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Study on a Novel Segmented Micro-deformable Mirror with
Tip-Tilt Motion
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Abstract A new segmented tip-tilt deformable mirror (DM) based on surface micromachining process is proposed, a
mirror array with 3X4 elements is fabricated. In this new structure every mirror suface has one only actuator so that
the mirror array has a continuous surface topography, and the residual stress in the fabrication process can be
effectively released with a result that the curl of the surface is reduced. The resonance frequency and the relationship
between displacement and voltage are calculated based on the theory of elasticity and simulated based on a finite
elements analysis (FEA) software. Then the fabricated device is tested by an optical profiler. Experimental results
indicate that the actuated array has a piston-tip-tilt (PTT) motion, and the mirror has a stroke of approximately
0.76 pm under 3.75 V driving voltage, which is coincident with the theoretical analysis. Compared with previous
reported segmented tip-tilt DM, this new structure has a lower working voltage and a fewer amount of actuators, and
provides a possibility of integrating a large-actuator-count DM with integrated circuit (IC) on one chip.
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Table 1 Simulation results of ocular aberration correction

using segmented, continuous, segmented tip-tilt

MEMS DMs

Number of elements across the pupil

diameter(80% Strehl)

. _ Segmented
Segmented  Continuous tip-tilt
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Indiana
University 50~90 11~14 9~10

1(a) ~ (o) i Wy 43 57 =X i 22 R 43 57
il A B i, K 1o 5 (a), (b) X Al LA
A s A S AR AR TR 4 T S B 43 3 T 1 3 2 T
R [ i A 4y or R g AR TR SR LS. |

0716002-2



ER R

7 2 50 S AR 3O T BT 5

Bl 1 Cod RIS 3k il — 2 43 7 A A =X A8 T B 1 — A i
T T A PSR Sh #% o B R AT OV B s A AR
THEGARE, U AT EL 3 AR ShAR XA RE RN T &
B 1) 52 Zye P[] B o0 4 ) R s B o T S e K
SCH IR B9 4 AR R T B A A AT
J5 % B — A 3R Sl g 5 AH 4B 6 A 9K Bl e A — A gk
BB 1D PR #5 H E] Y B Bl 25 8 B R 51 B,
BT B 0 S R R AR T A L Al Bl AH 4 1Y UK Bl % K
A AR AT 6 B T B T S AR . X RN SR 5
g o et R B LI 1o T KRR T
AHEEH e T IR TAERCGE. M.
Bl 1CAD FTCo X BT B o 3C 352 1 19 3K 3h % T HL AR
T AR R 0 42 = T 9K 30 7 A B BEAR T AR TR 5
) TAEH T .

1 —1 4 1
(b) continuous

LTI,

35
B | \;éﬁ!_\ gl_\ﬁ .
(c) segmented tip—tilt

1 I 1 I 1

(d) continuous tip—tilt

I AT N C v |
Fig. 1 Different types of mirror array

K 2 Ca) g i it 89 23 Sz AR R R 4 3
WETTH) = LERSOR B . BEAS BTT YRS AR L T S
PERRFN Ry SO B T A A . 9K Bl D i S B AT
B A B Sl g - AH X T H AR A R Y A0 HL R R
YR HATHES T KBTS I v 5 T 2 AR D
LT SR T e 3K 8 3O A LB AT ke e
FL AR Bl A DL R e B IR B R S . T H g
Xt T 1 FL S 1 EL 9K Bl A K Bl A ok L B AR I A R
PR A7 AE Y - — B Ao 42 ] 53 05 0 RE B U M i 2k
It i 3R Bl A 25 0 H A R BRI LA RE R
HLR Iy 400 pom JX AT S5 1S R T 4K ) L B AR
T RS T . B SO G OR ) X ] S 45 AL L A X

TR UL A R LAY O B g A GRS T A L 3l i
I U/ B T Ok I AR M AR LA R IR SR Bl Hy
Ji o PRt a3 430 pm, %8 10 pm, J8 2 pm, K58
FEBR . Biif i 22 &b Ak B, 4 410 o, IR G
PUBE RO B DG Y B A 3, 3 122 T B X DG RE Y
MR, BRI ITH KA 438 pm,
)N o J&1 2 Ca) H - B 7 4% B T 2 (8] 19 3% 45 07 5,
ROV TERH 4B P A B TT 22 (8] B AT 5 T 2 0 8 Y 9K 5
R FE AR AN A 3% L T R R S K S 4% 1Y B AR
R — AR S AR T s B AN 1 1 (D) B s 1Y A2 B
MR, B Z&R T 12 BT AR B B A R a0
K 2(b) s . AL B YR FI1762 pm,

mirror

upper electrode
spring

bottom electrode

E 2 () =AHEZEIEE 3D R IEE; (b)) 12 HIT S
Fig. 2 (a) 3D schematic diagram of three conjoined
DMs; (b) 12 elements array

