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Ultra-precision grinding of monocrystalline silicon reflector
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Abstract: An ultra-precision grinding process employing a rotational grinding technique was investiga-
ted to achieve high-efficiency, low-damage grinding of monocrystalline silicon reflectors. First. the
characteristics of ultra-fine wheels, such as their surface topography and compositions. were ana-
lyzed. The grinding performance of wheels was studied based on the grinding of monocrystalline sili-
con. Then, the shape of the grinding surface was controlled based on the mathematical relationship
between the posture angles of the grinding wheel spindle and surface profile of the workpiece. Ultra-
precision grinding experiments on @100 mm X 5 mm silicon reflectors with ultra-fine diamond wheels
are conducted for verification. The results show that the surface roughness R, is less than 10 nm, the
subsurface damage depth is less than 100 nm, and the PV value of the surface of the silicon reflector
decreases from 8.1 pm to 1.5 pm. It can be concluded that the grinding process can efficiently produce
silicon reflectors with low surface damage and shapes of high precision.
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profile control; ultra-fine diamond wheel
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Tab. 2 Grinding parameter of silicon and silicon reflector
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Fig. 5 SEM and EDS results of ultra-fine diamond
grinding wheel

6 AR R 4 WA D FE B AL #3000 A A
JEE W) Fe A AFM K 25 1
Fig. 6 AFM results of silicon surface machined by ul-

tra-fine diamond grinding wheel and # 3000 dia-

mond grinding wheel



1092 b=

[l 6 Sk A RE BE 4 WA D 56 8 I RE RN 2
3000 4 Wl A5 A0 562 I8 I RE A (9 2 T fOU 3D
SRZE N, 25 SR W AR R 4 WA b R B I S
A REAGA T WEIR . 5 #3000 4 NIl A b %
BB e T2 T G T S R ) AR R U T SR
RYE LR, E 3N AFM &1 3 Fh
Bk Fy B SR ADMLBE B2 R(EL, 351 0. 3,7, 7 F1 14,7
nm , 45 5 F W 400RE B2 4 WA 10 56 55 W R e T
HLRE FE HE # 3000 A B KR T, R THOHLAE B R, <<10
nm, [ 7 NIt BN 6,10 F1 12 pm/min
FI 24007 B2 4 NI b A S IR R A D e S el e
AN THHLAE B2 R, 09728 1k B L 435 21 W 0 B g 4 3k
JE B3 R L B I 3R EDRDRS R (A BE =2 35
TR AR R, (HA W] N R s (g
HE R 0 W) B HE 45 WA 10 pm/min B, ML
A NS Y I NS 12 pm/min B
Tl P 1 R Y AR O, U B A B R 12
pm/min [ 88 4H0KL B 4 W7 00 48 /Y B 1 B8 0 T
K. T B IERE R B e I SR 4 L F
Tl % 8 200 7 B 4 WA A0 56 7E Y HT T2 80N B H
®200 mm fif i I /9 1 45 3 AN 5 R T 12 pm/
min, & 8(a)FIE 8(b) 435Ik SEM Fl TEM M
I RE B 3T 5 R TS5 A SEM WAL I E R
A1 AE % 75 M7 & UL B R, (R JR B B & vk, TEM
WLZ2 1 ik IV 3% T 453 45 T A R A R R 4 WA b
R e B RE R T A EE /N T 100 nm, i
1 2 858 R HE b 2 AL S B . 5 = 30004 I
AW RS H R R K T R R (AN

9 L T T T T L] 15
—e— Current
« —-—Ru
=
§ 8F 412
: :
2 =
& / 19
6F
1 1 L 1 L
0 3 6 9 12
Feed speed/(pm-min‘')
B 7 R 4 WA T B B 0 R b e v A

2 T RE R R B S 2 o BE Y AR AL
Fig. 7 Variation of spindle current and R.with feed

speed

K TR %27 %
200 nm) , M. 45 15 8 B i 2 BRI
®3 MNEMERREEES
Tab. 3 Roughness of silicon surface (nm)
fER T RIAHAEE R

