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Fig.1 (a) Perspective; (b) Assembly drawing of piezoelectric ceramic
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2 (a) FFHLIKSI MEMS TR BIS5H; (b) SRk EP
Fig.2 (a) Electrostatically driven MEMS FSM structure; (b) Experimental setup®”
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Fig.4 Piezoelectric MEMS FSM manufactured by SIMIT. (a) MEMS
FSM; (b) Packaged MEMS FSM
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Tab.1 Typical performance parameters and features of FSM
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High resolution
Electrostatic
Integrated, low power
MEMS FSM  Electromagnetic ~10 <10 3-40 100-1500 consumption, Small mirror size

Piezoelectric

miniaturization
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VR84 N\ MSC.Fatigue #C{ F19E 95 5 & B
VXt 23 ] A AL S B 2 1 A B AL AR 2 X 3 A v
FEAE (R 55 () BT T BEAILAR 3h 9% 57 75 fiy 1 05 B 4%
B, A5 3 5 S BRI 75t e/ N 78 T2 1 S P 45K 1
T, e NI ST AR 80 235 P, IR N A S
HL % MEMS #0485 A AT BEATLAIR 211 5 ot 36 it A1)
F COMSOL #6471 4 BR T A5 B4 BT, 1 45 1
FoR 1189 Hz Xif Iif (14116 €32 B 25 J2: Bl B 14 1 1
RS, L 7 8 A R (] A 32 R e 7t 10 7 B AR, 2%
Ty (A5 U 2 245 4 IO, 0 3 ke %) e R R DA K A=
Wi 24 R %0, fe e I 00 45 R R B B AE 1~1.4 kHz,
32 g FEALIR B T & AEWT 430, whhiiit 327K F- K 700 g,
IR E5 0 5 05 HA5 BV 50,

F] |l COMSOL Multiphysics A FR 7T 43 87 % 14 %
Hh [ Rl 2 B B TR R 4 T E R %) T R 3K 3 38 MEMS
PR AT BEHLER 2h 5 HLAR IR 2 oh i O L, 9k
TEMOCHEELmEZ . B4 MRS58 ET
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b P A A £ B A 1 A5 R PLAR R B 5 ol KT, R S
JESD22-B103, JESD22-B104 F5 1 14 Bifi AL % 20 1 2% 3
Wk 1434 g0 TN 500 g, B HR E A BN
INWALiOF: G

X 14.34 g BEBLAR 20 19 A FR oo . Hom
W RN 1k 2.4 MPa, TR K 718 7.3 MPa; Xf
500 g wfi f ELAE S R« T P R KR J) R 0.07 GPa,
1040 124 0.12 GPa, 18 [A] — I JJ 7K P, Ti0 N L
JIE /N F AR I8, B S B T PR B 4 B A
14.34 g BEHLIR 1 5 500 g ol i 16 21 7 F7 84 43 A5
Kl ATLAE B, 52 0t i g 3 24 vp T R AR Al A
FAb, BV BB DUAR BBl AR & (5 8) B A, &
i R I ) B KAB 7 TR Ak T 14.34 g Bl
MR K F BB J1 8 7.3 MPa, 500 g #hiliZKSFF
He KN J1° 0.12 GPa B 38 /N T 1 14 S IR, S0
H IS UE T 3% MEMS P 8 0 T TR OGS 1Y
AT

COOCoo0o0—
—okraaxioo

5 i EREA R BIEMR G E R MEMS TRIZE . (a) 14.34 g
BERLIR 7 ;5 (b) 500 g HLA G
Fig.5 Piezoelectric MEMS FSM manufactured by SIMIT. (a) 14.34 g,

random vibration; (b) 500 g shock simulation

3.2 miEFail

T fi i e 32 AT A3 S W PREE A A FE I
55 5 AU AT SE RS, A6 AR R R IR L SR
FEA . TEE W AE A AR Tl IR B 00 A, AR e i AR
I A] A AR E R T S B S A BENLR 3 S Pl