BTVt RE R R A RE g 2 vh i 55 ¢ A 3
X AR I B 9K Bl A 1Y R S 0 B8 OC R AT LR g
B, IR s 52 5717 M 25 1 i H 9K 8 g A
Ui 7] 52 5% 4 1] 52 7 m) Bsf 4 P el = 00 S A 2 A AT LA
G
- &U’S
el T 2(gy — )t

(D
P Frocehanica HZRIPLI R ), E S #EBHE) ) TG
Hw NG NRE LR Fowna WA & 1
AR AR AR L ) U A AR R .S O B R AR
M Z 18] TE X B TR g0 A HRLZS e LA AT B, o Ry ] )
WARFE S AL . B (D A I A = 5 Bl
WALRE Z A Y OC FR AN 18] 3 S R i

FIA BRITE A X X — 2 e M R AT 14U
P B A B i IS -AL A i Ze an &l 3 vh 228 s .

R T BEAEAR 22 b ] b 0 5 28 2% 18 LA I 19 3
SHE R RIR S B E R EEN S B

0716002-3



i =] b4 ot
20 —
18| —theory
’ o simulation (a) deposit silicon nitride
g L6 . experiment
AW I
2 12 . o
g L (b) deposit and etch 1% polysilicon
g 1.0
% 0.6
A 04 o (c) deposit and etch 1% silicon dioxide
K RS —

0 H L n L n
0 05 1.0 1.5 2.0 25 3.0 35 4.0 45
Voltage /V

B3 IR T RO RN S 5 I AT 3 Y A
e G R KR
Fig. 3 Deflection versus applied voltages results of

theory, simulation and measurement

— o [FRE ARSI R F O XU [ 5252 A 2R

=135 E, (2)
A T O BPERE . g S I B W] R A
Ry 18. 4 kHz, Tk AT BROTEAE T 5545 2 10— B
OSSR AR 17. 1 kHz, ZF FEA —5, R X
R 1) T8 i A1 23R B0O(E € nT LA TG 4 K 2 B0 i

3 MILILZHFE

FHE T 22 HAR HEZ 1 —F MEMS i
YET SRR T2 R TR i 2, 26 101 ik T2 J& — Fib
W1 WS BUR R YN A RN AP NG EES
{10 235 A J23 RV A 2 SR T 45 R R TR T B R 4 . 3k
F PolyMUMPs"*) T2 il 4 25 JE B iy 3= 2 3 72
(& DN

D FEJEFE R 400 pm B9 RE R B VT — 2
0.6 pm5 B R ALRESE N 46 2% 2 SR I 72 A AL RE 4k
ST —J2 0.5 pm JE M £ & ik IE 2100 B BT
e, W 4Ca) s (b) FF 7R, LB 45 A B 50 (1 R A B A2
S HY

2) YREEVIR 2 pm JRE A AL REVE A A 2
Z20 b G 2 T L ARl AL 4o IR

3) YOBL 2 pm LY 22 ik I 20 1l L T B3R Bl 4%
(b R R S R 4D PR G TEX — B, &
HTC A b AR T ok 3 T — R S P R I R
B T H AR S

4) PUAL 0. 75 pum JEL 1 S PO RE AR S 06 4 22 L 220
A 2 T B T 11 S A AL 4 Ce) BT 5

5) ULAR 1.5 pm JE 1Y 2 &b I 20 1l 4 O 5% 10

(d) deposit and etch 2" polysilicon

(e) deposit and etch 2" silicon dioxide

(f) deposit and etch 3" polysilicon

(g) deposit and etch metal

(h) sacrificial etch silicon dioxide layers

K4 TZmERE
Fig. 4 Fabrication flow

W 4D PR % 5o 1Y 5 1 IE A A E L T R 02 o)
ST AR T TR AR AR T 5 1 R

6) KH liftoff TZVIH 0.5 pm BB &2 1E
h R A 4 R

D B 49 % ) HE b 317 — &4k
B 725 0 I R TR A5 R S TR WL 4 (b R
5 L a3 3 ) 2 5 45 1Y) SEM Bt f .

