-
puter controlled manufacturing during fine grinding
stage of highly steep off-axis asphere with large ap-
erture [J]. Opt. Precision Eng., 2007, 15(5);
633-639. (in Chinese)

(3] =&, Zm#&, FhA,F. HIEFMAEERN
KA skm 800, 5 # % 4. 2011,
19(3) :520-528.

WANG X K, WANG L H, DENG W ], et al..

Measurement of large aspheric mirrors by non-null

Fig. 11 Results of correction polishing

LB MR 2Z 4 /NE 10 pm DLN L SEE T SR
ik B8 RS B TR 8 1E R . R AR O %
AT 0.8 nm (RMS) i i JE & TE 45 3, #
e R R R T AR BRI G o TR T A s
Po IRV AR SCRT IR 1 S 2852 kG B 4 ) O vk )
R TE FH T G b 4 i /0N B Sk B B O Oy i, B
R 11 A

testing [J]. Opt. Precision Eng. » 2011, 19(3):
520-528. (in Chinese)

[4] KERKHOF M. Full optical column characterization
of DUV lithographic projection tools [J]. Proc. of
SPIE, 2004, 5377: 1960-1970.

[5] KAMEYAMA M. Immersion and 32 nm lithogra-
phy:Now and future [J]. Proc. of SPIE, 2007,
6724:0277786X1-6.

[6] WEISER M. Ion beam figuring for lithography op-
tics [J]. Nuclear Instruments and Methods in
Physics Research B, 2009,269(8-9) :1390-1393.

[7] GARREIS R. Catadioptric optics enabling ultra-
high NA lithography [ C]. Selete and Sematech.
Hyper-NA Session. 3rd International Symposium
on Immersion Lithography, Kyoto,2006; 34 -35.

(8] #A. AAREFH =% TA[M]. J05 R A,
2008.

YANG L. Modern Optical Manufacturing Engi-
neering [ M]. Beijing: Science Press,2008. (in Chi-

nese)



58 M TR E AREENDE R A A kS R 2227
[9] ZEISS C. Very high aperture projection objective, BRI E B RLT] k% 4% T4, 2005, 13

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

US:7339743[P]. 2005-06-30.

JONES R A. Rapid optical fabrication with com-
puter-controlled optical surfacing[J]. Opt. Eng. ,
1991, 30(11): 1962 -1969.

LAGUARTA F, LUPON N, VEGA F, et al..
Laser application for optical glass polishing [ C].
SPIE, 1996, 2775: 603 -612.
B, B AR L N T IR AT O
A E PR B RS BLLT ] k& 4R, 2008, 28
(6): 1132-1137.

DAIY F, ZHOU L, XIE X H, et al.. Determin-
istic figuring in optical machining by ion beam []].
Acta Optica Sinica, 2008, 28(6): 1132-1137. (in
Chinese)

POLLICOVE H M. Next generation optics manu-
facturing technologies [C]. SPIE, 2000, 42318 -
15.

Fo IR R, BT TR 0 5 R R
TISCWE AR RG] bx HE L&,
2007, 15(1):100-105.

PENG X Q. DAI Y F, TANG Y. Circulatory sys-
tem for MR fluid based on gray forecast control al-
gorithm [J]. Opt. Precision Eng. , 2007, 15(1);
100-105. (in Chinese)

RAELRE 2L F NSk [ N A R
JEARRR I AR DR 2 [T ). K5 F 4R, 2013, 33(8):
0822002-1-7.

ZHANG J, DAI L, WANG F, et al.. Restraint of
mid-spatial-frequency error asphreic surface by
small-tool adaptive polishing [J]. Acta Optica
Sinica, 2013, 33(8): 0822002 -1-7. (in Chinese)
SR ERBE AL F . BRI % B I
BH IR EERILI ). b5 # % 242, 2011, 19(5) .
1013-1021.
SHIY J, ZHENG D, WANG L SH, et al.. Pol-
ishing force control in precise NC polishing of as-
pheric parts [J]. Opt. Precision Eng. , 2011, 19
(5): 1013-1021. (in Chinese)

R AR BRI B 1 ik 2 T A o1 2 A B AL L
WIET]. & A E A, 2013, 21(12):3015-
3020.
ZHANG F. Computer-controlled chemical me-
chanical polishing of silicon modification layer on
aspheric silicon carbide surface [J]. Opt. Preci-
sion Eng. » 2013, 21(12):3015-3020. (in Chinese)
MM REB R RFE, MO RAERR T

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(2):198-204.

