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Fabrication of high fill-factor micro-mirror
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Abstract: In order to obtain a micro-mirror array with large torsional angles and large sizes under lim-
ited driving voltages, a novel micro-mirror array with a multi-terraced-plate structure was proposed
and demonstrated based on the Micro-optoelectro mechanical System(MOEMS). The different charac-
teristics of the electrostatic driver between multi-terraced-plate structure and parallel-plate structure
were analyzed. The key fabrication process for the multi-terraced-plate structure was researched and a
bulk micro-mechanical technology was used to fabricate a micro-mirror array with the multiterraced-
plate structure. The obtained micro-mirror array contaning 52 micromirrors has the size in 600 ym by
200 pum, and a high fill-factor in excess of 97%. The test results show that the micro-mirror array achieves
a maximum torsional angle about 1. 1° under a driving voltage of 164 V,and the multi-terraced-plate structure

greatly reduces the driving voltage as compared with the traditional parallel-plate structure.
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Fig. 1 Schematic diagram of a micro-mirror with
multi-terraced-plate structure and micro-mir-

ror array

WHANBIAH —ERREZE 4. M TEGERF
R REA= L IR RNV NN N R
gy A S AT RUAR AT T 47 7 B 45 44 A1 25 10 11 5%
FIE . B2 s T PR [R]T H AR 45 R 1 B B
hisimmEE . B 20k £ & HroF S
LI 98 A 5 1] 2 (b) DRy P A7 - A 45 #4 Al e 1 3K 2
e

Cantilever beam Micromirror plate Multi-terraced

I electrode
en
i e 4 i
| b
I | | ' ¢ 1
] e
o 1) 8 HI b -
!_u_._’i., a P ra P X
0O x L Y

(0 ZHH-FREEH

(a) Multi-terraced-plate structure

Tet
e ]
o 1F L
] I
I T
i 1 e’

57 sl .‘_
e Ya Ba  parallel-plate electrode i
o x L g

(b) P AT A 45 44

(b) Parallel-plate structure

2 Z B BCOTARFTAT P AR S5 1 30 K 3 i 4 7Y
Fig. 2 Models of micro-mirror actuators with differ-

ent structures

TE LA b P RR S5 A8 v ol T 05 18R AR R n
T H B 1w R S R I AT AR 5 R B T 1 Sl eT LA
ZLWE AT WU B T Y 1 AR RE T SO TP
EEHRRmNSMIEE, X THERER. L
1B 5 A — A7 A i EL A A v 28y 1Y) o v [ S R
PREER . MRAETHRE, TR B AU A
T R B AR T AR nm RO, i /h TR
J15 | R TR ) 25 il AR P A DR O B R R
[EREIR A CINDNY e IV N OE 3 Sl =
Bl 2,78 O-X Aabrr, BB 220 K58 m ok 5l ok
L.b,h, fik F Ry el i g 7 A2 9 s islose 1o 1
T BB B A i 1) — > B b ey, W) |y AR TP B F
XF [ 32 3 O A0 i 7= AR 3 3 M h
M,=FL . (1
e 7 B i B R A R I A AR TP B e 1 SR
KR W) R,
2F(3L—x)x*

W =20k (2)
LA KA il AR (O) A8 2 2 1) oK g
2
p~w’ (L) =SFL _ 6LM, (3)

Ebh®  Ebh*
Hrp E g B0 AR A IR &

Xt T AT ARG R L A 2(h)  E O-X A kg
F o, R P SR B H VAR B T RS AR R AR
Wz, WXt F O S i ST E T,
SRy

e
Bee,V?2'dx’  Bee,V* Bl
— — 17 _
B J2<d—a’>2 207 [“‘( 4

1n(1—7%9)+ (1—‘8%7)71 _ 1—%‘9)71} L (4)

Horb B 2T WA T8 s a Sy SO T A G R (4
BRI BE) o d O folo B8 10 A HL AR 22 1) Y B
e WEZENHHHe A MM A R EL 0
h R T B L A E Ly B Sl T R AR B
R EN R VAN E R g s

X T2 G Br-F AR a1 s 2, i 751
EREFES DG BRRTES R LM, 3T
FASG B RLA L ™ A R D S AT LUR /R4
AR A A B S L R 2 B B AR
LEAh b R D AR S T AT B O




