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ABSTRACT

In recent years, microelectromechanical systems (MEMS) have attracted attention in
various fields such as automobile, information, communication and biology industries.
Using combination of electrical and mechanical components, MEMS can sense, control and
actuate on the micro scale. MEMS have provided new solutions with many applications
thanks to their inherent cost and size advantage, and electro-mechanical combined
functions. MEMS are also used as cutting-edge technology tools to establish next
generation high-performance products.

Development of MEMS devices, however, still relies on knowledge and experience of
MEMS experts due to the design and fabrication complexity. In addition, MEMS design
standard has not yet been established. Therefore, it is difficult to understand the design
trade-offs existing in the system and obtain an optimal structure without any
MEMS-related insights. The development speed of MEMS products is typically slow
because iterative structural analysis, layout and testing are necessary to achieve complete
structures. Furthermore, MEMS engineers need to design structures under some MEMS
fabrication limitations. Thus MEMS engineers tend to pursue just a few primary
characteristics without consideration of the total system performance. This is another
reason that time-consuming product developing process is unavoidable to bring MEMS to .
market.

In this thesis, a new MEMS design support method is proposed in order to increase
the efficiency of MEMS development. After investigating the problems in MEMS and
computer aided engineering (CAE) technologies, it is concluded that MEMS engineers
need not only to understand of principles between system and system behavior but also to
evaluate and optimize the "concept (design capacity)" at the early-stage of development
for decrease of development time and cost. The new CAE method called MEMS
early-stage analysis (MESA) enables a concept analysis and evaluation at the upstream
design stage before considering design interaction or tolerance of the system. In the MESA,
the sensitivity, which indicates the effect of design factor to system performance, is
defined as simplified relation between design factors and system performances. The
sensitivities are arranged on the MESA matrix and visually inform both the effect of
design parameters against system performance and design trade-offs to MEMS designers.
A weight function is also defined and used to evaluate the system characteristics with
designer's demand and system requirement. Moreover, the system score, which is
calculated from sensitivities and weight function, shows MEMS engineers the system
design capacity. Therefore numerical evaluation of the total system performance is
possible in the MESA.

The MESA is applied to MEMS devices and its validity is examined. Piston
micromirrors and actuators are analyzed respectively by using the MESA. The analysis
results show the design trade-offs and effects of design factors as useful design
information. Each system evaluation result is consistent with actual system behavior.
Numerical comparison and characterization of different systems can be carried out in early
design phase. It is proved that the MESA has good capability to evaluate design capacity
as a promising concept design support methodology.



Applying the MESA, new RF MEMS switches with high mechanical reliability are
designed. Analyzing a conventional cantilever-shape RF MEMS switch, the design
trade-offs and structural problems are defined. Based on the MESA analysis information,
two kinds of new RF MEMS switch concepts, a tri-state multi contact switch and a
push-pull switch, are created with the release of the existing trade-offs. In the new
switches, better mechanical and RF switching performances are expected from MESA
evaluation results. It is proved that enhanced structural design can be possible at the early
development stage by utilizing the MESA for concept designs.
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The important thing is not stop questioning.
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What are the possibilities of small but movable machines?
— They may or may not be useful, but surely would be fun to make.
INSODEINT ZEDTEDBRD FTREMEL 1L AT 7> 2
— ENIEDZ 2B I DBRMNBEIN, E2LERZENRRELWVWI L7,

— R. Feynman
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I am always doing what I cannot do yet,

in order to learn how to do it.

FATFENS, AN EIZ TERNZEITHYAE L,
FNEVDICT REDREFESTOI

— V. V. Gogh
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Don't care what people say.

Just follow your own way.
Don't give up and use the chance to return to innocence.

That's not the beginning of the end.
That's the return to yourself.
ADBMAZEIEFHE
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AT BERITRL, BHRE~OERERD
FAUTRBDIBEE TIIRL,

B ~OEFETHD,

— Enigma
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DEFIITIERLD0H%, MEMS 13 1E R CIEEER TERD - T BN SR LU M RE S
RETDIDOY— N ELT, EFIFREMRR OV ) 2—2a O OEDELTHEESLTRY,
BB E R - 1R, BN -S4, RELVSTMRIEN DB TOE RN L5575 (Table
21,22 BRI,

MEMS OFF#EL T, F—I/MNE-RETHDZENBETEND, v AIRRT— )W BIET
ZEFRI RSy FRREAN B 7R D E IR MEE RO EMEREAE BI/NEL ERE T RAX—2 &
2B BRER VT REE - EEE TOREIRE N LD, BEIEIZISITAERE
DINEEEAARD A0, A7z bV HIBIT BV A raA P ia RS 1T
MEMS Dz R+ EMATHBT, 1o, MEMS CIHEBREIK., 7/F2m—4 L.
BEKEB L . IR, ZHRELZ Ve DT v LICERLTDAIENE S THY, TEREFT
ERBLZARVEERIV AT LOBENFRETH D, BAER LIz MEMS (2T B I
DvAraaRybev A7 N THRZELEREN 22055, -0 LTz, 74+ Y
FILEDNyF (—FE) I LB LB DT /A A BUE, S THNERFR T THDD ., #
MRS R CTho THIRaANCRBIZAE CEAZENET NG, ZDENEEH 4 1L
LT, #+-D5Eno2s <A a7 —7 LA &R L7 DMD (Digital Micro Display) <, i
BIZRWT 1,000 F ¥ RNDEFEERFIZAA YT 7 T&SH OXCs (Optical Crossconnects) &
MEEND <N v AR F 728 BB,

—7 . MEMS DR EELTIE, B FTEER T RLX — B/ NEN, HARNEWRED IR
T=NVHEROLDRE, £, MEMS 3RIZE(LLERT COBEHTCha-, iREFEI%E, &
BRI DIEELDEN., M7 o ADT —FR— 2R EBF B E T AKX EhH5, ZH
BIZOWTIEEE 3 |ICTERY LT SR EBRmEIT29,
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Table 2.1 Classification of MEMS [1].

5] FSRAE R
\ e RECLTE. & | BbE< ERESNE A T, BRERE T
EOYMEMS | mp oy e ERLAEA TN B,

BE B FEEOFRBNSRIERT5.
HOMEMS CTHESRNZT 7 FaT—F
FREELTWAEEIL,

FoFax—F |BHEE—F, v~ 7R TE,
MEMS RFET 7 Fax—H

W7 5 A IS—BIERRA T v 7uIT—LEORIERIZL YT
FEMEMS o FANR—RAL pFRT0 T =y & ORI
TRY=yFRVATAITT | Seia T,

o I AEAAL vF. TANEE A T OEAL vF NTIE A FY

RF MEMS S = P e FRFDRAEDETF a—F TV T 4
HEARIE(E R 32 5 o R T AR AR
75 AEAR N E A ~EE pm OB 7R IR
——— - BEWHRL., FTOMBANTES, Bk, 7
sV AT I TRT S E s B
‘7/(7DTAS _]L Jj %ﬁ\ *ﬁﬁjfik%'fj‘fijc

I
£ LF 2T A, Lab-on-a-Chip (7 &
Ao F o)LL bFHIND,

(R FREEART DT DODNA T v 7R
ARERIT SBEET v 7R L, HA L
1 ) WD 5T ORREREHT AT T
3

A AMEMS | Wiz THREART. B EART

1 con P F O ~TED S ERECRBHE L % 5
RU—MEMS | #/NVEIRER,. BEIENE LT, 10~100 W/ S 2ADREZEHE
7, FIEHTERROEM,
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Table 2.2 MEMS applications [2].

5B | MEMS#H47 > H 41
&8 - EE EMRY A E TRV AP YA
®R DMD (Digital Micromirror Device)
FED (Field Emission Display)
FHEwL sl X
Elt7d HERRA Y F
ER|ILIEAY ¥
ANy VEH7 7 Fax—%
FHEE HXAL v F
¥arry
FEREE
714Ny
EARE RE7 1 V% (REIF)
WEF YNV
IVIEEG (TYFFRE)
REAA »F ()L —)
ATIbeas vIA (BF~RY)
_RATO T+
A E T
EABB L Y (8t H)
EiR HREE
Bhblg K 2%
EEES 4
AT —5—
iy - KB HikEtE Y | EhHErY
TR £
YxAfuo
IUU R | BREEL S, XL
EE
VAR LX) HARA A=V r
iR v A Oy RES
LI ] FRSE ERE 70— THEME
ATHEE FARY hO4x—%
by LSI7a—nfEAy ¥
VYT ST74 | BFHREE
Yy R—=w27
Tt AT A4 runnNy Br7s
TA7U—arhO—3
AVFFUR | BRFEE - A ra V-0
FHEE TAIURATAY
B ST | 2o mEE=S
BaE=¥
BB ERF RREREAF v+
BB A TF—FN - HAFTAY
BERARE
WY — v
kA THN
HREDRAA | ALRNE
BHIAAKBIRH S 7
RAERE DNAF v 7
F ¥ F v F{LESHT
T v F v TRFAHT
IR EE T A-D ¥
TEASREL NGy FFIINY) =V AT A
EA - RETO—7
HIRLIR{E MBEmesry 7/
B - B BEH IR A=V ¥
7RG [F S AR v
IR+ 4

A
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22 wArawv =

v Afrae =, ML et ReFOFEARBROBNIIE TREYA/nv =7
(Surface Micromachining) &/3/L7<A27a< =% (Bulk Micromachining) {25313 5415, 4~
BT 2 DEF I OW T L%, AU D MEMS 77 S A AREDRRET - BRI A &
BRAT 7RI RERICOWTEERT D,

221 FHEwAravi =V refrae =T

FE~vA v =7 1%, Figure 21 IR T LD ICHEEEE (Structural Layer) & B ¥EE
(Sacrificial Layer) %, k& 48 # 54 1% (Chemical Vapor Deposition : CVD) %, %
(Evaporation) , /v ¥V 71k (Sputtering) RE DRIET R AL T ANV 7T T 412 Lo TEMR
FEEIEHL, Ty F 7L o TRHEERET I THIMAYIC A B LR OB IR HEE
HIMIHETHD,

(b) Deposition of SiOz.and its lithography

Polysilicon

(c) Deposition of polysilicon and its lithography.

(d) Removal of SiO2 layer.