A ok 25, ML A% 9 Al nT RE 2 T B R 0 AR
5, PRI N A IR ST X e AT R A,
T AT P PS5 R G ) 187 ) X R A AR R . A% R
RHLERANER X T i BB AR AR, 36 2 S T B
SRSV X R A s P

K2 RREENEIVIEREMERF

Tab.2 Common failure mechanisms and AFs of FSM

Failure .
. Acceleration factors
mechanism

Fracture Acceleration, vibration frequency

Creep Temperature, applied stress and strain
Load, speed, temperature,
Wear » SP P
Composition of environment

Stiction Mechanical shocks, vibration, voltage

. . Applied stress and strain, temperature,
Cyclic fatigue pp P

Number of cycles
Electromigration Current density, temperature

Electrostatic
discharge

Charged devices, charged environment,
Cosmic rays

Corrosion Voltage and polarity, temperature

BIUBE T 5 1 a0 3 2 R 4% A AR 2 40 X F 0L 7 /Y
BT, P e i . B T AR S AR b g
T PR UEHLA 25 #4156 28 PEAR KRR BE b ] DL %28
IG5 B G PR AR P SR T 2 0 R TE T
PRIT A5 N BRI X 28 R A i 5 T AR RS T 52
M), PR R RIOML BN A8 0 T 44 T 388 e o o 3 1
g e A | P IR AR | BRI A, DL
E | T P o) | B s ifim W AL D) || B e
ST RV I | BY 7St o S o 3 [N | B 5| B RS R e Y
AT . AT, I Ay ) 2 7 TR S BRI
R AR SN

Fe R I 0 7 B2k i =X, s A i 5 R AT
43 M HE %€ N S 56 (Constant-Stress Testing, CST), &
PERL F13 5 (Step-Up-Stress Testing, SUST) I ¥ 1 i
J13 5 (Progressive Stress Testing, PST) = it 3 A< 2k
RIS XTI AR A, B — > FF 4w 5 I P ] O
YL AY, AN [R] () 2 RICHL B0 8 458 A () 1) i A A
SR I EE AR R I Y, #i% 4% Arrhenius #ER1; SR ]
HLNE ) (B HLIE . D365 AR S st (], o e 4
T R 5 SR IR BE I A PR O o A, kA
Coffin-Manson #5144

f
HE
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T3 4h, WA b 19 22 28053 A R ERCA BE X o
F5 a0 BHE HE AT e T HEWT, B A G TR B A
JEAT IR 3 A S XTEOE S 34 . Horb, 38800 4w
T gt G b i R ARUE KRR XHEOE S 3 i A H
T A BRA R o3 LI, SR — L qn AL 57 T 3L
R 2R A5, i FH JRATT ZR 2 AT B ADL T A
3.3 KIFIE

IR BRE SCA 7 it B AV I AS R TG A2 T R A 25K 1Y
RAETE R T A YIRE, — B BN, iEAs | B
P55 R IS AL AT H o SRR, O3 MR R O
RGO SURRCR AR IS B R A 10%~20%
i 22 I AR AR SR AR AK, DR A I A AR AT TG
1258 UE AT 551,

H T8k = Ll bR, Bcw T 1C 08 T S PR
At 09 2R S8R 7 kAl T PR I 5 . MEMES £ 4F,
EASEAE LT = kb 25—, 45 th— ANl e 3GE
IR B, AL 58 1) 22 G0 N b 26 2 ] S A K e B
SE SR L BELEE 0 ) — 5 BE A b, H3O6 T PR s g
FREAAATH, R ICHEAE LU A I R
WG B, TR BRI AL, Indid g
B 0 SRS BN AR A AR R B 58, (s
FIHE W0 M A 58 =, TR B H 5 9K 5
LR 25, DRI AT P I3 e 20 2% S AT Sk
PR eATZ A i S ik
3.4 RUSWAE