ARPUAE A 2 B T AR B Sl Y A AR I ) 1 B 1819

el (1 - 250)
ln(l—-%ﬁg>+-<l——éfg)ﬂ‘f
)

Hrn BEMHREMECE .y IR 2RS4
BB ME SN E T D H.d 5
NEMERSMERRENER. 60 HTF K,
R

_ N _Bady\_ ., (,_ vial
K,,—Z[ln(l 7) 1n<1 7 )+

i=1

-8 -] @

Xf TR B A AR h A F TR R

U P AL 1 R M, Bl R T AE O 7P A S A

SN O R R O e R T P A S Y e i <]
MFRR:

T.=M,, )

T.=M,. (®

XFTAEE n A 6 BT A F B 3 9 1955 8K Bl

s LK Bl o (V) FIVRLEE T FL % # B2 (0) 2Z [a] 1Y

FKAAE N,
[ Ebh’%
V.= 3LBee, K, 9

MO BT LA L 3K 3 L ) RN R
PHRSFAEX.mMEMGHMEF K, A%,
T R 51 ) i 5 2 55 VT JE 19 )6 2% R G AH —
B0, DA O R A OB TR B R A — S Al R 2200
AR SCV T 1 U I A BB T BE R T B
200 g, [A] B B8 1T 9 K JE 2 2R 600 pum,

K H Coventorware F A HLHL T £ & B ¥
i FL K Sl 1 TR T 25 A L o il PR K 8l L P R
KRBT R KA MBI 0L T e &k T 45
WSEL R EHREK . &R 70 pm, 10
pm, 6.5 pm, Z G BT RS 180 pm,

AL B 28 AR O 7T
.4 G B8 G R 16 & B V- A0 45 i) i H s
£k . Wik #H Coventorware ZAFHEAL T 8 & B

PR A B LT A O AR HH S i 2 AN AT 3 P
Ao MEHET LR 2. R 2 6 Br-F g 4 mT 2
A R E 9K Bl HL I T R AT R 1 RS R e AR
(CG AR = N KSR R S I I )
AR e Q1 R it 2 ST N = i VR D A B
ARG R 22 65 B AR R AT LR R R 3K
SR . I F T2 A % M B Bl L Y AR e
LR 3 VOCZIHIAE 8 & Wy - #4542 8 A Ak
TR BE .

—a— parallel-plate electrodes
—a— flour-termaced clectrodes
—h— Cig g

450

400 ¢
350 F
300

200 ¢

Driving voltage/V
o

150 F
100 F
50k

1.0 1.5 20

Torsional angle/(” )

B3 ANF 2 & B P AR 45 H i TH 5 i A R R
Fig. 3 Relation between driving voltage and torsional

angle with different multi-terraced-plate

structures

400
350F
300k

250F AN

Driving Voltage/V

200} =

150+

03 46§ 10 1z 14 16 18
Number of steps
K4 SR R BE & B g A2 A £
Fig. 4  Driving voltage curve with number of steps

under 1° tilted

3 260 FREFHELL

7 7 R R 25 4 O ol 5 o 81 ) R AT
51 2 15 i A 1 A R TR I ) A o ) G i T
Z. hTZahamEramREANR . A fE—



1820 b=

e TR

%19 %

B PR AR L IR I T = O L v S % U S
B3, (HAESTE B SR E R ZIn . B4
FEAE 0~30 pm ARIEEE R HETE L &N
R 254 3 e SR P T I R R R IR T AR
FEARAIE LR 2% 9 FE 14 [R) s SOPRTE 45 A AS TR IR B 1Y)
By BRI 5Bk T . BRIk, 2 & B 7 A00K sl 4%
T B UOR G W B 20 T2 )8, 0 5 )5 22
T2, 2 KEM TR X G . A&
K EVG B i % £ 347 W 78 LR & B 6 21 2k
PARARR G B E L E 2L 4. 53 oh, mE A
h AR R MR B EEZIRE AWM A
W i1 2% 7% By 5 B0 Ak RE Bk, A B S R
KOH J& % 51 5 By 45 8 31 & 7= A4 98 8 1 5%
fEANE 5 Ca) iR . iy 1 00 3R AE X Ak 45
FA RS ), AR SCOR F W BE | fE AT A G 25 R 4
f it J2 B SR AR ' T2 Ak B R ik D 8% T 1
LA SD iR . B 5a2) &R H & Bt