Figure 2.1 Example of surface micromachining.
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Figure 2.1 (2RI 7 mRI3FI T, (a) V= Ffi Rz 2bEESE (SisNy) 2T K%, (b)
BE{LEERR (SIO2) A Z D EEICHEB L, AR VI F 74k TRE— =y () EBICZETE
B &L TEEE GRY) Y= (Polysilicon) BREFREL , 74 MY 757 41CE>ToF—r =02
(d) B &I SIO DIEVEERRE LV TE TEITI, HBNTRY LV as O STREREE S ER
IR END, ZOREBAV/Rv =0 7 HiffIE CMOS (Complementary Metal Oxide
Semiconductor) EFEE R DR EH AT Ea L RF TN THIHT B LN AT RETH D=5 . MEMS #%
ELHIEETEE OERLICTE A LR TV E ORI EA2H D, Fiz, Figure 2.2 (TR X H7HERH (b
D)RRTV T Ty F U TER LA G 5L, SR ICHIAR R E E IR G <,
BHETHIRE R AT LOMEL ERFARETHD, 122U HITORE ~ (7 n~v s =2 ZHIfIC
BIFOMIEZ R - =y F o 7 SRITR O (B pm/min) 728, L 78 E RO BEICR R 2 0 8
ETHTE, B IRR D 2 DR B FRIE L7 BE 0 BUBLIR JE L FBRBEIRE L OBV R T 5%
BISHORIEALETHLHI L, KB E =TV Lo THRELEIRTHHE A OREENIC
KBAT 47 al (Stiction) ZHHfil 5T L7 L | FREIBHBEMTHET REALE,

Hinges

Flexure Torsion

Staple

Bearings

Rotary

—

Figure 2.2 Structures of hinges, latches, and bearings [8].
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— 5 ST T = N Ry T R AT IS Lo TSR B AR I &7
LOT, BEvA/Rv =07 KL M B B EO R HEIERE EZR TERIEHINTH D, 13V
JEyFLNIE, $ES R FMET T (Anisotropic Btching) 2L OV Ty hmy T 7 (Wet
Etching) &, IR ISt A A =y F 7 (Deep Reactive Ion Etching : DRIE) Z2E DR T A Ty F
> (Dry Etching) AV BD,

UryhTyF L NI Ty T 7 IO TE R RIS I B AR T B 75 THY | SR
TyF U I EOTEEIC L > TEF LD TR R STy F U IR AIETH D, Figure 2.3 (Z¥
Ay OEFERRR FHETyF 70RO oy F o s BW TR (HF) &
FEEE (HNO:) DB AKIEIRE VZ5E . Ty F o 7ML TODES DRI A (a)
\RTEIRTAR TEF Ry F o7 B Tlebib, £z, KBE{EH T A (KOH) KIEHLE D
SN EL CABRIREOH Dy F ¥ M AVDE, (DR I 58 7 P ff o 74l
EEBHIENTED, TV 2R EOREE ORESRe RNT DR FHEOEWIZLLLO T,
S)arOHA {100} HARL Ty T 7SR < wIZ {110 {111 HEONEI e ({111 Hiné
(100} EDO =y F o VB TR LE 135M), 2070, =y F 17 ORUEFRIZ Lo THEHIRFO
BEEFFoTIRERDZLNTED,

o RIA Ty F o 7 TIRET AT MNEEBL LM TES DRIE B EIZHWHi5, DRIE Tk
AA VBRI T 22 L CEERM INFEETH A, FFVarDGEE | 7y#iAA L DJD0R
FUSHEAZ L E VAL T, BT, BE B OBRED Y =07 DT 2 D, Figure 2.4 12737
£ F 7 DI A (SFe) &, T RERTE R DA (CaFe) & 38 ELICH AT HIE CIRELT
A AR AT T QUK EE Ryt a7l R) Tl 7RI 50 DL _E&7 200 ik Rt
LS TNBE,

L DIt~ raey = SRR 7 e AU THREST 57 7R (Foundry) $h—t"2
ITREHZE< B D, KETTITEOREFILL T, KFETHEM TS MEMSCAP 0> MUMPs
(Multi User MEMS Process) [Z-2V YTk <3,

Masking material

HEF, HNO,, CH,COOH {100} KOH, EDP

111) !
auih B\
Si substrate

(a) Isotropic etching. (b) Anisotropic etching.
Figure 2.3 Isotropic and anisotropic etching of silicon [10,11].
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(a) Etching.

Silicon

(b) Polymer
deposition

S
Polymer (nCF»)

(c) Etching.

Figure 2.4 Schematic of reactive ion etching (Bosch process) [10].

2.2.2 Poly MUMPs & Metal MUMPs

AERLIZBITD MEMS T34 A%, £T MUMPs % E:#L L CREHL/ESN TV B, MUMPs
A7 7R —EREL TSN TS MEMS FREADUEDTHY, ZBRI Va2
HHEE L35 Poly MUMPs, =v 4 /L DEED > EfEHHEEEE &5 Metal MUMPs 728 232,

Figure 2.5 |Z Poly MUMPs, Figure 2.6 |~ Metal MUMPs D@ #§RL & 48 D ES 74131,
Poly MUMPs (&, n <100> P V=vz s b2, ZEORY Y= #4588 (Poly-1. Poly-2) &
O—EDRY a7 91— (Poly-0) . ZJ&® PSG (Phosphosilicate Glass : UL 23k —E 7
SH7z SiO) BRYEE | SiaNu JE . B OAZ VB THERS AL TCUD, RV Y HERERB X, B 2 T
FRIZV) 2 BRI SISL U= R G 722720, ANV I T 74 LI s TB O ERAHERT
YA RBREATIR) T L TR A RETE L L TR TE D IHITA2D, 72, PSG ICR—Ev7Ei
TWBY (P) 23, ARIE TR F O EBLIRRHIR) oy [ ~MERT 5720, RISV BREE I
BRUBEMEEH ODILITAD,

— 77, Metal MUMPs [ZERD > EEIZL o THBESIAES 20pm O =v 7 /L E% Ei¥iERE L
LTHIAT 27022 THS, =v7 /L (Ni), £ (Au) LV omBRIEMEO/NSWE B EHC LS
HEER K OB FTRETHHID | BRIVRAA v TF 7RV —72E80D MEMS 7 /3 X8
RICEASND, BT ADOMETREEMII T A LU THET5,
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0 m [

Substrate  Nitride Oxide-1  Oxide-2

Poly-0 Poly-1 Poly-2 Metal

0.5 pum

2.0 pm

Poly : polysilicon, Oxide : SiO,, Metal : gold
Figure 2.5 Cross sectional view of Poly MUMPs [13].

H B 0O

Substrate Oxide Nitride-1 Nitride-2

HE B O 0O

Poly AnchorMetal Metal Sidewall Metal

1-3 um
I0.35 um]7 pm
'/ J = =]

0.35 pm

Oxide : SiO,, Poly : polysilicon, Anchor Metal : Cr + Pt
Metal : nickel, Sidewall Metal : gold

Figure 2.6 Cross sectional view of Metal MUMPs [14].
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2.3 MEMS E:fBhra

21 Hi TR EDIT, MEMS 134k 4 REE S B CORARMMNEA TR, T (2D ERAL
WRENTND, AEITIE MEMS T RARAOEMENAEL T, AR CHRARERDT 75 =
T—&  ZTNEFRALIcwA 705 —3 A7 LR U RE MEMS AA v FIZ DWW TEER T35,

231 ~AI7a7rFaxr—F

MEMS 77F ax—43 BEBFEICL->THESF X, EH SN, EEFN, BRAFARL
SRS, FIOEBFELEEE, B, MRS SR RERIC ST DIENTED, H£HK
TERME, NU— HREN, TAXREC—RE—EN DD AL TR FNEEE
L MEMS 7/3A R AHA T U ER BB, ZZTliE, b4 537 — 27T AL RE MEMS AT
IZBWTHASNSHE T BRSO 2RI oW Tii~5,

2311 BERB~A/a7rFar—F

~ AT I F 2 —Z DR 1L TROLIBAESFIASN TV L DIZFFER I THD, KM

RHBERIIBEOT F 2 — L UK EEEEEE (Electrostatic Comb-drive) 77 F 2z —#
% Figure 2.7 1279, MEZRO B E EME ATE 7L — MO RICEEZEINT A2 8cL>TH
ATBHHEBR L, BRICHERSN T 2a0F R ThOE T H LDV WIZE->THEI 7L —
FOEMEDPIRET Do HOT 7F 2e— SRR Tl LT X357 TR ERS R ES LT
B2, FHETE L TEBSICAMT2I8IcE> T, ATB T L — M RIBS AN FREL 2
%o AE T L —MIBERSN TV DIDFRDITRIAR M EROK . 1BRL PSHEEDHREE
FELTHY, TNoERETHILICI > TITEOHIMEE, B E, INEHREDREELERD
ZEMTRETHD, Tio, BRENFIIHER I OL THY BRI Vo) B LB ERILR
AELRNZEERFFHEL TS,

BL, =A70R 7 — L THEID HNT/NENEELIT, —RICEEE CORENLELRD
7o HAIALe T NAAL LS TUIFEE BN BR L ELRIGEELHD, o, HFET /F a2 —

21, M OB BR IEMBITR OB THRILL TR, EONT A BRNFFER T

MiERN%E LESTEE (I OBEREERD 1/3 ORUESEELREE) IZIF, ATvT X
/L— (Snap-through) LFFEN B EHER L3 SUBICE E T ORENELD, £, B HBEENR
BER BN EHER T AT DI BB EREE T O RESEDUENHDN, T/ F 2 —ZH A XN
R&LpoTeh) | WEBERELDMREDRET M =7 BEET D,

BES e ANELO T, BT /F 2 —F LN, AT L (Membrane) B SNAFELT
(Bimorph) !, 225 »F K7 A7 (Scratch-drive) 77 F 2 T—F72E | SARIRTERBHES LT
BT T BN DN TR AN v A7 03T —OFIC CRIRFER 5,
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Stationary /—Anchor to substrate
electrode ¥} -

Movable plate

(electrode)
Anchor to substrate

5 i B g . ] : 4
ERRIE : g il | -
N e et el prat

~ Folded spring

il

Figure 2.7 Schematic of electrostatic comb-drive actuator [15].

2312 BERREvAIaT7IFar—F

Wiz, BRI L AL EF| A L= BEEES) (Blectro-thermal) 727 F 2 —Z DAL LT, K-
BRENT (Lateral) % Figure 2.8 |2, TEBEH)E! (Vertical) & Figure 2.9 (2579, Figure 2.8 12
AYKERER T 7 F ax—F3, iRl S ER L2 /KET RIZEML T o0 D ThHD, RO RS
ZAROT =5 Ry —bEA— VR T — L) POHERESNTRY, SEimEl CliA 2SS TnD,
EEZZADT — LHEICHLIHE | BRI H RO LT — ANEE R DA, A
DT —LDBERBERNE LD, BRAEELREIGER THREZVPEAET D, Ry T —L50
T URT — AR RSB IR A T O B R ED AU TRy N T — LN L B 57z
O, T IF 2z —F 5 IR o T mA~EALT D, Figure 2.9 (2B T DTEEBREI T 7T o —
Z1%. Poly MUMPs (ZF-S3WTERFENIZb O TH D, K EBREN Y & RO FUELCHAR) 5%,
By T —24 (Poly-1) 32—/ LR 7 —A(Poly-2) K06 TREICEBESNTEY, Ry b7 —20MPgve
BEINIT 7 F 2 —Z e E TE _EF~22E BT 50 CHEAMRIC R L IEE 7 M2 5,

INDEBEE T /F 2 —H T, BIEI TR R ET 7 F oo — & LB LTRSS Bl
INTHY) MO BEREERLT v TILTE GBI 2T AR ET DI ENTHEEV o7
R 5, £o, A /BAT— NV ThHHTO R BLBENED (A NS BB ELHE R,
LR, JFEIIIT 2 —VEERI AL TS SERBREORE| CJ:O'C.*leEEJJ’Jr?“{‘ﬂjJ\”’\{L
THRRMEDRHDIL, T/ TF 2z —FE ROREPMOBEIEEUESES RITT L, #Ax
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ANF—RACLDBHWEBDBHLLRERRELLTET LN, &
MEMS 7 /34 AClEd DTS TUeu

AN A 2 O T, MLl S L T HE

BB SE B 897

THIAT DB, ZOFEMNL~Y A/ 03T =2 AT LD THIEAT705.