CMP 0.3

R AT B <5 PO A T A B ) 7.7

23000 <5 W47 1 42 1 14.7

(a) SEM [illgs R
(a) Result of SEM

(b) TEM Filzh
(b) Result of TEM

[ 8 R Ak 4 WA DA B I E R T B SEM I
TEM %%
Fig. 8 SEM and TEM results of silicon surface and

subsurface

3.2 FEREH

&9y ik 5 B HIL A A TR R 45 R, PV A
8.1 pm, ARHE 2.1 0 4 BT T, i B B AS R
FAFHSF 7™ A ) 3 AR T 25 52 T B ) S 1) T TR 45 AR

=



9§55

FEOL L A TR RSB R ) T 1093

ST AR B AR T 6] R R S DY B R e, B
ok VR B PR AL A8 32 0% R RE L A A5 S K g A8 T
H T A LR AR T 0 T DA R A A G 1 R
BRI R oM e 15, 2 i
TR o FI B ELE B G KN4k 0. 001 1°
H—0.059%,€ 254 0. 001 7, ¥4 B RAVE T %m0
A RE 3 LR/ INJR R 5 R FH R 0 R B 4 NI A b A
e G HE AT B B S A TR 25 SR 10 iR,
BEE] R 1Y fE B L PV B 8. 1 pm FEALE] T
1.5 pm JBEHIE RESE R I AFM JESRan & 11 fir
NLIEE RAEZ A 7.8 nm, bFIRGEHF,H
TR U AT e v s ) i ) R R P L 5 R A
S NI D A0 B I Ak BT L BRI AR AT SR THALRE . R, /D

3.55
S0F
2l 1.53
E
E 0.50
=,
_25 L
2252
S0t
50 25 0 % 50
x/mm pm

Ko EEEUE NIRRT PV

Fig. 9 PV value of silicon reflector surface before grinding

0.50
501
| 0.12
25t
E
£ 0 -0.26
=
25+
-0.64
S0k
L . - A ' -1.03
50 25 0 25 50 e
x/mm

K10 REGEEEE G R ETE PV

Fig. 10 Surface PV value of silicon reflector after grinding

mm
40
20
0
=20
11 kB S 2R = eI A
Fig. 11 Surface 3D topography of silicon reflector

after grinding

F 10 nm AR ML= M mEIE PV /NF 2 pm BT
JEAE B 1% 7 16 B9 TR0CR B 8 08 b s, 9 HLig
i S B Ak 5 m T v S B 4 o

AR SCHE T T B v S ) D B R B A 1
2R E 4 A D AR A 403 S ) T2 5 AR Y T
Tl S I T2 AHSE A, SCBL T REGE AR 4 & M
R e T T ) A 28 B N T, e e
JE ) S 0% B el S TET R I R I R L WY TR A
R BE 4 WA D e 0 5 1) M BB L 4R I B A B T RE
B0 TR B ) 5 vk B HEAT T R A I
TR B0 5 AR B A R B A WA D A A RO 2 21
gifg, & NLA R RSN T 1 pm, WA F T H
AR AL FIIZ RS 5o B S ek 2R A7 S 1 L 45
FUIES H )5 5 5 6F A 2 T R B R, <<10 nm
(AFM, SR R 5 pm X5 pm) o 37 55 1 31 45 3
JE<100 nm (TEM. Wl & £ £k 25 000 X)) ; 3 i
FCORTEE e T 0 A B A W R 5] R
) LI AR B BT T D 5 T AR B o B R B
WA 5 M 0.001 1°F1—0.059°, % B iZ(EH X7
e A R S R A KL 4 WA A kT
REE VAT BRGS0 T, 0 T4 R L I
FIREBE Y 0 PV {H R 8. 1 pm. B8 H )5 s /s 3
1.5 pm, REHBERE R, 7.8 nm, i JT#8 40 k7
J& G WA D 0 AE 3 TR 5 0k 5 ) R R 1
PR 1% ik 5% 0 47 R RG  E H, AE A8 S0 B RE B Y
KA 19 4% 1 0w R R I R 0 L AR SO Rk B S



1094

T TR

527 &

L8 1) R R RO AT BR L A SRR RS
TR JF HLAE 8 S BLAD 48 3 An B2 Bl A R

S5 Uk

(1]

(2]

(4]

(6]

7]

WL, B, F L SRR SO RO R B
WRECS R R PR R R LT ] B AR K F
FiR. 2015, 37(6): 26-29.