B aE I TR EIE S, B 52 BR
25 EAL GG X 22 6 G 45 F 2R AT 1 2% 1T S
T, D5 S 3% W) B ik 45 R 1) A0 920> () o o JBE R
I, T DAV AR 2ok, B 6 iR EdlfE £
Gkt SEM [ .

(b1 e 7 R

(b1)Microscope image after
oxidation sharpness

(al)E LI Al BRI

(al)Microscope image before
oxidation sharpness

(b2YE AL ST & B L i B
(b2)Test image by step intrument
after oxidation sharpness

(a2)E b e AT & W (B
(a2)Test image by step intrument
before oxidation sharpness

K5 28 B g A OGS B X L
Fig. 5 Contrast images of multi-terraced structure

before and after oxidation sharpness

, Micmﬁnl plate I

Bl 6 HIVED 2 & B TR 4 SEM B 5
Fig. 6 SEM image of fabricated multi-terraced-plate

structure

4 ZEM-FARIES ME S| L

>R FH - B B AR RO T B WIAE T
BEkEg . 18 T E B R — i SO ik A 1 4%
PEIEAE 9 B 0 B i AF 1 L AR . 5 — A ik A ol
522 & W Y- Al 5 A 0 R AL - T » A 19 T 24
YRR A&l 7 B .

(a) SOI Wafer
_ _ (e
(b)
(H
— — o
© (2)

si [ sio; I Poly-Si Au
K7 BB RS AR L2 AR R R

Fig. 7 Cross-sectional view of fabrication process flow

HTZLHRBT T
()N SOI fiE A



%8

P4 S 2 G B AR KSR R s EOE 8 B BT 1821

()X SO i Jy 247 A A5 e %1 . A KOH
T ok R VA e ol T 2 B BRASE o™ A

() FRXT SO it 7 A AL I e %1, A KOH
VAR ot Rl S R 7 O B PR T
1 AL 2 R 2 2% 2R3 )2

(DFIEZ BB 4L R

(o) 2yt = W H A Ik Fr A AL 5 D6 %0 91 R
KOH % BUB ak15 R A AR G Bk E ) 8 & Br
LA 5

(DX} 8 & ¥R 2 # 47 S AL 5

(DTEZ BB gt it i EAAL 2 pm 5 AR
NG Z I R L &R E U 2 S
I AL R A5 4, AR5 2 6 B P B 4544 5

(b SOL &k A 2 15 Bir &5 44 fk 1 AT -k
BT

(D FEBREES v SOL E i #f i 2 K 3 2
ST JZ IR 45 15 5 1 T2 A < S S i A v A
SR IX, A R Z ik (DRIE) T 206 13 Bt 1 5 ik 47
L5 BRI B 518

Pl 8 Oy il £ Y BBE R 51 SEM R A, L ik
B 5 A LIk E) 9704

K8 i1 B M5 SEM I A

Fig. 8 SEM image of fabricated micro-mirror array

5 faBLIE ] K

HT T G385 9 91 A fol B T 2 P R T
o DRI A T P B A R R O it K sl v T
Tl B THT A LA A RE AT 1 K. G R
B9 Btz K e B 910 5 £ /)y PCB O JHE R I
i 3 HE LR B B ) A R T A S 5 4R B R Y
PCB A T 47 il ZE A L FCAE T #2 4F HLAS 32 0 Bl g2
TE 2l o 2% 5 A U it I — 2 A 4K 2l i R S

K H Veeco 28wl 1 = 4k 41 4 8 BE AL (WYKO) X
VB T AT G R A OB T 1 AR B
ARAT I T (R FIL A A

Test micromirror display 3D surface profiler instrument(WYKO)