Current path Hot arm Anchor

/

Direction of movement Cold arm

Figure 2.8 Schematic and photo of lateral electro-thermal actuator [18].

Fixed ends

Cold arm (Poly-2)

Hot arm (Poly-1)

Connecting part
Direction
of movement

Figure 2.9 Schematic and vertical electro-thermal actuator [19].
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232 wATOIFT—VRT A

BIEICRBALE T/ F 2= —F R L ORI AT LA HAIAA A Y = TRAN T U T %
TR0 DA aIT— VAT LARINETIZH SR EINTND, AFITIEv 7017 — A
FAOHFT, HIEI TR LS ERE SR ABRE FADT 7 F 2 — & VT — RS
BlZBIT . & 2 DV AT AOEBIZ W TR,

2321 AP AITIT7—

ERR v A7miF— (Piston Micromirror) 1, Jt22H07240 1E (Adaptive Optics) 217729 A
FACHEASNALD THD, EAMN T —THERSNIZZRIET VAL I TEHNE B TR
¥L. IT7—HEOEEEEFA L COREORELI TN EMERE IR &S5 (Figure 2.10 2
B PN, ARG - S RRE D MLEMEN D MEMS <A 7037—7 LA KK LIS 2 & O {4
A A=V Taria—)L FEEREICRASN 025D, BEREREELL TR, IT—ORE)
&, 35—/ B, BRENSE MY IR, 3T —RFE S 5 9 AE gk (Fill Factor) °I7— 7
TR AL N R RET D L THERTILELDHD,

Corrected image

(a) Image of aberration correction.

| 1 Oufput wave front I

—-—I-— I Piston

Input wave front micromirror

U 4| l Y| U ¥

(b) Cross sectional image of wave front adjustment with piston micromirror array.

Figure 2.10 Aberration correction by using piston micromirror array [20, 21].
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Figure 2.11 \ZYEFAHIEISHE SN B BB R L 2 o~ o 2RI F— D flZm3 T, 35—
&% Poly MUMPs I[ZJWBHES b D THY 37— IREBERAZNVIE, 37— RELHFTHTL*
v ROV AR (K P CIREBREN TRV 0Bk D, LEERICH Y537 —RETEE
MROMNZEEZEIINT A2 EICEs THER N RAEL, ZLE i ryDIXRHED AT RITLE->T
ETFHROIZ—RALENE ED, FER BB CIEIEINENE, EAHMEBEBENE ST RS
DY, X7 = HATHHF LI E TEREIL B S THhAHID | WELTE R BN TE
Do fBL, I TRLIZMEE TIFIT—IRE T LR 2 3 FA — [ NIZH BT, 37— 5 HEEIEAEL
720, F72, Poly MUMPs OJE R TIEIT— & FetRk L0 THIEmRE DR KBS pm THY,
IT7— BRI DM RSN D K A3 8D,

I BERENH O AR~ A 7835 — 2 2T Lk Figure 212 107+, 2035 —v 257 A3
NANKORIT — M SATNT DT o F L 3= |2 Lo TR T DI E ISR > TRY, #1711
TEBIZIE I M RN T g F o TR T A7y MBS TS, SABATH o FL3—
13 SisNg & Au FC Lo TN SARERDRN a2y [GE R Ay F LIciiEicie->TRY, R
AL ISR A FINT HI LT F L 73— 23 EAL | SiaNy & Au OFFIREIZL->THh

Mirror plate Flexure

(a) Photos of electrostatic piston micromirror array.

Mirror plate
(upper electrode)  Flexure

M Z LYY B BN
L@

(b) Behavior schematics of electrostatic piston micromirror.

Bottom electrode

Figure 2.11 Photos and behavior schematics of electrostatic piston micromirror array [11].
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VFUN—RBROERE TR T, AEETIZEAT /F 2o —FEEO/NY B DB CHDH LV
WEENL, 7V 7 F 7 (Flip Chip) 7 mAllo THREMSER LICIT—REFIERELT
B, AR L BRI T — AT A L0H RERIT— S A EMZHERL THD, E2, 77T =
T TENIE Y MR D 8o T E T M OB AL R L | B &% KETAHITRMN
ENTWD, —FF, BEERETIIERE B OAEDNIT—ROMOEEIREL ., VAT L2EE
EIET D, HDHNI—H DB R L2 TEHENREIIL, HFEFIEICER B2 RIE A
BEMED DD, £o, BEIEORBCLIEANESC. ISEHZR BT 270103 AT L2 kL
TORBEEFERTAILERHDRE | REFI ETEETREAITE L,

Mirror plate Actuation system Bimorph cantilever  Post support

(a) Photos of mirror array and its actuation structure.

Post Mirror plate

Gold Oxide layers

Polysilicon Silicon Nitride

Post support  Bimorph cantilever

(b) Cross sectional view of bimorph (¢) Cross sectional view of micromirror
cantilever. structure.

Figure 2.12 Photos and behavior schematics of electro-thermal piston micromirror array [21].
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2322 ARTFTVT=AruI5—

AN = A707 =R —RICRFEBO A THLDIIH L, R TR BREN R 5t A7 A B
HEED FTRERITIR A DL DEAT TV 7~ A 7135 — (Steering Micromirror) &FES, FIRILA
Xy TRTATUA RBRICRBIDRANTFRONT v T 2 —&, JERFREE R 8 I <
RENTWD, FIReRERAEA B - RIS B Do ERAARIC AP T, 2 2BRE T, 2
T — D JEFTERERE ] O AN va il E s S TRY, DMD DREICER LS ERE
ENTVBLOLHZ, 2 TiE, ZOFNLAIED — LU THIFER R LI HERS XL E
BB T DOAT TV A T35 — | Z DN TR B,

Figure 2.13 (ZFFEBERENKD ~KTAT TV 737 —&7 TP, 2037 =7 L A130E1E F vk
U= PDRBMLAA v F 2 Y AT KA SNHIT7—HEFIETHY, I7—ICE>TL—H )
ZZTHTEOAE TR THEFOYVEZZTIROLOTHD, RUAT AlF, 37— (LEB
BR)  IT—RERT T —aridha, RO ERE LS THRY, Poly MUMPs |2
Lo TREHUEEINTNA, Fio, RERIT—AEEBEDL-DIITAT SRR AL TR LI
TV T RS TRY  FALEA T OEmSELESERRICIG U TEZDIEIL ST, Bt &, 5R
BB EARE 2T AT 2N TEDIDRE B B EEITE L, ERRTIEYX 250 X 250pm O KA
*‘ib—%ﬁiﬁﬁb\ FUMELE 60V TEALA 5 DL — I R EHL TWD, FrEERIAT 7Y
IR RTE LT R R R oL o T R T

)Il
PRI AN T — L REEIC Y B R
DA, \7—%:1"’ VeI D7 O DERIHHEHE B O OV R — MEE S S L - ML L9, IR
BT ZEENCHLAA T IO T IR E AN L & 2 B5ND,

- . Mirror plate
Torsion spring (upper electrode)

Substrate

Bottom electrode Solder bump

(a) Schematic view of micromirror array. (b) Photo of mirror system undergoing
beam steering test.

Figure 2.13 Photo and schematic of electrostatic steering micromirror system for optical
switching [22].
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E7z, Figure 214 \SRLIAT—FBABRBHHO KTAT TV IIT— VAT LTHY, L—
PF 9T DOL—PHET 7T A7 ZHEL, T 74 A ~MERAB R TOREEATRIBDOTH
B, 37— R ED ARBICHREL T A RO REBRGLERT 7 F 22— 5 DL TSV, /N
BB AT LTHY, EEDED2— AL TRV —FF v T EHT 74 OBIIEATHIET
fEASNS, Figure 215 (SR T EIIC, 4 ADBIT /F 2= —F 2B THILICL-> TR
SEHR T E AT TTREEL THY . MA— AL DL TR A E 25 EDOIS—HlERE %
BL T3, BREEIT— VAT AOBE  RADFERIFT—RLL OMBEFEN TV HHEE
RICRATRYRERDBREL, EEORENE T T 2HEB8BHD, LHL, RVRT LT —
PHOFEER T LA CIT— O BERENICEET 27 7 MR>TRY, 77F 2
= — S EREIC LA ROBBEI R T SR BALAR->TVD, (AL, Ay F LI RRF v =LY
IR EBHANIRT— BT OUNERDDT A RITEATHHEE T, BN L DA B LI
REH L ELLD,

Gold bump for
VCSEL flip chip

assemb

Figure 2.14 Photo of electro-thermal micromirror for VCSEL laser to fiber coupling [23].
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Tormperature
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Figure 2.15. Schematics of the electro-thermal micromirror motion with temperature
distribution (a) vertical tilting by two upper actuators (b) lateral tilting by two side
actuators (c) diagonal tilting by one actuator [23].
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23.3 RF MEMS
AEITIE, 5 6 ETHRTIHH RF MEMS A1y F OB EOE REL T, RF MEMS O K
U RF A A v F ORI OV TR RS,

2.3.31 RF MEMS &3
RF MEMS &i% Radio Frequency MEMS DIE#RTHY, IEC (International Electrotechnical
Commission) TIZLL FDIIICERSN TS,

RF MEMS : application of MEMS technology in the field of wireless communication using

radio frequency bands

F72bh RF MEMS &3 S8 I £ 2 7 A LT-1818 25 B~ MEMS O Téhb, MEMS
DEXEAVREAREL RE HIHIERE O —(RER LR ATREL VD RHHETED L AAvTF AU E 75
NG Y EREDBEREREET 7 EICERL, Fa—F T NI4T T A7 X E DA% RF
FRAZFRBELTHBM, RF MEMS @ —#l&LT, DC =27 MIED RE AA v F O#;ii%
Figure 2.16 (ZxT, Ay T O LEEBITI L F L A—REETHY, SERIZRA AL THEHIC
BEESNTHEY, BT —7 v OEBREICHIZFEWER THRESN WD, LRSS T
HEROBICEEEZAMTAIETHETINREL, I FLAA—RNFANZG & TFbhbZE
(ZE o THRIREMINE BRREBEML . A1y F 1L ON DIREEL 2D, BIEFNEMERT AL, HrFL
N E ST > THED OFF REBIZRES, ZOESHEMAEIEIX MEMS §54 0,0
THY, RDOEFT S AALREI R,

RF MEMS OHMRIZIEZ oD RIE 255, 55— OF AR RDOEE ML DL AT LK
ETHD, FIZAIE, FEEEREZVDEDOD MEMS TR3A AL TEEWRZ HILICLY, AE %
(Insertion Loss) & N7 YL — 3 (Isolation) &\ o7 (E BaH D m 2R (12 BL 44~ 24
WA LT, RIGREADBRORENLFFTES, E, MR TIEANYF A X7 ERED
EHmIET AARZV = DOAFT T o703, MEMS (2o TEV w7 OER LN TRETHY . 21K
A2V A XD AIAMEBOZI RS KEW, BB ZOFEIZERE - 25 L0 SRR THY
MEMS & o THEREMT CIIERBRE TH o T-F 2 —F 7 ke, B EESHEOTEI. H
DTN F eV ST BRREZ A IR THIEN TES,

—J7. RF MEMS O KSR EEEETHD, ZHIEMEMS 235834 RE CH BN, Kz RE
MEMS TIZEM AR OEE R DT 10 FRTHY, ERESNTOB T SAL AL AL VT DI e
HTEMb, KRR 5 F MRS L BT AGEEOFHE - B TEN TV AL S I BEER,
Fiz, PEEETITHLT MEMS @ RF SMEDEBAIEDAITTE B 2SEED | MsbR AT A 3 i R0
fill- BEHEE VST B R B E LR D ARBIHEE»LABIN TV NIELER OO LS L E
Zbi5, BIED RF MEMS 73 BF CIIEEMERN LR EERETHY . 2< OWFZEHE - 0 2%
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(a) Cantilever | o |
(upper electrode) Slgnal line
i -
| o Contact
el N point
(b)
Contact
point

Offl-state

i Signal line
Lower electrod

On-slate

Figure 2.16 Schematics of DC-contact RE MEMS switch (a) Top view (b) Cross sectional
view with off-state and on-state.