TIAN Y, DAI Y F, SHIF, et al.. Correlation be-
tween substrate surface quality and laser energy ab-
sorption rate for mono-crystalline silicon reflector
[J1. Jouwrnal of National University of Defense
Technology. 2015, 37(6): 26-29. (in Chinese)

E S KRR 5ak B AR A 5 i S ok Aot )
a9 2 [D]. KAF . KREM TR, 2010.

WANG F. Research on Ultra-Precision Continuous
Polishing and Detection of the Larde-size Single-
Crystal Silicon Optical Reflector[ D]. Changchun:
Changchun University of Science and Technology,
2010. (in Chinese)

EEN CEMEMARCKREE. RIEIAERRE R I
WM TSR] kg T, 2018, 26(4):
743-748.

WANG X K, XUE D L., ZHANG X J. Fabrication
and testing of large aspheric system based on com-
mon reference[J]. Opt. Precision Eng. , 2018, 26
(4): 743-748. (in Chinese)
MR, R, ZSRAAGIMOERARTOLF
TR T]. s # % 242, 2011, 19(1):
41-50.

XUAN B, XIE J J. SONG SH M. Application of
multi-mode combined polishing to optical manufac-
turing[J]. Opt. Precision Eng. , 2011, 19(1): 41-
50. (in Chinese)

B, GUORFRIE R OG- FRSMT.LI] +
HF, 2014, 7(4): 616-621.

ZHANG F. Fabrication of optical flat mirror with
nanometer surface error[ J]. Chinese Optics, 2014,
7(04): 616-621. (in Chinese)

KA RS, B b AL F OCERE N R 2
RS RWR RG], ¥ HEF L,
2017, 25(2): 367-374.

ZHUY W, LIX L, WANG ZH K, etal.. Subsur-
face damage prediction for optical hard-brittle mate-
rial in fixed abrasive lapping[J]. Opt. Precision
Eng., 2017, 25(2): 367-374. (in Chinese)
COOKE F, BROWN N, PROCHONOW E. Annu-

PR %05 ¥ e 6 2E — A0 4 v ik B I HI Y TR
M .

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

lar lapping of precision optical flatware[ J]. Optical
Engineering, 1976, 15(5) . 407-415.
YIN S, OHMORI H, DALY, etal.. ELID grind-
ing characteristics of glass-ceramic materials [ ] ].
International J ournal of Machine Tools and Man-
ufacture. 2009, 49(3-4): 333-338.
KERN D. Face Grinding of Optical Glass with
Diamond Cup Wheels [ D]. Technical University
Brunswick, 1969.
BRINKSMEIER E, MUTLUGUNES Y, KLOCKE
F, et al.. Ultra-precision grinding[J]. CIRP An-
nals-Manufacturing Technology » 2010, 59(2): 652-
671.
MECHOLSKY J J J, FREIMAN S W, RICE R
W. Effect of grinding on flaw geometry and frac-
ture of glass[J 1. Journal of the American Ceram-
ic Society, 2010, 60(3-4): 114-117.
HED P P, EDWARDS D F. Relationship between
surface roughness and subsurface damage[J]. Ap-
plied Optics, 1987, 26(21) : 4677-4680.
BIFANO, THOMAS G, THOMAS A D, et al..
Ductile-regime grinding of brittle materials: exper-
imental results and the development of a model.
Advances in fabrication and metrology for optics
and large optics[ J]. International Society for Op-
tics and Photonics, 1989, 966. 108-105.
ZARUDI, 1. ZHANG L. Subsurface damage in
single-crystal silicon due to grinding and polishing
[J]. Journal of Materials Science Letters, 1996,
15(7) . 586-587.
MATSUI S. An experimental study on the grind-
ing of silicon wafer-the wafer rotation grinding
method[J]. Bull. Japan Soc. Prec. Eng. , 1988,
22(4): 295-300.
SUN W P, Z]J P, G R F. Fine grinding of silicon
wafers: effects of chuck shape on grinding marks
[J1. International Jowrnal of Machine Tools and
Manufacture, 2005, 45(6): 673-686.
CHIDDAMBARAM S, PEI Z ],