S4800 9.0 mm X5 1.00 mm

B5 58 s 4 A e B IR R
Fig. 5 SEM image of the DM

4 Ik s g
4.1 EZWHRS

S TR A R B 2 Zygo A HEIY =
4R M FE AL New View7300, [ 6 S HFHEE . M

0716002-4



ER R

7 2 50 S AR 3O T BT 5

FE G IR A th i e 3 2 73 o kA B M B
Wit N E T —A Mirau 2T, RVl 5 73 01 8%
K 673 D9 PR, — SROMCAE: fl 2 180 S 33 [l oK 95 — SR
W B 2% 1 RO ek X THOETE CCD Lk
J A WAT SO AR I IR I B T AR B
MEMS A28 45 2 i ) 7K P — 2 48 B AT DL i 2 ok
BoORE] CCD b8 45 21 A fi) Fe 6 I35 1 ) 5 1K
AR 3 5 ARG
CCD

/. interferometric
/N pattern

{beam splitter

Q white light
LED

@ microscope objective
\7/  reference mirror
— Y beam splitter

object

6 Wk RGN EE
Fig. 6 Schematic diagram of test system

S 38 A 0 — S BT ) 9K Bl R s
g R S S N AL ST D W R T SRS A
B0 BRG a1 (2 8% AT A5 30 AH <08 456 10 58 3% 1% 00 . a3k )
SN A AR Bl H T I B 6 B A ) 67 % AT 1 3 L
ST C R
4.2 ZZEF MWL

1 12 Bou IR Gl ) AR 1 — > oo, &l 7
H O HEER 4 O O AL AT ARSI . X RO
A IR EhE N 3. 75 VL L 0LER A Bl BT B AL
JC C.HIC D DL BIC E RYIBAZ S0 .

7 W BT Y 8 L, R £k T A S B BIK B 11 BT
Fig. 7 Selection of tested cell, mirror cell in dotted

square was driven
Kl 8Ca) Ny &l 7 W a T AL Y B TR H Hs 3K
SN RIEAIENL . A& o 3 B, AR

ARG A BIC B LK CRAIG C (I AE A I,
WHEW S ATT A RAE TR TR HAR Y
FIT B T2 B 20 S R BB 8l A TR R Y
2 A TS B ARAR Y C ool SR AR R E 0 4R 1
19 5 B R AT I AL« TRV RE AT O i Ak 4 5 T
TE RIS T A B AL 1 B 8 (b) Bz . BT A 78
HLIR R 3R 2 R K2R T R 1) T A A 48 1Y LT
D fE— s R hL 3 T A T B AR B 8 (o)
D MR FTT E PSR X A 25 23 19 2 T THT
JE BT AT — 4500 A SRR} T 53 — 28 7K F L A
ALRIEAOC E R AR TR AR T ) A K P A
L R 457, [ B S HL T A B 5 KR
TSR, R Ar DL X 12 BT B g3 S AR AL
e 51 (9 58— A BOCHE AT KBl i AT LSS Bt
HITEAR T R ARSE 8 AR i 4 Ak b4 4.4
A B4 A BT R IR BURE L B AN AR 4T B DT R B
Wi (4 A 3k 3 T 43 57 4 T S B AL i 2 T i H
) L R TR 1 A2 A 58 A 26 o) T i S T A8 TR e

A PRUE 1O T35 AW 22 05 (A T

Profile Plot

‘‘‘‘‘‘ 0.50 1.00
Distance /mm

: n
(a) cross section of line a

n of line b

(d) cross section of line d

B8 ik e YA A &5
Fig. 8 Tip-tilt test results of DM

0716002-5



H |

# ot

AP L e HAKE T — AN KSR L R AL G 23 A
R R I B i . A B 5 18 8 AR AR . =0
e ZLHR B 11 AN # Cp 8 BT A2 ) R A 3 3K
gl - JH [ 8 A Bl i 5 v ] — M ATR 4% 7 4K s —
ANBKB )+ dy g AT AR B S R] R R A i i UK
2l 14 9K Bl i X0 L B AL T R Sl H
4.3 TRSWEML

SN 12 BT AR IR B I A AT 1 — A B
G » A AR A [R] L e S RS A 00 - 36 15 28508
nlEl 3 rp RIE TS . M EET UL L AE 3. 75 V B HLE
R T, AR B R OC Al K] 0. 76 pm AT R, [H]
B X L BSR4 R 5 HAT R S S A AR e
(9 — BOPE BB U A IR S i TR i . BT B
14 73 Sz AR AR T B AR B AR UK Bl i R R SE B T A
XHECR IS » R M B A B A DRE By 1] B 14 K
S HES L Oy itk — 20 (0 4R S B (IO Pl 45 4 1
FrAR BT T AT