FERI RN SN TVNVD, RE FEHEL(EHIED LAY, RE MEMS 7 /34 RO Wi 5% AD A G & 7E
T BF KA R Pp o TND,

2.3.3.2 RF MEMS AAyF

RF MEMS A1 v, RE MEMS O 1 Theh EF{LDEA TVDT /SARATH D, FlAIE, TR
ﬁ%\‘/zimcmj‘égﬁiﬁ{%miﬂédﬁﬂlxﬁ”@ BEL—F VAT LIBITDET =X THERA
AT | B L O BRI T SEGEALy F el BRI ER T /S AR
LCEAsShTW5P,

TNETICMESN TS RF MEMS A4 w5 (X, O, A Ay F 7 OfEEFHE, ks
DNLBRIRRE DEWMIEST Figure 217 OXSIT 6 BIEICHET LM TEBN, L )—2%
A vF (Series Switch) ITEEKICESNIEEINALD T, A ZIMEIZ ON AT — N TEERKIE

Ta—hL, arZZRL TV RFETIE OFF A7 —heph) | EE A — 7 N2 HHD AL
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DC contact
Inline

Seri ol DC contact
— Series switch Broadside

Capacitive
Broadside

MEMS switch —

Capacitive
Broadside

Capacitive
Inline

L—| Shunt switch

DC contact
Broadside

Figure 2.17 Classification of RE MEMS switches [1].

FTHD, —F., Y hAAvF (Shunt Switch) IHERBE LS T RO DL K ICR B S5 2
Ay F T, aZIMDIRETIRERR I FU VRS OFF 27 —he/eh v 27 L TUV Ve
VVREE T, BEREZEOEEMFTIIEITRY) ON AT —hehd, $-. A HFREL T HE
RELOENZLSTA YT 7T 58 BRE (Capacitive) B, £BOESEEAIZLS DC =
#Z7h(DC Contact) D352, SHIZ, [ERBEOMBRGRELTIE, EER EIcA (v FREESH
Ao F BRIMEER DO —ELA2 DT (Inline) BlL | (1K ERA T H S BEL- 70— 4
K (Broadside) LSS, U EOIIRMHADRITNZ T, BERHSLBIWE) . Bk
TEERS, EERFERE OBREEEDE L EE IATLN 7= EREN H A DB ML -T2 72
FEIED RF MEMS A v F RINETITHFRBR S &4

ZIT, INETIHMESN TV DHEEIR RF MEMS A1 v F % ZHI#E4 %, Figure 2.18 X
KERy 7= A CHRIELE DC 2 # 7 N7 a— R AR ) — X2 F T B 2 (i3
WD RG> TRY, VT EDITROER R O EREES K E<mRAR LT,
60V EVOEFHVINEE THERENAAvT 7595, £z, LEVEBICITS Ve 7 % inE4 2k
FROZERZRT, BENRKENTHEDLT 8-10ps Vo722 vF L VB EFER LTS,
50GHz LA T OfE 5 AR CHRARK 0.1dB, 7Y —3ar 30dB &0 ) BT RE bk
DC = #7MREDFERLNR D, RIT, A2 T D DC 2L 7 b —R ALy F % Figure
219 (TR TP ZOAAYF L OFF 27— N CH— L B HMIA F LRSI > TRY. 28
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Figure 2.20 Photo of capacitive shunt switch [32].

-29.

MEMS



2% MEMS

50pm &/NEITIEBH B8, OFF A7 — MBI A EEREN .V B2 E MM L T 15pm ZHEdR
LT\, BIRL 724 v F LA, 30GHz LA T CREAEK0.15dB, 7V —ia22dB L o7
BfF7e RE FeiE&EEBL W5, ki, B ER EH L v MRy F D% Figure 2.20

(R, RS P EOBEREII T, Ay FEIMEEKO Spm EICREBSH TV, T
BBOFFERBIZ SNy 2 AL, REZFIBIZTHILICEST 80~120 &V ) &V R ER R
ZIERL TS, HEAEANIDCHALIERFEEHL O TIIER TEROA, 10~40GHz D
BEREIRIC BT A% 0.07dB, 7Y —3al 20dB SARD TEV RF Fitk4RT,

UL EDISIZ, RFMEMS A/ v FIEFBAB K -®T AV —arb o7 RIEFR RF FitE% R
L. fEeDBEREERINT LV 24 (Field Effect Transistor : FET) A4 T LB AA T TlEsE
B CERDOTZANyFHEREEZHIBE N TB, LAL., Table 2.3 OMERELLIGE 2SR TL91Z, RF
PN DA T TRE | BIEEIE, EHFhL Vo7 mTiE FET BAAyF LRSS -
THEY, WALRITNIT AR GREITS P, B0 Fad MEMS OMlAA T 7

HEICRET2L0THY, BELEARIZL a7 NROEE, R OVEBOT +—T 7 v 7 A5
(IFDREINL DA ER R LA EIBRE LOWENRa L ZINRE S (LS TRy T
TRERZFERITEBEREEZ LN, FO7-0, BT OM B B R AL LD IR,
HWET A AOREE L FEELR LSE2720 OxIR BV MM ESIV T, T
B2 EIR > T BT T r—F BV RiEAREEERED-DITE, A v T o e

A

AT LEEO RELIZL DR L RERATT DU BERHDDTIFR IEE X LD,
Table 2.3 Performance comparison of RF switches [24].

Parameter Unit FET switch Mechanical switch MEMS switch
actuation voltage \Y 3-5 3-24 20-80
actuation current mA 0 150-14 0
power consumption | mW 0.05-0.1 <400 0.05-0.1
switching time us 0.001-0.1 >1,000 2-100
power handling W <5 10 <0.5
RF isolation

dB 15-25 / <20 > Al -
(1-10GHz/>10GHz) / 40/ N.A >40 / 2540
insertion loss

dB 04-2/>2 <0.3 / N.A. .05-0.2 / 0.1-0.
(1-10GHz/ >10GHz) | * / /NA 005-0.2/01-0.2
size very small large small
cost Us$ 0.3-45 0.85-12 8-20
life cycles billion >10 0.0005-0.005 0.1-10
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T

The beauty of MEMS
The picture shows being fabricated tri-state multi-contact RF MEMS switches.
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Figure 3.1 Image tree of MEMS design and development.
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Figure 3.2 Comparison of conventional MEMS development flows with and without
concept design.
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(b) System maturity with concept design.
Figure 3.3 Comparison of system maturities with and without concept design.
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Figure 3.4 Image of surface approximation by response surface method [3].
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Figure 3.5 Genetic algorithm flow and images of crossover and mutation [7, 8].
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(a) Neuron model. (b) Neural network.

Figure 3.6 Schematics of neuron model and neural network [9,10].
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Figure 3.7 Schematics of neuron model and neural network [13].
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(a) Dynamic model. (b) Equivalent structural model.

Figure 3.8 Dynamic model and its equivalent structural model [18].
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Figure 3.9 TRIZ technical tradeoff matrix [23].
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In three words I can sum up everything I've learned about life

—1It goes on.
FANIZDDEFEIT, FAEATT AL DR CE B TXA °
DFED, TANEZ -3 L0z,

— R. Frost
=37 QN
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41 T u—F

A SLTRETDH LU MEMS BESIRFEIL CNETHRANTERIIICFRDO Z2DKRE
TR A IA L I LI E A A B TOD,

« VAT LOEHERE DI TIEARL, (EF R EERODPEZHEEL, L RT LORER
E‘J%@f%f%énﬂ n'l F__%ZE%‘JJVET'&_C%Z)&M
- BREBERMHIDERMSIZ IO Ta 2T MO E BAVFEM A CEDEAN

B E e BAREYI MEMS 323 FIEICHAIAT 7200, AR TIERELDDT 7 o—F
ELT, (18 5 FHm ) [ E BROFEE ] T1F iﬁ@fﬁmmfaﬁﬂmﬁﬁ%ﬁio

W—0TFa—F 1, (5T Thbd, HaREtBp T, Z20MECKFHE FLERE
LTEY, FRICBITAEEMR DI AT A—F < RETHILTHIRR, F72, HEE
HOTH2, BIRFOIZLOX - TAEERDOHEL T EL MR R THLIZD, TnbH
BEELV, M5 MR AT GO EITI, “DT-h" &2 570 OBERF R UG v /3
LT 4 DIAENS 5T, B ChoTh VAT LR FEICHER TED LR EETHD,
F7o . ATOBREEVPFLINCHFATE, S L RO REEE W2 BMedFEBAICT
HBIEMPEEEE XD,

w7 Tr—FE, [EEMNFHIOEATHSD, TRIZ QLS ZEFIETER AT
PO TEMEI AT LA CE T, B IR BHIB AT Rsh T, a7 MRS
SR LT B HEFIC LR BLCE AW Ch B AR ISR DH LV FIETI (EGAND)
e I B T | D\ VTR EE AT, D E BAFHE R ORET S AT RRIC R, EDEE
L L BUEDE AP EARDL AT LD EREE B E ER T 2ILATE, MEMS 128175
BRsc o 7 R B UELZAE AR BB CRRREICIEIB T2 L TEDLE A DILD.