DC power manostat  Control circuit ~ Micromirror array

B9 B R o) a2

Fig.9 Schematic diagram of test for micro-mirror array

K10 s T WYKO $& B SO 13085 1 A
AL IR A . 7E 10 Ca) B oR T BT I 81
HEA™ B T A it i K Bl v TR N AR T A AR A
[ s 7 P 10 (b)) o iR 1 fol B T 7 3R 8l L R R Y
R A B A [ IS s m] AR M ol e 1T 19 A 7R
P T 2 o B R TR i AR e AL TR 7 A L 5 B Y R
AT

Tilted micromirror

i Cantil beam

00 02 04 06 08 10 12

xmm

X Profile
(b) -
X:0.669 mm
hvd
:; &
-5 / oy
wé =
g -153
205
253
__mé
-359
=
0.00 0.20 040 060 080 100 120

''''''''

Bl 10 WYKO il 3045 R om &
Fig. 10 Test images by WYKO instrument

Bl 1T 7R T G v Bt i 5K 3l L T S 1 £
FEARA £ . DB AT LU 0K 45 2R 5 R
SERILARW A T LA R AR e e,
{5 00 3 25 R RS DL 25 SR R I i 22 . R B
TN T 185 V(2o 8 e A A5 sl i 7 AR R AL 7



1822 e KE IR %19 %
HHE RS 135 V B, 284K &2 IE 8 TAE. %4
WL RAL N S AR AR TR RS T 6 % &

e F I AT REE

—m— Simulation result
200 ®— Test result
180 +
160+
140 +
120
100+
80
60+
40+
20+ <

0 0.0 0.5 1.0 L5 2.0 25

Tilted angle of micromirror/(® )

- — — Pull-in Volatge- —

Driver voltage/V

PELT T R T R ke A0 ER e iy 2 Xk LE A

Fig. 11  Static deflection characteristics of micromirror

S Lk

(1] #A'EZH, &R, R, F. TR REHK

AR B A R OCLT ). A 5 54k, 2010,30(4)
1168-1172.
HU Q G, LIU D M, ZHANG D.er al.. A novel
wavelength selective switch using micro-electro-me-
chanical systems technology [J]. Acta Optica Sini-
ca, 2010,30(4):1168-1172. (in Chinese)

(2] JUNG W, PETER Y A, CARR E, et al.. Single
crystal-silicon continuous membrane deformable
mirror array for adaptive optics in space-based tele-
scopes [J 1. IEEE Journal of Selected Topics in
Quantum Electronics, 2007,13(2) :162-167.

(3] ZA&. A @A&, k&, F. BTSN R

¥z E] o A R As LT, 8F i@ X% 5 4R, 2008, 42
(10):1735-1738.
WANG X L, LIU X D, ZHANG Y,et al.. Reflex
spatial light modulator based on micromirror array
device [J]. Journal of Zhejiang University, 2008,
42(10) :1735-1738. (in Chinese)

[4] KIM M, PARK ] H, JEON J A, et al.. High fill-
factor micromirror array using a self-aligned vertical
comb drive actuator with two rotational axes [J].
J. Micromech. Microeng, 2009, 19:035014.

[5] WUMC, LIN HY, FANG W. Design of novel
sequential engagement vertical comb electrodes for

analog micromirror [J]. IEEE Photonics Technolo-

ASCHR W T —Fh 2 5 B A v 9K 3 i e
Fes B HE S T 2 6 B AR S A AL S S AT
P 45 K A R UK Bl I Y R TR A AR A . T
F T Z 6B FAREE B 2 A A A -
A AR RHLBO TH ARSI T A 2 6 6P
LER I BB R A L AR T BB T 3R 600 pm X
200 g, fi 55 52 DB TEHEAR 4 2 R 97 %
AR BE B 5 o ek i 52 W o A 9 R T 3K B
T TEYR ) R 164 VIR RT RASE B B K L. 17 A 41
B Sy o AR A% G 1 1 A7 - W H K 2l 5 4 ROR
WA T 9Bl rE e o A1 H Y Rl B 20 T i T
REOL M0 46 i P K B £ 0T S b TS B AR 5
14 20 25 38

gy Letters, 2007,19(20) :1586-1588.