S

B 7 — P LRSS0 10 12 e
53 57 BRI B R 91 O AEAT 1 B 5 0T AT
T HL. SR FRIIAE 375 V B AR A
0.76 o BEAFHOAF 4 T BB BN 1y 1 52
B0 ST AR S 0 50 B B —— 0
AR LI 53 57 151 5% 45 M 0 T 9 30 2 OB
{6 7 98Pl IR IR 3% 1 R AP S 2

5 F X

1 Cai Dongmei, Yao Jun, Jiang Wenhan. Performance of liquid-
crystal spatial light modulator using for wave-front correction[ J].
Acta Optica Sinica, 2009, 29(2) . 285~291
SR, WE R, FEIC. WA S RG2S A T AR O AY
fig (7). k55|, 2009, 29(2): 285~291

2 Zhou Hong, Ning Yu, Guan Chunlin e al..
fabrication of prototype for bimorph deformable mirrors[J]. Acta
Optica Sinica, 2009, 29(6) . 1437~1442
JA o, 7 &, EAEMK & BURHR R AETE BB S
W L. 65 53R, 2009, 29(6): 1437~1442

3 Li Bangming,

Design and

Liao Wenhe, Shen Jianxin et al.. Wavefront

control algorithm research on micromachined membrane

o

12

13

16

17

18

deformable mirror in the human eye aberration correction[]].
Acta Optica Sinica, 2010, 30(4). 917~921

AR, BISCHL, PRHET AE. SOHLAR WA T B e ARG 22 AL IE
T SR s ()], R E E R, 2010, 30(4) . 917~921

I. W. Jung, Y.-A. Peter, E. Carr et al.. Single-crystal-silicon
continuous membrane deformable mirror array for adaptive optics
in space-based telescopes[J]. IEEE J. Sel. Top. Quantum
Electron. , 2007, 13(2);: 162~167

N. Devaney, E. Dalimier, T. Farrell ez al.. Correction of ocular
and atmospheric wavefronts; a comparison of the performance of
various deformable mirrors[J]. Appl. Opt., 2008, 47 (35):
6550~6562

D. J. Dagel, W. D. Cowan, O. B. Spahn e al.. Large-stroke
MEMS adaptive opties [ J ]. J.
Microelectromech. Syst. . 2006, 15(3): 572~583

deformable mirrors for

T. G. Bifano, J. Perreault, R. K. Mali e al..
Microelectromechanical deformable mirrors[J]. IEEE J. Sel.
Top. Quantum Electron. . 1999, 5(1) . 83~89

M. J. Sinclair. http://www. memscap. com/mumps/

documents/PolyMUMPsNotes. Microsoft. pdf

J. A. Perreault, T. G. Bifano, B. M. Levine e al.. Adaptive
optic correction using microelectromechanical deformable mirrors
[J]. Opt. Engng., 2002, 41(3);: 561~566

J. B. Stewart, T. G. Bifano, S. Cornelissen et al.. Design and
development of a 331-segment tip-tilt-piston mirror array for
space-based adaptive optics[J]. Sensors and Actuators A, 2007,
138(1): 230~238

M. A. Helmbrecht, M. He, C. J. Kempf et al.. The iris AO
S163-X, a 489 actuator, 163-piston/tip/tilt-segment MEMS DM
[C]. SPIE. 2009, 7466 74660E

N. Doble, D. T. Miller, G. Yoon e al.. Wavefront corrector
requirements for compensation of ocular aberrations in two large
populations of normal human eyes [ C]. SPIE, 2006,
6138. 61380X

P. Krulevitch, P. Bierden, T. Bifano et al.. MOEMS spatial
light modulator development at the center for adaptive optics[ C].
SPIE, 2003, 4983 . 227~234

M. A. Helmbrecht, M. He. C. J. Kempf. Scaling of the iris
AO segmented MEMS DM to larger arrays[ C]. SPIE, 2009,
7209. 720901

S. A. Corneissen, P. A. Bierden, T. G. Bifano et al.. 4096-
element continuous face-sheet MEMS deformable mirror for high-
contrast imaging[ J]. J. Micro/Nanolith MEMS MOEMS, 2009,
8(3): 031308

S. He, R. B. Mrad. Design, modeling, and demonstration of a
MEMS repulsive-force out-of-plane electrostatic micro actuator
[J1. J. Microelectromech. Syst. , 2008, 17(3): 532~547

C. Liu. Foundations of MEMS[ M]. New Jersey: Prentice Hall,
2005

J. Carter, A. Cowen., B. Hardy et al.. PolyMUMPs Design
Handbook [ M/OL].
html

http://www. memscap. com/en _ mumps.

0716002-6