B 0T Fu—FThEERORBLE, BEFEEROIILIL>TEPNDHEHF#RE
ST E T BT AR TR T AL THS, FIETIRBEFD CAE £
TR FIETIL. HiTE ORI OIES DENIZ Lo TS BRSO EHERICRY
WAL TLES AN B B8, AFIETIE MEMS (2B 2508 R Bl TH->Th, PBRE
LRED A RN EO NS R FHMERE AR T DI LZ R HeT B, T, HEROBRITE
WDOT VAT T THDHIZD, Bk D BB EMO T V=T BMERE LA THIXATRLIIR
H7RRB T IETHDHEEZDND,

w7 7e—F L. TBEE] THD, % Bl N EEICL o TS D — TTIRRREHE®R
e ST A—EEEDERTHIL ML o TR ELTAIERE BN RER Y AT LR
S5, BEE Lo TRETTTRERERN ST E5FROSE, BREHE OF RROBER, MES-/
&N B R BT LN TED —F | B E OB DBV E - TRONDAER [CREIRENE
U TUES AIREME D D, LA WL CELTA—FEERILL A 0@ B B EEZR XETHIE
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RTEDRLIT, /UNUREDBBIEREEVAT BIEMEERIZ L MEMS #lL3E Tih-
TOLHA DL FRET., B BRE 1 E A3 FHEINENMTRA D FIRIRDEEZ BND,
T2, MEMS#ILE OH & | BiRE LIRBRORE REBDECITIEEEEH FHm O R L /ESE) % B
IRHEEZONDH, FAUTH AR BBV TR R BRI TR THOLIE R, B 1T
OTDIZL BB R UG T — 22 EET 570 AL L TRBRTER ORI T2,

MEMS FAAADIZEHETEERS AT LDOBEA . L COM S K7l AR 5l o
M EPMES, it COMoT M RN ZOEEHMRENCEBE RITTIENBASNG, 7
ITARFETEIAALLTORRLFEFI& HALL TR NIZE B L, SR Th 15
LBV AT ADFEIRBIOFIZEAEZ B V-, BIZVAT ANICBIT BN — 47, 47
DRI LD FEN VAT AOMEEE T ESRBEE L, N — A7 233 IZ&koC,
REMBAR A BT N TEB T AR MR T,

b

42 REFETLMERE
LITAFEICBIT DY AT MESRE O EE R EI LT 5B E F ) LTS o IR

WTIR~%, Figure 4.1 (29 AT ACEIT BERSHHE F L4 EDBREAR R4, 2o

FF RUHERELIT, H<ETLEARH BB TELIBLOTHD, MRl NS AT W iR

System
Effect

f LDesign parameter A Performance I f

J
LDesign parameter B Performance II ‘

( . Ty
Design parameter C Performance III | ‘
Design parameter D Performance IV ] f

Design parameter E Performance V J

— /

f :Up ‘ : Down

Figure 4.1 Relation between design parameters and system performances.
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SNHHRRTOLDTT LFIRE2 MEMS 28\ Tk, BIZITEEA & IREE, Gl ofk
BAFEICINA R RRE M, 2 ANMRE b RIRFCE RanD, ELT, £IELLTOY AT 4
PEREIL, EREINDETOMFEO R LELIZE > TREMICIRESNALB 2 HILNTED, IND
PERE i/XTAODE&H RF-OEIZE>TET B, FIZITREREE oo TER, BEE, MR
Wl BBV THRHTCEIIN L, B, B L O EIZIVEREITE > TD, 77205, &xEHA
FHRASTHY, PEREAH I DBIRIZH B, Figure 4.1 TRLZEIIZ, TR TFLEREIT X —
OERICHDEITROIN | HEREHE A ESETGE, N ETOLOLET 5L
OINBADFTHEVE S BB, THUTY AT LRI A EEDR L THY , BRF DI —RFAT L2,
VDD EKNFOLEIC L > THEEOMERSER T5FR~EL TR TOBRFETFO
W2 TETDIED I TRIEIZR L AT LEREE R ESEHZLITHL, T72bb, et —
NATREBTIUEEVIEE | FOVAT LATFEFH O B BEMES, ERORMP N EHIBTED.
Fie FN— N AT VAT LCNETHER THY, FIR TSR AFEMERFT RIS ORGH /ST
A— B OFSEC o T BRI TEBL O TILEN, FL—RN T 7 DEFEIRY AT LORELE
WilF B AT e BT THEA IRV SN B RETHY L TEOTHEIF &R F ORI TITah
NHRETHHEEZLND,

I AR CCIE R T e, FL TR M SR E TR T R — N A T R L L TR
2l T MOHiA T B EE LT, VAT ACRT DN —RA 7R EERICFHET HILIE-T
cd)%ﬁl*fw‘/\'~/7‘4#-[:IJIH§J?L U 2T WA IERE DR AR HIEEITIED, BREIE v/ SV TANR
ST . BENE I DB B T AR S BT T D T AT E TEDRETE FOBA S, &
5‘-%%0)?%”&’%;'0 B H X Hﬁr@%é:& 2725, ZOFEEOMEF%Z MESA (MEMS Early-Stage
Analysis) &L, WHEILIETEDTATYR LFEEIZARILD.

4.3 MESA OFEAME

431 MESARE

MESA 1233\ TiE A F %323 T (Design Parameter) &L, (HAJ23EREEV YD MR TERLT
B, T AT LMERE (System Performance) & Ci (i=1,2,3, - +m). AR BRI TEAD
HEHETE 4 (21,23, ) ELTEOBRERATD s fLERTDHE

C~=f(d1,d2/“',d~/“‘rdn) (4.1)

i ]

L) MEREITRRETR T ER sEr L AEHELTRT IENTED, ZIT, HBEOEDORERF 4
5:% E L\ %@Eﬁgl D%@;)Ugffﬁfﬁz@'f Clj,1, ]',2 ujj—ﬂﬁé"@:ﬁ. @/XT-ZAriﬁb C;],l, Cij,z %L’/)h\@
IDNTEET Do
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Cij,l = f(dlldzl"'/dj,ll”'/ d;z) (4.2)
Cya= f(dlldzl"'/dj,zi”'/dn) (4.3)

ZIT, EBUL-BfREEIRL7=b 0% Figure 4.2 1R, HBEREEF T ARICEIT AL RT A
MEROZLZERIITRIAL Thb, EEDOVRAT ATERHE T T3 2T MERE DL AL
uwﬁﬁ,m#aﬁ%ﬁ»wo%{ﬂui BEERE ORI BWTRITRER G A Z V), £2T, MESA

IR I T DV AT MMERED B L ZRIR L= I IR EIL ., 3D S 25kl 331t
5%)]%%{ ERFHNED S ZFROIRLL B E1T 2> T B, L CREHE F O 27 AERE

ST LR BEZRE (Sensitivity) LV IR CTHIET 5, MESA 123513 2% & (MESA

Sensitivity) siz FROISZEFE TS,

log (Ci_fz / ij.l)
log ( d;,/d;, )

5; = [i]

(4.4)

BL, Cii1, Gijp#0,
Cip s Gjp s 0, ¥/21% Cia2s Cj1s0
dj,l, dj,z #0,
dipn s dip s 0, £721% dip S djp s 0

— Actual behavior
==~ MESA approximation

System performance

d.

72

———

Design parameter

Figure 4.2 System performance vs. design parameter,
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(4.4)3 52 MESA JREEOPF B4, AR T d DEARIZH L T AT LERE Cy 28 £ 5 (Ascent)
bbb LT 5%EITTIE (-l-)c‘:b B (Descent) 372 b EALTAEEICITA (—) LERE
F5*, ZIUTKY, MESA RIEOH Bk TREHRF ORI+ 2 BB M2 HIH T& 5.
MESA Tl Figure 4.2 IZRIT AT RISN B &% BRI So TROTENERKELITERL
TR, log SRR T DI LIcL- T R FOE I T2V AT LEREDE(L I
VBB MESA % 0 &9 AT LM A L RIS, B TR E AT/ > 5 6 OFFMIZEE
Fl B BB PER B LN TR BT TS, -, Ak Bk © A RAI/ G R T
LYERE OB A AT TERVEAID, BHRARE ML EINBBERIC I THREN FRELLD, &
BIZ, (44)R TR L&, &E E%&U*/ZTA'YE’é‘Eﬁx 0 F-RIERIZDIZ>TELTDE
& MESA RUE#F T 58T TERN, LAl MESA BEIIEAMICERITEFOI AT LM
B AEECHDNS, FIZITEM OB ITITHEHEZ S 7 M5, IRE TIRER (C) 2R
L () IS T 9 B8 ORI B B G h e R A MR BB THIET, ZOERITL o THIETED
TR R T DIENTHETH D,

WRAT . AT WEREI M — R ORRE R FOEBEOKBER ST DD, FT VAT A
Mefe = Lo PS5 K -0 MESA REEEDFI% 1 &L TRIREERTT2). W AICERGHAFO¥
AT IR 5B (L& AL7. MESA % (Normalized MESA Sensitivity) {3 F3D&S
[ZRBLEND,

5= (-1<5;<1) (4.5)

Sk

I

=1 (4.6)

T OB LS TR EI DV AT MEREDE S-S A iERED E B MR OBERRIN
BKHITI2D, F7- B FRRlix Gl BT AT LHERED D 2R AR B MEENeIRD, &
AT AT Lo T BB L AT MEREEN RI2DEEROV AT LHE F— A EDD
LA FA A LM AT REL 72D,
DE DR FE T IERD YT VAT MEREICE B 5D EMEAHY, EHRTFOEILIC
L CE NIRRT B E AT BB A BEH EOMN —FATBFET DT AT
L— R A7 O E%%E MESA BEIZE-TERT L,

\

s..-s,. <0 (4.7)

* A CIE R A TIE (Steepest Descent Method) & RIERIZ, gxnﬂil%&U[/]ZTAfiﬁuﬁ)Tftﬂ)fﬁzTﬁ“f
. B EOBEE LR (Ascent), BlLOHEERT (Descent) &RHET D
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STR0, ZORFVRT IERE Gy & Gy 13, BREHEF 4 IS0 L TR —R A7 OBIRICHS, SoT. A<
FIETIE, AT AMEEER O MESA BREOEARFEHETHILICLST, B — 7 OELE
EREG AT AL HRETH D,

4.3.2 MESA <Ny I RLBH S}

AIEN CE SN TR AL 20 MESA BEE 5% | L 27 AMERE Cy &1THT. R T %3]
FIRNCEEE L 7= TR T~ N 7 A NICERF 5, ZIUCE S TREFHR F DL R T AERE Iz 55 B2
BEL, B EORIOEL TR EEEHIC (BZI)HIF$52LA3C&D, Table 4.1 12
MESA BEDEIF%4772 7= MESA = h w2 2 (MESA Matrix) %73, MESA REZFIH BN
BT HZLICEoT, UEDDURT AR (R DEBETRTFORBELERT I LN TE
Do FIZ TTHMIC MESA BER #2812k, OEDDREFHE TN TBI—RF 7 oD
FHEZREAICIEE TR,

ZZTHZIZE S (MESA Weight) %5572,

0<w <1 (4.8)
Dw;=1 (4.9)
BERREYT VAT MBI LSRN S, EL0MIE 1 ELTHI AT MERRIC RS &N, =
BT ORHE ST EREIT RO B A IR SR B, BEHDTOREIL, 0¥ T VAT AERED

MESA BEIZ1T7ebi, RE DI CIE MESA VMY IR TR E R R DB A E LB HNT
728 fE% MESA BELL TETLETE A LHE, VAT MEREM CEASITICER A b

Table 4.1 MESA matrix.