grinding of silicon wafers: a mathematical model

et al.. Fine
for the chuck shape[J]. International Journal of
Machine Tools and Manufacture, 2003, 43(7) .
739-746.

PEI Z J, BILLINGSLEY S R, MIURA S. Grind-



%55

FHOC R B R T2

1095

[19]

L20]

L21]

[22]

ing induced subsurface cracks in silicon wafers[J].
International J owrnal of Machine Tools and Man-
ufacture, 1999, 39(7).; 1103-1116.

ZHANG Y X, KANG R K, GUO D M, et al..
Microstructure studies of the grinding damage in
monocrystalline silicon wafers[ ]J]. Rare Metals,
2007, 26(1) . 13-18.

HUO F, ZHAO H, ZHAO D. Nanogrinding of
silicon wafer using a novel vitrified diamond wheel
[J]. Materials and Manufacturing Processes,
2011, 26(8): 977-981.

ZHANG Z, HUO F, WU Y, et al.. Grinding of
silicon wafers using an ultrafine diamond wheel of
a hybrid bond material[J]. International Journal
of Machine Tools and Manufacture, 2001, 51
(1): 18-24.

WANG Z, YAN Y, ZHOU P, et al. A high-effi-
cient precision grinding for fabricating moderately
thick plane mirror (MTPM)[J]. The Internation-
al Journal of Advanced Manufacturing Technol-

ogys 2018, 96(5-8): 2559-2566.

EERN:

FLHA8I—) B AT TREAN L
IFFEAE 5 2009 AF T 5L T A AL Tk 5%
PeAF 227, 2012 4 F R 508 K
ZEARART A 2440, 32 2 DA T b k(1
eSS %IMNT ., Email: wzgll107
@mail. dlut. edu. cn

B F980—), B Wik AL
T BI#IZ . 2003, 2009 AFE T K% AT
KEEG JIARAS 3 LR 207, E 2
Y RS o) 1 | BN Y 3
A 3 AR RATL B % S 485 4 1 1T
EF AR F ., E-mail: pzhou@ dlut.

edu. cn

[23]

[24]

[25]

[26]

ZHANG Z, HUANG S, WANG S, et al. A novel
approach of high-performance grinding using de-
veloped diamond wheels [ J]. The International
Journal of Advanced Manufacturing Technolo-
gys 2017, 91(9); 1-12.

CAI R. ROWE W B, MORGAN M N. The effect
of porosity on the grinding performance of vitrified
CBN wheels [J]. Key Engineering Materials,
2003, 238-239:295-300.

IR H G RFLF. R b e T
HEHIvERELT]. k5 #%F T4, 2017, 25(10);
2689-2696.

WANG Z G, GAO SH, ZHU X L, etal.. Grind-
ing wheel for low-damage grinding of silicon wafers
and its grinding perfeomance [J]. Opt. Precision
Eng., 2017, 25(10): 2689-2696. (in Chinese)
NGUYEN D, LV B, YUAN J, et al.. Experi-
mental study on elastic deformation machining
process for aspheric surface glass[J]. The Inter-
national Jowrnal of Advanced Manufacturing

Technology, 2013, 65(1-4): 525-531.

RImfE I

BZHR (1962 —) B B g 22 AL T
b #1984 4E 1987 4E,1999 4E T
POAL Tlk 3 43 5 K 459 2% o A 1
2, FEMG T I RN TS
AN T A A I T A R s RO %
THEHARERERFERAR SRS, E
mail: kangrk@dlut. edu. cn