U & R KPR = ki Rt k7] K AN Y T
PE; DR X B2k st St R i+ W i5E (SEM)
B HATE R T RN PR DN T PR B B A ARG A
MEMS 5 RSF/IN | S5 #0952 2%, MELIUE i g RAERY %
7, TR P SRk R ot ) 28 D7 YA B, AT RS B AT ¢
1) T2 A, I AT Re BN ) sl0fs B0RL 575 2L )
IS W R TET, DA {5 8550 e 53 7 A2 15 TR M f5 35 I
T IR - PR S 5 Te A I 2% 3 A s B Pk
P, R HT I 45 A A PR OT 0 B A 22 R X 1T B
) R A0 A T S0 A

X T R PE RGN, o] LA AR]85 A R A ol
(Focused Ion Beam, FIB) At 23 iff 5 A G 1Y 1 72 5k
]2 BT, 3 A v o0 e A G A R R, R A
B B %2 D) e fESE MEMS 2544, o8 T #E47T IR
NG, AT DA 5 'ty S A s A 4 PR B G AT R A T

WLEE . Tan 55 A\ fb BT 4 T MEMS 22 5 XU e
W, I SEM iM%, FIB J2 75 B3R b 1 i 45 kE
an A ) TR, R AR B il Ga 2574k
J Ga®, FJH HL 37 s, 7R D R o7 R A K
B RE I Y Ga™fT B8 iR BT 6 SRl A
B FIB #F7H & . AR 8 A 1 mm 5209 MEMS
4 JE R A S A

[ 6 FIB HilfERY 1 mm < JmAl & ™

Fig.6 1 mm metal bonding interface made by FIB*

Xt F GG, 3 HLAY 2 — S RIJR 5 ARG A 5
TH BB 0 )1, PR Rz B Bl MEMIS 45 M4 18 €035 L
A3 I, TR AR B 0 LR T
KA, (H 7 22K A 5 98 T LU I M i 15 8., n
Pl 7(a) & T ORI R 75 Dk B OB T R A A AT
F 7(b). (c) fifi 2% InGaAs AL, & REAS HEMEFR 1
(R XT3 R BT g ) 2 0 TR, R A7 B AR 3 ) I BR
i, G BRS04 )R ks 41 M5 S (Infrared

7 A () B8R U () B InGaAs F1HL; () 1T WL InGaAs
AL (d) ZLAMEUATHER DR D RS & A

Fig.7 A scratch-induced bonding interface defect imaged by (a) C-
SAM, confocal scanning acoustic microscope; (b) InGaAs camera
with diascopic illumination; (c) InGaAs camera with episcopic

illumination; (d) IR laser confocal microscope
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Radiation, IR) & — T EW AR T H, KA dES
B 7% X 3) ik X 21 A0 5 5 2 37 WA, A P I 1 R R
MR AT AR, A 7(d) B o D38k, EJCH: 4 )R
FEWIXF X S22 30 2 W, i BT Rk v R X
G MW XS AR I, A BERAR T 1 pm, THEHLTE
14§ (Computer Tomography, CT) ) 3 6 7] LA ik —
PEm X LR GER S HTRE S, (A A T W,
SE ARSI 2/ NFURE , B2 AT BT 24 BORG 25 7 AT g ad it
X SR
3.5 ATEMEMER AR

AR R BE T SR, B B AR 2 MEMS
R ERE R E 2 CHEEMIMEH . —Jrm, A
Bt R AT AR R R Ge il 1 rh R R L AT AL
AR E MRS . R R TAET, HETZ0 LM
TR B B9, LS /N B R,
e fErERe, FEIRE R A . BT, RS — T 2R
B A LA R 2 1 SRR R R 57 BT Y
W 7, BB R R 1 AN TS G UR e
KR, ZETCEEIR], — A R i) % B AR KRR B A0
PR LR RO, s e L RGBS