C, G, G, “ee C

W, | W, | W, | e | w

1

ks

d * _'>(~ * *
1 S Sxn S a1 S

2 S 12 S 2 S 3 S

d £ * * £
3 S 13 S 2 S 33 5 s

mn
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1T Lo T AIKER Y AT LEHIC I BV AT MERED BRI 22T DI LA Be&ind, E.
AHP OIS BAEEREL . BRI E SN ELOFITTERET DT LT IALE =Nl
B LhE R BIAN. AEETHGZ CEASTERIFOHMIENS B HEEEL THD.
el i ICEAMIEOR EL L B CELEEAITTHILILLST, BE L SUTADRE
SEHIWT S ECUELR ARG o B ERE R,

433 VAT AR

SEE Tl (LS MESA BEELEINZEST, &% DU AT LEREICKTL TR T
WIS BB HERIC R T D ERE TRl ZI T, VAT L&, T b AT LM
DR Bl ATH =010, HiT-lo s AT AT A (System Score) S & FRDINZERT Do

Hl

S= Zwii s; (-1£5<1) (4.10)
i j )

L 2T LI AT P T AT MR ISR AR {LEN T MESA REDTIZ, DY AT A
VLRSI B A ST SN2 A M T b O ORI ThH D, AFEITHEEHFHO M TR DI,
25 B Fl S A T B AR L TRl asd 2T R F AR AEL T, MESA KD m
M AR ERT 3B, MESA T, Z0OY AT SFHI AL Th—4 /L #0727 OB AT
BEIC AR BEE X T, VAT LIRS (L& 7. MESA RIEOEETH DT, MESA JEAEN
ATECHIITERT 1. 2 TATHIIER/IMELL T-1 225, Lo, A7) THARLILLIICY
T AR —F AT BEEIE T BIEY | AT LFHI AR 2B, MESA TR\ TR —F
FTOEEE AT BFHOREELLTBY, No— AT RFELRNVAT AFERVDYAT LE
HIrEn Bz &z 2D,

S RF MBI AR — AT OB TR IR DI LIZ > T, BB O
MEMS HifliE TioTh I £ 7 MR v/ U T ZHIBTL, ZOT AT DEKIEREDIRE 1Y)
PR EEATIRIZEMTED, VAT LFHAIE, LR T AL ST R (EFFEMT) EE
AL TAEL2 D, W2\ IR I TSR TR AR RET DL RIS, YT AT
AR OELEAE TSI Lo TYAT LD EEHEEOHARF 21TV, AT LFFIRIZ
F T AT IMERED LT 2 OIME T+ 2005 Il T&5, flZiE, Table 4.2 (a) (b)IZART &L
AT 01> @2 > @3 EVIERSITICESTUATLERE G EARELL TEREERELE A
Table 42 ()iR T EH R 722 T ERF ISR ELIRIED S, Table 42 M)A T LI Cric
B SEIERT (Priority) 4\ VT, BEHETOELFMELEXT G IZBIFS5 MESA RE xR CTED
BT Do LT, VAT LI AR ESEHTEMNTED, ZOXIRIERN LR AT 1T
BERTFERETIFMEEETED,

F- ORI DI LT NIOWTENEN MESA & L TRIEMITZ1TV, VAT LFF
A Lo CEEM R T OB T AL A EELR D, VAT LFHERDE W AT
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Table 4.2 MESA matrices with and without change of design parameter directions.

(a) Ascent setup of design parameters. (b) After the direction change of design
parameters with C1 priority setup.

G |G| G G | G | G

Ascent w1 w2 wg, w1 ZU2 qu
* * * * *

d, |/| s 11 S -5 3 d1 /| Su 5 n =54
ﬂ* 1* * > * -',(_

d, |/| 55n | Sn | s £ d, |N| sh S » =S 3
_,#- * * _7;(. .'* ”‘,(_

d, |/| -s 13 S S d3 | S5, 5 xn S 33

D > D, > @, priority : C,

LBRENENTZ2 BTN THY | BREF /S T AN K ENEEHIWTESND, T A R O
ERERET DL L THEI T ORBELIREF L. m— WLl 4 % bt TR
HOPFLCRREE FOEALBEFEOREHE F OB R E 51709 2 1o ks Tl T e 05
HEBEMAI=F = 2a 7 28I, TNERI T NEERIT 528t 11 CHh D,
MESA ZHW3ZEIZh>T MEMS OB MBI A5 ROl iR OV
i FIEIZ 2Bl EZ LN,

44 K&
MESA TIIBEERRFT MBI DR 3R T Lo =7 AfE WCEB L, WA B OFEET 53 3

L—RA 72T AL Car T D E B #HiliZ FTAEIZ L 7=, MESA D% % T MESA |
Lo THELNIREHESH A RIET BETRDISTD,

" MESA I s DB, BEHEF d, 730 257 At Cill G2 DR B %7,
- MESA REOEEHFSIZLY, REHEF ORI 2T AR 5.2 2585 a7l 1E
DEEITERE (ML), ADGEITET (BIL) 2Bk 5, 27 BED LV RT LR T

FURERDHE TALIIBRHRTFI LN —RAT DBME ChHT La R,

*ER 0l lIo TURT AMEREDEL 20 RIEDERE CEBLIAMC, B i A5 A Lo
ATEBLBEL TR EHE R ROILENHRETHAS,

" AT LEHEAR S 1, 2 T M OB BB,

?E;g):%ﬁ% MESA TN IRECS R TR AR EE T ATE DR G RS

T&%
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BOORE LT ML SR FT IR O M Z . BGHA FLMERE O RBIRE R IC K> TR S RIICEEL 972

TekD, BREMRTFOREBE, N— N TR NERRF ERE S COREEFPHEIIEE T
LISTED, MESA ORI % TR T,

- EERFOE TR RERETHETEILICEST, B—RNA 725 /DRIZINZ, VAT L
T LS AR F R EORFE AR B CERMNICER T OILNAETHD,

« MESA <M yZZ BICB W THLUWOEREREFOEA R UBEFOR A FOHIFRDE 5127
BEThY ., N — A7 O ELH BT 5 EC K> TH M2 B MR ORI ARETHD.

- AT DEFHE AT R DY AT LD WG T 25 A ICLEA TE RO ET M OES
% E BH BB HIET 5 ENTED,

Pl iR RTE 912, MESA 12k5 T MEMS OREA R FHERMEIC k1T 5= &7 MTEA 7T E
1B, 2T MM T AN TENL, FEEROTIIHELSI TR AR OII2Y,
TR I AR S TOERYIIMMENS, £/2, MESA ICXHRFHEIT, BT RIEARE
SR AR R IR TIE RS, AR BE Y R— L TRRAHF ICHL O = 7 M A TS
Lo B2 B, IR TIREEED MEMS 7 /34 A& > T MESA DFFEETTIELD
12 H LW ar T ORI I W TR E TR,
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Freedom is not worth having
if it does not include the freedom to make mistakes.

REEFTHERET I, & B TH MG,

— M. Ganghi
T P—
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51 YRR/ vA7RIT—T T AOMRE BT

i 5 ETIT MESA % B{EK#7e MEMS 7 A AICEAL  ZOZ Y HEORIEETT). REITHRD
AR A7 3T — X, 2 ETHERLINIIT—THEZHL, UAN (ET) BETLI7—m|
DEEERFIR L TS0l EE R L TSRS O TRMHE R ASN L0 TH ML
B EREN L BEEE O 2 FEOY AN v AR5 — AT A2 MESA ZEAL, Z03E7h
DEFAM Bz OMAERE EL iR 1252,

51.1 WEREXT— O

5111 BHEREIT—ORHETLERVAT LMERE

IR R A 7 03T — DR Figure 5.1 TR, EAN wA7RIT—1L, EHIE
Wi e HIT— R EF 0 LI RSN EEAZNVE, 37— RE3FT IR RLEBEDT L
S RO EVEMD IR STV B, 37— e FEEHRE ~OBERMIC L THER I
S FOBMER LTy DIERTIED TIFRIFD G IZE o TIT—IROEBPRTES L
%. == C. MESA 0O AT MEREIC 1= D EF BEREI R L R by 37— D ERIEAELL TROD 5 0% E
%,

a) 24 (Displacement)

b) BREE/E (Driving Voltage)
c) S (Response)

d) KYWEF (Warpage)

e) 35— 5A mERELL (Fill Factor)

Flexure Mirror plate

(upper electrode)
Fixed end \

Metalized area

Lower electrode

Figure 5.1 Schematic of electrostatic piston micromirror.
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RN T, E AR BRI KON FRILERE N B IR E T BB EE AL RE T B, KE/RE
TEATERTEDR, EANAAT—LLTOBRBIIER L TR F AL LTO B HEE Y3, THEE)
BEIIEH R UHEEREEORMSIHEBLRIZTOT, EOIEIMFELY, TRE M |
AT BT~ OREE IR RET HLOTHY, IRAREEIE (hEV) A A LTS
BHAETDILBAREL2D, 37— D IRVER I RO 58 FRETESE072 A J7 b o s
ZH 25 BOERBINE SR AR E O, AR E DI FIR AR A NS A5,

Sz, BLERFEIE TE 255 MESA OBEHRTLLTFRISRT LT 8 D0/ 3T A— 4 i
L, BRPKEZEIIEST-, Figure 5.1 1R THEIZ Poly MUMPs L— Wi T EFS L C
Y, THEA Poly-0, 7% 435 Poly-1, 37— Poly-1. Poly-2, Metal JH7 DAL
T0BPL Lo THEFOKEEIZ MUMPs DEERIZLDEIE ST TD, Fo, #ilk2 73
BT — LR TRE v/ S T A DA T 72010, 37— 2D k&7 250x250pm

——

1) 7% %% (The Number of Flexures) 124

2) 7L% v (Flexure Width) :15—30pm

3) 7L-% % (Flexure Thickness) :1.5—2.0pm

4) 7L% % v RE (Flexure Length) :100—200pm

5) I7—H 41X (Mirror Area) : 180180 —200x200pm
6) 17—/ (Mirror Thickness) :1.5—2.0um

7) RHTESETE (Metal Area) : 80x80 —160x160pm

8) FEHEMEEME (Electrode Distance) :2—6pum

5112 HEFBIIT—0 MESA BEDEH

ARRFLZ 35175 MESA REED 813, Msaztal &EBIZ, MEMS RO FEM fifdfi v = |
CoventorWare #fJFHL T/772o7-H, ESRISOF 1 F i o e INFETITWESNT
COMHEAEAOTER T B, AEOTL S i ka1 A Fld, n&7L v k213
R x HEMETAL7 00| (Hooke's Law) &0 F=io0 15 12725,

F. =nkx (5.1)

R TLR R IER R T, %%t?%ﬁ%b%ﬂ(l?jiﬁ’G?ﬂﬁéhf:ﬁ‘%%&@lﬁ%iﬁ?%é?ﬁ%\
ITREH K ETREODIZRT LT3,

_12EI Eps

= e—

13 13 (52)
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IITC ERTLIFUYMBIOY SR EEE RE— AV L ETL RV ES B IITLE Y
W8, TN ETHD, Lo T ITRICELZLNAEEAIITROLIITS,

Ebt
F = n—ls—x (5.3)

Wiz, HEAR Clk, BEOHERY o, BBEYEOLFEEY o THINEOBER EREE
g0, L TFBMOA——Fv T ERE A LTHE

£,€.A
C — 0~r
54
2 (5:4)
LRETED, Tio, HUNEEE VETDE, 2 ONAFET RN —II FRROIINIRD,
1
U==CV?= Lag Ay (5.5)
2 2 9
o T IS x I KBTS P, (B.5)RUTRT =X —2 ML T
E _yU =L SEA e (5.6)
2 (g0~ x)
LRIND,

BB AN 3T — i, GARTRTIERNL, GORTRTHERNO/ TV AL
BRSNS, BRI, IT—OEAL, EEEER TRBERIEI Lo TROBND,

F =F, 57)
3

1 geA V2= Ebsf N (5.8)

2 _ l
(go x)

2nEbt?