[6] k=.&K. JTEM¥EKX MEMS KV b no ik

W50 ] k¥ # % T 42,2005, 13 (supp) : 81~
85.
ZHANG Y, PAN WU. Design and analysis of a
MEMS horizontal torsion micro mirror with folded
springs [ J 1. Opt. Precision Eng., 2005, 13
(supp) :81-85. (in Chinese)

7] Fwi 2=2E.5M,.F. BUEREMHEMER

YRS R [T, %4k F 4R 2006, 27 (4) . 756-
760.
LIS H, LIU Y F, GAO X, et al.. Analysis and
fabrication of torsion micromirror actuators based on
a MEMS technology [J]. Chinese Journal of Semi-
conductors , 2006,27(4) :756-760. (in Chinese)

[8] GREYWALL DS, PAIC S, OH S H, et al..
Monolithic fringe-field-activated crystalline silicon
tilting-mirror devices [J]. Journal of Microelec-
tromechanical Systems, 2003,12(5):702-706.

[9] WILLIAM P T, JOHN D B, AMY BO, etal.. A
high fill factor linear mirror array for a wavelength
selective switch [J1. J. Micromech. Microeng,
2004,14.147-152

[10] YAMASHITA S, MITA M, FUJITA H. etal..
Optical beam shaping by spatial light phase modu-
lator with bidirectional tilt-piston micro-mirror ar-
ray [C]. OSA/CLEO/QELS 2008:1-2.

[11] SAWADA R, YAMAGUCHI J, HIGURASHI E,



558 1 A5 2 6 T AR B Bl 1Y R o A b U R 4 1 B 1823
et al.. Single Si crystal 1024ch MEMS mirror MEMS Dewvices [ M]. Elsevier, 2005.

[12]

[13]

based on terraced electrodes and a high-aspect ratio
torsion spring for 3-D cross-connect switch [C].
Proceedings of 2002 IEEE/LEOS Optical
MEMS, Lugano, Switzerland, 2002:11 - 12.
TSAI J, WU M C. Gimbal-Less MEMS two-axis
optical scanner array with high fill-factor [ J].
Journal of Microelectromechanical — Systems ,
2005,14(6):1323-1328.

BAO M H. Analysis and Design Principles of

fEBEP -

ZEME 1979 —), LI H AN 1
+ L B ERWE S 5L, 2001 AE F 1R AR
22407, 2006-2011 4E T A B BE i
MR G515 B BRI 50 45 11
Be. £ M F LY MEMS g% it 5
T B BE5E. E-mail: lisihua @

mail. sim. ac. cn

& 1977 —) A, LI, &I B
98 51 14,1998 4F F 2 U 4 B 3ok
2ARAR 2 L2, 2001 4E T IR 2
AR A= 2 57, 2004 4F T W VT K 22 4k
B0, 32N FE MEMS Y6 {5
A5 b A 1 R AR FF 5. E-mail.

xujing@mail. sim. ac. cn

£ FA9BT—).FH L FIME A
+ 0T A, 2008 AR F 4 AR S K 2 3K
B, FEMNFIEF MEMS 4
AR W)L A (9T . E-mail.

angsimit(@mail. sim. ac. cn

longli-

[14]

[15]

DEGANI O, SOCHER E, LIPSON A, et al..

Pull-In study of an electrostatic torsion microactua-
tor [J].
tems ,1998,7(4) :373-379.

ZHANG X M, CHAU F S, QUAN C, etal.. A
study of the static characteristics of a torsional mi-
cromirror [ J]. Sensorsand Actuators A, 2001,90:
73-81.

Journal of Microelectromechanical Sys-

AR A974—) B NN B R
ARG, 1997 4F T p 50 8 TR 22 K18
g, FEMN GO LR AR, 5
TR A R 4 5% I W pFgE. E-

mail : shaolongzhong(@ mail. sim. ac. cn

RIEA (1966 —) . 5 b 22N B 5
BT A 500, 1986 4F L1989 4F F 4
TR R 2 43 G AR A5 2 b VB 2 A,
1993 4 F HPRLBE - 6 2 K % HL AT
IR A e (VA S N A
MEMS $ A 5 5 4% 175 O i 4% 8
4RO 2 5 U7 | B W 98, E-mail:

yamingwu(@ mail. sim. ac. cn