2£[® Mirrorcle Technologies 2 ] 5 > AT &4 fin [
AR T 1522418 Milanovic 55 ANE T —Flogr il
TR, HAE T MEMS B 52 B 78 58 412 A Fi &t
BEAEA T HLR AR AT R A B0 L BEJE 38 IR 27 4
s M, AT AT DAY B B R R . B AR B Bl
A L TR DA AR B9 AH XA L B R 2.5, LA,
T T TR B A AU AORS B, AT DA R A 3 A 1 A
B, IR B R B R IR AR e . &R, BT
TR BT S 3R 2R 1.5~1.7, F138 ff B RERE 2R 1548 05
BRI A 2 O — R EAE T B R IRRE e T b
T i g i ok AR Shit A2 ) Merz 58 ABESEIT
P& T LRI G T R IHLRBEE . v & o
FIWOCT AR A 2% . W 78 MEMS 348 b s n 45 14,
VAR 5% 2l 45 ¥4 Ja] 1Rl Ay SR T 3l 5 PO o o 2 vy <A
PR SR 25 R0 (B Ny B 28 5 18 78 s 3t 2 N 1Y R
J1o ATLVA BT = Fh 5 Do ) f v B A A iy 3 2
o0 PR S Y R R T R 4 = MEMS R P e
k20 BARBIEGE T i FHAS TR SR DA SN [A] () e
16 MEMS 525 9 5L, DA RS, DA B8 5 45
PEFNAT A 98 o BLAb, I8 T Re R ML 45 44 19 52 1,

X LSS R B dE E TB ke, DL
o sh 2546 J L 23 TR R0,

SR H v MRS B 1 T SR, FE AR NI A E R 11
SR TR ) o R T SR N R A %0 5 . Lani 88 A
FEREAT X HLRE IR B FSM Y s T SEPERF T B8 T
— YRR, ARG AE TR Z b o DA 7R
(i 32 sh e B 77 278 g W ZE 976 g, %8 EAE ik B
1 TP R Ak 2 5 5 R e FL U L, s MR A
FHARE KK, Gu-Stoppel % A%t T —A z-BH #f
i (WLIEL 8), £ ah 25 FIRHB i i Z I il — 4~ 28 B
Forp AR B sh 8% Z s ghas |, H A e
250 um [ Z {0 B8, 3 (15 B0 3h 48 1 i 909 45 4 A
10 000 g Fy #frifi B BT 32 1 I3 DA 20 GPa i/ 2 2.5 GPa,
PETE T PR s T SE PR,

A N\
| Wafer 1: mirror plate 1

e . —

1
lactuator "
PO I
| Wafer 3: bottom wafer ||| Cavity [d=250 um ‘I

Pl 8 JF 2 [ e ] 45 A

Fig.8 Z-stopper in bottom wafer*!
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TH I Z A AT 0 A, B RE S 4 A T A SR I
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¢ Re R B R RO N T R BOLE R PR
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TG EE | 6o BB RCR AP R B A A Bl . TR
HRL P R UKl L R LK B B e R | R T LR
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Research progress of reliability of MEMS fast steering mirror for
satellite laser communication
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Abstract:
Significance  Fast steering mirror (FSM) is widely utilized in satellite laser communication, super-resolution

imaging, high-precision laser aiming and other fields for its quick response, high precision and high resolution.
The acquisition tracking and pointing (ATP) system relies heavily on FSM. The main challenge of satellite laser
communication is the extremely precise beam stabilization and pointing for maintaining laser communication
between moving satellites. In order to overcome this problem, satellite laser communication terminals must rely
on the tilt mirror device called FSM to guide and stabilize these laser beams. Traditional FSM is primarily driven
by piezoelectric ceramics and voice coil motors. However, thanks to the disadvantages of size and weight of
traditional FSM, FSM based on micro electro mechanical system (MEMS) technology is becoming the perfect
solution. There are three types of MEMS FSM with electrostatic, electromagnetic and piezoelectric driver.
Besides fulfilling the deflection and speed requirements for steering the communication beams, FSM on satellite
must also fulfill rigorous space qualification requirements. It is worth mentioning that the reliability of MEMS

FSM as novel device applied to satellite laser communications urgently needs further research, but there is less
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comprehensive research work on this topic.