V= (o — . (5.9)
(8 x) g8, Al’

CoventorWare |- L5 #EREBITIE AN 17— FEM AfATIZ. MEMCap LIHEN O REA R
fH7 & . MEMmech &FEE N OHRHT OESART T2 CoSolve LUHFEMTA T 2 THEET
%59 CoventorWare ?® CoSolve iz kAT, Bk U7 ERAR AT B OVERERLEA IR
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0.7 : ! ! H—

0.6 ¢ CoventorWare simulation _E ______
' o Experimental results

0.5 | -| — Theoretical analysis

Mirror plate  Fixed end Flexure

©
e

Mirror deflection (pun)

o
W

e peme—pm——

o
o

@ -F--mmpmem e

e
Y

o -t o o]

- —— - F - -~k bmmm -

H
........ b e

1

H

I

3

Ll

L
o

0 2 4 6 8 10 12
Driving voltage (V)

(a) FEM model. (b) Comparison of FEM, theoretical and
experimental results.

Figure 5.2 CoventorWare FEM model and comparison of FEM, theoretical and
experimental results [7].

SNAESHTOB, Figure 5.2 1235910, FEM fEHFRE B ITEA OSERAG R LI EE— 2
LCHY, CoventorWare % EHBERBIEAT 121 L CRIREAL &% T&ED, Lo T, VAT LPERE
DIBIENL], TBREYEIE |, [SESHE | B O ROET 13 CoventorWare M HEH L, 233, e
FEHEL, 37— DREE BB OHRE BB BT &35 — LA FAT TSI IR E L . £
WCERBBIIIZ— L AT 2O IR A W LR E LT, £7-. FROERAIIZ—REmAIcBIT5 LT
TRDENEDRKENDELEE TS, BABICIT— K EOT SR THBHN, 35—
SO SHEREIT— 2T AL EOEEDLL TR bND, YAT LRI T A K FR
HFD MESA RGBT, REDVAT LET N ERIEL L CH BRI BREHE T ORE T
T ENUCLDVRT MO B B E T A2 LI L0 B, ERCYEICNE 7t =3 Gl
SEERITHE LRV EDRHRIZIE S VA F i 2 5,

5113 FHEEEIIZ—0D MESA <N w72 Ly 257 LB A

EimA K U CoventorWare |2 &> TEE SN 7 MESA REZTERAEL, 5 >OEREREL 8 -
DREFEFICE DN LA T Y MNAER S B BB~ ( 2 135 — > 25 10 MESA <=y 2%
& Table 5.1 |Z7 Y, ZOXRTIXETOREHRE TEEFF MBS T84 0 MESA BE % 7%
LT, RIZBWT 0 BRI TNBEAIT, RETEF RIS LRV e 2R/, 7=
SOBME TV AT MEBRICH L TE 2R ELTBLE, BUAT LEREER Y —IZFEL TN D
REEITH Y +3,
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53 MESA Ol

Z0 MESA <M w7 ALY, BTE Tl ~I2iXE AR A IEIR TR THH LN B TE D,
Bz, VAT AMERE GWWMJ:%E#%&J&HI%iaﬂﬁﬁﬁﬁﬁﬁ@oT%UJﬂ@&w
FENHDHIENHERTED, TRALI WZBIL T, BT 7 L oy DR ESRUESORENREL TV
%Vycﬁﬁféuﬂw?%I%iﬂﬁﬁwxi%@ﬁﬁméwﬁﬁ%m%;ﬁﬁb%”W
BEahn— 570, T ER Iy O~TERE R DI LA FOBEBERARALITHDD
LNEESRTTED, £, TLRURICEE TS 4 DORFEFIZBNT, N APR i AR E L
F T EOMEREM (LB, TR HE oD\ TR e T R OTEES A AR I LRI
R TED, HE0 . BB RN 1T — VAT LTI LRI BL TG ro—RATEAL
THY, T piEER LT BEMERER AR LU TLED, ’J‘idofﬂ?’fi B FEEATHUA
F I THALHETTED, ZDEINT, N —NAT7NFET D A FOBRERTOMED % A i)
BILZLATETOY T VAT MERER [ LS, /xTAaLT@f%{:\E’JMrILWJ L&Dl
XARFRETHD,

K12 Table 5.1 0> MESA <= w7 2% LT, &Y AT AHEREIZES D AT T AT L
EOEH AT, 2 COEASITE N ZE AN 37— Clich EERPERBLALT t31CE O
% 0=07 bREREL . LOEAITAWTIE 0:=0.1, 03=0.1, ©4=0.05, ©5=0.05 £, Enic,
BB DR EV I B — B et B A, T IR T B2 TORGHN TPV T MESA
RREEATE L5 15 2 B 3 HE F 2L J7 W& TR 5, Table 5.2 \CEA S ATV, (i NS

DI A% TEL 7= MESA <Ry ZERT, ZLHFIcfihH 3 DORFHA 122U T,
FORIERET A EE L, RICHTD MESA BRET, BEICEAZNITEERRL TN,
“DENLY AT LFEE AN MESA REOMEL THHEENDILIZRY, R I < A 7113
S DY AT NI AL Sueernw=0.750 £72%, T BT AL 2SR BLZ X CTHEAEREL
AL TR, ML AT A CEET A T HMO MESA BEDKBEHENZIT TN
=B Th B, [ DHITE B LIV AT 23HERE R D,
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Table 5.1 MESA matrix of electrostatic piston mirror.

ii:ﬂace 33‘,{’:;? response | warpage | fill factor
Ascent w, w, W, W, Wy
the number) (1 5120 | 0,070 | +0.060 0 -0.040
flexure | 41 0089 | -0080 | +0.080 | 0 | -0.080
flesare 1«1 0320 | -0240 | 0250 | O 0
?ei’;“tff /| +0436 | +0180 | -0.330 0 -0.040
mirror size | /| +0.001 0 -0.010 0 +0.040
e 4] o 0 | 009 | +0760 | 0
mefalized | 41 g 0 | -0190 | -0240 | +0.800
coerode 1 4] +o004 | +0430 | o 0 0

Table 5.2 Weighted MESA matrix of electrostatic piston mirror.

$:§ 1ace 32&‘&2‘2 response | warpage | fill factor

07 | o1 | o1 | 005 | 005
e | \| +0084 | +0007 | 0006 | 0 | +0.002
e IN| #0062 | +0008 | 0008 | 0 | +0004
e s IN| 10224 | %0024 | 005 | o 0
e | #] #0305 | +0018 | 0033 | 0 | -o0m
mirror size | /| +0.001 0 -0.001 0 +0.002
paeor o 1Al o 0 | -0009 | +0.038 | o
metalized | 4| g 0 | 0019 | -0.012 | +0.040
cosrode gl s000 | 0043 | o 0 0

Priority : displacement
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512 BREWEI~AIaIT—DENT

51.2.1 BREEHIZ—ORHETFLERVAT LR

BEBRBA AN IT7—ZBT 5 MESA ICXAiEHT %, S ERETR AL <~ A(7u37— D8
A LREDFRINTITARD, Figure 5.3 (ZAEHTIZME A Lo BEABRE AT — OEHRREZ R T, L

EEARE HRDIT—REZ O LIS ESN-ER AV BIIHERSELRIUEE THD. #E
BRENHIT—IZBITD 7L vicfibY, AEETIIRERS Y —< LT/ F 2= — 407 —
RE T TAH TSN TV, Y — AT 7Fax—FIEBREMMTEILIZLST. 77
F o — Z IR TED S b5 I ~ERENL , ST —IROENMNRET D, VAT LIEREITFFERE)
IS5 — LR 5 DOMERER R ET M, 2 TIRT 7 F 2o~ FROBY DL IBREEE IIRZ
T B 12 B LT, (A E S T EAEES -0 OFINER LFINEREAS/ NS NFE ]
INBN . BIHRKCAEE AL I Lo TRV —aADE VR AT D0 | ENREEE
ZAT DU AT LHEREE N D,

a) %7 (Displacement)

b) 1% 77 (Power Consumption)
c) L (Response)

d) Y% (Warpage)

e) 37— AL (Fill Factor)

Vertical thermal Mirror plate
actuator

Metalized area

Fixed Ends

Figure 5.3 Schematic of electro-thermal piston micromirror.
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F7Z, MESA DRBRFHRFELLTE, FREITTT 6 DO/TA—2 IR LT, AREIE R
ELRIER. Poly MUMPs 3% 51/L—/WZHEHLL TIY, 37— 2% Poly-1, Poly-2, Metal Jii 2 B4l
S, TIF 2T —FDRy T —h (L) 2 Poly-1, 2— /LR 7 —A ([l R) 73 Poly-2 CEIE
N> TOEP, 77 F 2 —SDRFHR FEIVBMICRE T DI LT AR TH DI, & AT A
ELTOEFHREEREET5720I0, AMESA AT TIX T 7F 2 — 2 4R DIFL REODI R
L &7 — AOHEFSA AL TS TS, 2B, T/ Faz— 2 2EORSHN 200pm,
TE7% 30pm DFREIZRWT, BYRT = LET—= N R T —LDRE[I4 4 200pm, 160pm TdhY,
T g R O T — LMRIEAT 6pm &5,

1) 77F 2x—%%(The Number of Actuators) :2—4

2) ZVF vl (Actuator Width) : 15—30um

3) T7Fax—5KEE (Actuator Length) : 100—200pm

4) I7—#RH( X (Mirror Area) : 180x180—210%210pm
5) IZ—& (Mirror Thickness) :1.5—2.0pm

6) D5 BEISEE (Metal Area) : 80x80—160x160pm

51.22 EHEEIRT—0 MESA BEHEH

FEAEREN RIS — 0 MESA I, CoventorWare 233143 MEMETherm ENHEND Y m— b
A= MEE = E AT A7 S 2 C JYEHE 519, CoventorWare DRI & PR MR
DEEMEL, BRI > TT /T 2o — 0B E S ERO TR BEE NI BT L3I0 o
HETHDH0, BME BT DB % 1T~ T Va— VBN L DR T ORI LR A T e
72, Figure 5.4 CERATIC AN BT/ F 22— FDRBEEF AR, 7o Far— sy
EHAMEERT FRIckoTtRans,

+-—=0 (5.10)

TIRIRE, x (AL, g" 1 IREE, b IBMEEE S TH B, CITHEME ¢" I a— VT
BRIEARE p. REZ L, WEHE A, BRH | N Y

B

m_pL 2 _ P
q ~7§I /AL—FIZ (5.11)

LB, Fo, FT — LOEREMLELLT. BE q IRFSNDLRET S, 2O A OBEIL,

dr
q=—-kA . (5.12)
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EREND, Ll 3 A&, %7 — LR OBER R T Figure 5.4 1253 S HEMAIC AL, i

A D AARD L, IRIE D e i\ L AR Loy N7 — Al IR /A 1,

T, (x) = ﬁ% x5.824x10"x +9.055x10°x + 300 (K) (5.13)

E72%, (513) AWMy LI i IE L ONLIA RO D E | A 8T — DJEH L 155 50m Ot iz
BT 1005K 705, [l k(280 CoventorWare ZFJTILC FEM fifhr L7=if i 43 Aiiit 4%
Figure 5.5 (271797, vy b7 — 2550 152pm O 2 F50 Tl i 950K LU )ik
CoventorWare TlEAly N —Abm— LR 7 — ADJES F 0O @ IRENHY | BT A L35 4
12 HLTWRNZERN 5%REDIRINE S X HNH, AMFE CIEFFA CEORML T 5,
DZATEIHE AP 17 —(2350 T CoventorWare % [T A7 AEREIZ 95 MESA &
wROD, HEIRIHNLT — (235155 MESA B 3R LRI BHEE T LAkt G b7 it

NT-OHEIAEREDTLILEAT, VAT MEEO L BZEH T 5,

2
FE
e
o
N
i

200pum 9um 160pum
.