XUE D L, ZHANG ZH Y, ZHANG X J. Com-
puter controlled polishing technology for middle or
small aspheric lens [J]. Opt. Precision Eng. ,
2005, 13(2):198-204. (in Chinese)

BINGHAM R G, WALKER D D,KIM D H, et
al.. A novel automated process for aspheric sur-
faces [C]. SPIE, 2000, 4093: 445-451.
WALKER D D, BROOKS D. The first aspheric
form and texture results from a product ion ma-
chine embodying the precession process [ CJ.
SPIE, 2001, 4451.267-277.

WALKER D D, FREEMAN R, CAVANA G, et
al.. The Zeeko/ UCL process for polishing large
lenses and prisms [C]. SPIE, 2002, 4411: 106 -
112.

WALKER D D, BEAUCAMP A,BROOKS D, et
al.. Novel CNC polishing process for control of
form and texture on aspheric surfaces [C]. SPIE,
2002, 4767 99-106.

WALKER D D, BEAUCAMP A, BROOKS D, et
al.. New results from the precessions polishing
process scaled to larger sizes[ C]. SPIE, 2004,
5494, 71-81.

KRR, FE, TR L OGP ooiBAEE RO
KHEHARB IR K F F 4, 2009, 29(1):
27-34.

ZHANG W, LIH Y, YU G Y. Current situation
of ultra-precision bonnet polishing key technology
of optical elements [ J]. Acta Optica Sinica,
2009, 29(1):27-34.
Fak R R, T E & ERDL IO NS R
OB EBRFFERE ST (T & % F 4R, 2009, 29
(3):811-817.

LIH Y. ZHANG W, YU G Y. Removing charae-

(in Chinese)

teristics of ultraprecise bonnet polishing on spatial
optics elements [J]. Acta Optica Sinica, 2009, 29
(3):811-817. (in Chinese)

WALKER D D,BEAU CAMP A, DOUBROVSKI
V, et al.. New developments in the precessions

process for manufacturing freeform, large-optical,

and precision mechanical surfaces [ C]. SPIE,
2005, 6148: 51 -60.
IR, ZHREF. LT RO R

G LR B RLT ] PR A2 SR, 2013,
49(17): 19-25.



2228

plies

% TR

%23 &

[28]

WANG CJ, GUO Y B, WANG ZH ZH, et al..
Dynamic removal function modeling of bonnet tool
polishing on optics elements [J]. Journal of Me-
chanical Engineering, 2013, 49(17):19-25. (in
Chinese)

£ ARl IRA) S S B R I OGAT ]
FE AL e SR W e [T ], o B AuAk T A2, 2013, 24
(7):861-865.

JINM SH, JI SH M, ZHANG L, et al.. Line
spacing optimization and experimental research of

gasbag polishing with continuous precession[ J .

EE @I

FORA979) B BIBITHEN
+, BV BB ST R, 2002 4F 2004 4F 2010
AR F U IR U Tl K2 43 S 3R AR 2
e 7, BN R Ok
TTZHH P, E-mail: wangf@

sklao. ac. cn

[29]

China Mechanical Engineering, 2013, 24 (7).
861 -865. (in Chinese)

&8, ERE, ZAM,F. A lhmoeE TR
ot Bz SR ORI, Ausk A2 F 4. 2013,
49(3) :186-193.

PAN R, WANG ZH ZH, WANG CH J, et al..
Control techniques of bonnet polishing for free-
form optical lenses with precession[J]. Journal of
Mechanical Engineering, 2013, 49(3):186-193.

(in Chinese)

W 983 B EMKEAN
+ L BIBESE 51,2006 4E T K HEM T K%
PR+ 00, 2011 AR T rh Rk B K &
T RAF N 22, B BRI T ) Ry
AR Ot 2= il . E-mail: jzhang @

sklao. ac. cn

(FRILERE REWHT FREHEH)