Progress There is no universal rule for what it means to be "space qualified", so the reliability environmental
tests and standards need specify individually space qualification tests and protocols for FSM used in satellite laser
communication. It includes vibration and shock test, vacuum test, radiation tolerance and thermal test. These tests
address the main environmental stresses on systems during launching and operation in space. Fine aiming and
advance targeting are the main roles of FSM in space laser communication terminals. Therefore, FSM not only
needs to pass the above environmental tests, but also should pay attention to the changes in the optical
characteristics before and after the test, such as optical surface flatness, optical reflectivity and control accuracy.
Traditional FSM driven by piezoelectric ceramics (Fig.1) and voice coil motors has already withstood many
performances and reliability testing for tip-tilt systems used in laser intersatellite communication. It is relatively
mature and has already been working on track. However, MEMS FSM driven by electrostatic (Fig.2),
electromagnetic (Fig.3) and piezoelectric (Fig.4) has advantages (Tab.l) of highly integrated, low power
consumption and miniaturization, and is a very promising approach in the future. Actuators based on AIN material
with self-polarizing characteristics and stable performance have been fully verified in the aerospace field, and the
piezoelectric actuated MEMS FSM has been also verified in the non-space field. Finite element analysis (Fig.5) is
often performed at the beginning of the design and manufacturing process to study the reliability of FSM, which
can shorten the development cycle and anticipate some potential problems. Accelerated life tests with accelerating
factors (Tab.2) provide a reasonable lifetime assessment of FSM in orbit, while failure criteria (Tab.2) in life tests
and reliability environment tests provide verification for the qualification of FSM. The failure analysis method
(Fig.6-7) is commonly used to inspect the failed FSM with or without damage, which can provide the failure

mechanism of FSM and guide the reliability reinforcement and design optimization (Fig.8).

Conclusions and Prospects The working principle, environmental adaptability and the reliability requirements
of FSM are introduced in this study. The failure mechanism, evaluation method and reliability reinforcement
methods of the existing FSM based on different actuation principles and structures are also reviewed. Finally, the
improvement of the construction and reinforcing technology of MEMS FSM is discussed and the application for
satellite laser communication is proved to be viable, through comprehensive analysis and simulation. In summary,
the MEMS FSM can meet most requirements of satellite laser communication, and further verification of

aerospace reliability is needed in the future.

Key words: satellite laser communication;  fast steering mirror;  micro electro mechanical system;
environmental adaptability;  reliability
Funding projects: Research and Development Project of Scientific Research Instruments and Equipment of the
Chinese Academy of Sciences (YJKYYQ20190026); Shanghai Industrial Coordinated
Innovation Project (HCXBCY-201-044)

20230179-13



	0 引　言
	1 快反镜可靠性环境试验及标准
	1.1 机械振动与冲击试验
	1.2 热真空试验
	1.3 辐照试验
	1.4 温度循环及热冲击试验
	1.5 小   &nbsp;结

	2 国内外快反镜可靠性研究现状
	2.1 传统快反镜
	2.2 静电驱动MEMS快反镜
	2.3 电磁驱动MEMS快反镜
	2.4 压电驱动MEMS快反镜
	2.5 小   &nbsp;结

	3 可靠性分析及其加固技术
	3.1 有限元分析
	3.2 加速寿命试验
	3.3 失效判据
	3.4 失效分析方法
	3.5 可靠性加固技术
	3.6 小   &nbsp;结

	4 结　论
	参考文献