6um

Poly-1 Poly-1 + Poly-2 Poly-2

Figure 5.4 Theoretical model of electro-thermal actuator [8].

152um

Temperature
300 475 650 825 1000 (K)

Figure 5.5 Temperature distribution of electro-thermal actuator
calculated by CoventorWare.
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51.23 EHEEEIRT—D MESA < w7 2LV 2T LFHMA

BEEREN AR 3T —Z 5% MESA <R w7 2% Table 5.3 (27779, R D MESA B
A TOREHEFE LEHIICELSEIGAEOKRET, BRICERLShRBIZHD, Z0&R)
SR TED B RIT — DO VEDIE, VAT AERED TEAL I ETRVETE | M2 TDRK
HETICBO TN —RT7OBFRICHDIIETHD, bbb, B EE ST LTI
FEFGTHE. KOVERPERLCLEIRENELD, ZIUuT, T/ Faz—FRE L —I(C
Lo TERETAZENRETHY, T I/F a2 —FnbIT7—RA~MBEL R BT R F—I28o
TIT— RSB T2 T 2T CHERISNA, Fo, IT—REMNTEAL T REEHL TRY,
I ROBREIZL > TR FAF—OBEENE L TNIIENBZLND, ELIT, TG
B 12OV T F BB L FRE, 77 F 2 — BT 53R FIC W TG &R — N
F7 OBIRIZHY ., HEH D EEEARIRIZH DI ENERFTE D,

Table 5.4 |ZFFEBREITIT — LRI BN 2 BEGTDEL DT E1T8>7c MESA ~hw 7
A&, FIFHD, T ITOWTIE MESA BN IEERD I, B F A0 ki ma il il
TWB, I TCHET IV F am—FIFLIT— Y AR OW TR T M~ e 2 bsd 2, 20
EHSTFENT MESA < w7 AL FHHESNA BHBETIIE AR 3T — 0 & AT Lilli i,
Stnermi=0.745 L7025, ZOFEA IR E BT S ZIZ R UMY . BEHBAE TN SNV
oD AT LEHEIC OV THEVEJEL ARV AT, T IZ AT AR L TREM IR S
MAERLILS,

I
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Table 5.3 MESA matrix of electro-thermal piston mirror.

displace |POWer rq ¢
ment consump- | response | warpage | fill factor
tion
Ascent w0, w, Uy Wy Wy
‘tl &) '«
e number) 41 40,021 | -0.020 | -0050 | 0 | -0.060
actuat
acuglor | «| 0059 | -0.960 | +0.110 | +0.020 | -0.100
actuator
;‘gn‘éghm /| +0321 | +0.030 | -0.100 | -0.020 | -0.020
mirror size | /| -0.019 0 -0.150 | +0.020 | -0.020
ﬁg’éﬁfws /| +0.421 0 -0.320 | -0.660 0
metalized | 41 +0.076 | 0 +0.270 | -0.280 | +0.800

Table 5.4 Weighted MESA matrix of electro-thermal piston mirror.

dispiace Iggnv;fmp response | warpage | fill factor
men Hon

0.7 0.1 0.1 0.05 0.05
the number 2
of actuator /| +0.015 | -0.002 -0.005 0 -0.003
actuator
width \| +0.041 | +0.096 | -0.011 | -0.001 | +0.005
actuator
length /| +0.225 | +0.003 | -0.010 | -0.001 -0.001
mirror size | \| +0.013 0 +0.015 | -0.001 | -+0.001
mirror
thickness | 7| 0-295 0 -0.032 | -0.033 0
metalized | 1| 10053 | 0 | +0.027 | 0014 | +0.040

Priority : displacement
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51.3 TRFLFEAICEDwAIUI5— AT AD LR FE

MESA O RERFHOVEDIL, BieDV AT LETEEMICHEGHI TELZEThHD, HIHiET
(BT, FREREEIT — LERBEENRIIT — £ £ (02T MESA IZLD VAT MR 21T 27,
[FE0L IZEAHE BV AT AFHEAD LTI, BRI T Sueer=0.750, FEENEKR)
BHZBNT Sperma=0.745 LRIHITENENZERN DT, DY, BN OB WS BEIR AT Iy
WZIEm a7 N BRI R EE Tl i TEA LI CE B, B, 2 T TRz L — s
bONEFDEHE T MEIT—ICL o TRAIEZETHET 7 AN A L &I T — O 4 i
HELE TEETDLIRTE T SARTIL, INEECHE EN RS LB ER R Gl KER

IT—EMNEPNELRD, IT—FRETIEMNRHIRELEETIE, ST AR TILEA
BRERIT7 - E R BIRTHDE V2D, 7‘1: MEMS (MOEMS : Micro-opto-electro-
mechanical systems) 732 TIZEAD BB\ A R mEi, EBEBEEVII T — & 6580 AT LM L

TofBlZ D720, UL, 37— B &LV EIZEB O TR BB BN L H R C R & A s
M | E MR FEOMREE RTINS MESA ICE A AFHHIC L > TRl T& 5,

WIZ, AT DMEREE L TO BN | BB L e 2R RED T R R T E O FROIRIE T, Lddd
FNTOREEELILEDY AT LIl AEFRHIL, leiRF41T 2257, Table 5.5 (2o 1T
HOFICRDFIALEDIT, BRDEADTELIGA O RART, BARE 2 TRk
T—ONFREE LT, TEM e CRELRD KV ER LT3 T7— SR (2o & A%
HEMULT=r —ATHD, ZOBFADHETIL, VAT L5 A BRI f\ ¢ Setec=0.687
BRBEB IR\ T Sperna=0.431 LEMEIZEN AT, DFD, JeE L THN T2 >3

—IZRWT, BARBAIIAOEBIC I > TSN E(L T B MRS NS, Hrio, 2o
MESA FEATIZIWTIZ I EAL ORI B EL, 72T 4TI BN I AT D L i s

Table 5.5 Comparison of system scores of electrostatic and electro-thermal piston
micromirror with different weight types.

Weights for System Performances System Scores
drllvmg/
displace- voltage - fill e 1 Eleclro-
hent cgﬁsﬁﬁ- response | warpage | ..+ . | Electrostatic thermal
ption
Weight
type1 0.7 0.1 0.1 0.05 0.05 0.750 0.745
Weight
type 2 0.4 0.1 01 0.2 0.2 0.687 0.431
Weight
type 3 0.3 0 0.3 0.2 0.2 0.288 0.220
~ : Priority
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LTCW27cth, TR ETROER ) R OTI7— S H B ORI HET i EHh — A7 238 EL
BRENE = MO RN A I T AFE RIZ DR B> TNBEE ZBND, —fRAIIC, EARIT—L
5’*0)%’;7\/{%}-’%’ A = 73T —FOEGIICIT—ERESE THIA 5 AT AIZEBW
T, FFERER OIT— AT Aa 7 MR EGE AN TEY, 20 MESA fETbHZ DN
KD Siﬁlﬂﬁrf“%én’%%&?‘&of:o

Fio, WHEDOVAT LVEREDDI B AL T RUGEE |13, BE LR R FIiZ W TEIb—F
7 ORBEIZ BT, Table 5.5 IZHITDEMFRE 3 DI, 1B LIREE | DEHZHENS
A, VNS ZF ORI A ZTHHELA>TLEI -0, FFEREEICIBV T Sunr=0.288, &
BERENRIZ UV T Sprna=0.220 LI AT LFEAT A2 | FEM DM E A B LT DR R LR
7= MESA Zh—RA 7% {liT A LIc Lo TV AT AN BT N UERE v/ 30 T 1 2 7F il
FTBFRETHDHND, ZOLIR —RE 72 ME LRV B, 2ffiEom BIERoohizn.
WEHOF v T LB T BTDITITRE R F OO A TERTHIEIIRARETHY, M
AT LEGBIZNTET DG 0)1‘1/—1\‘%77&#3?[&%’&57‘:&3 DOHFLNFIBDNLELIRD,

52 AT IFax—H~D MESA OEA

MESA fithiZ i Lz AR 37— O BEENRE L T, ﬁ%eﬁjjpy:_,_w%@ 2 SEEY L.
AT, RS EREEE O 2 M KSR T A7 BREHRFET /T 2 — 4D
HIERZ E TR LT MESA it 217729, ZZ T, 2 aﬁaﬁ:ﬂf:ﬁ%@lﬁﬁ* B7IFaz—FE,
S ERE O EIERENE 7 7 F 2 ZIZOW T, TOMEREFTHIR R U ETT72D,

521 WEMETIF = —F0O MESA IZLBFHI

Figure 5.6 {Z MESA #¥iil \AE S AR BT /T 2 = — OIS LR R T 2R Y. 7
PF i MR O R EARE, FIEEmR OB EARE S0 2 ADARLER XD
RS~ TVD, B ENE B EREMICEEZEINT 52 LICE - THERSI SINREL, A
BB [ A B BT 5, BEAE FHLITARR T 2T LITHY, T ERTTLF YD
BN I THHLREDALE~R Do

MESA | JEEFH FBL AT AR BT I F 2= —FED BRI O DR EHEEEZ T,
TR 4 HREAFRETHILELT, TS T7F 2o —ZLL TEILKEBRMEETHD,

a) 75 (Displacement)
b) RS/ 713 % % /1 (Driving Voltage/ Power Consumption)
c) I HE (Response)
d) M7 (Torque)
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Anchor
(Fixed end) Flexure Comb
ZP l \ bF l (tP) (tC) bC / (7’1)

/

Stationary Movable
electrode electrode
(a) Structure of comb-drive actuator (b) Detail of single comb.

Figure 5.6 Schematics of electrostatic comb-drive actuator.

MR N DRNRENCRT T 7 F 2= —Z I BT BIEE TH B, Eh-. TR | 1A
BORET 7 Fax—5, NEREN ITREOBET 2 F a2 — 2B 57 L AT LHEHETh
Do NINEIRE 113, fIEIOE AN T — 2B BIEL RIS, ERE M RE R ET B, E/-. (ML
71, Do EBEMESRI BB RET AT I/ F 2o — A OR BN % TOT I Fax—%
DL (BEENN) LEET D,

RIZ, 2T NRET R CERIDRFEFLL T 9 BFERIRT B, 27~ AR IE MUMPs
VRS TREFENDBDEREL T, FEFOAEER FROLIEN T2,

1) HiEME (Comb Width) b, :5—8um

2) iR E (Comb Length) I :22—35pm
3) et FE (Adjacent Comb Distance) g :3—5um

4) FEMRMH]EEHE (Electrode Distance) d :11—18pm
5) #i#/E (Comb Thickness) . :2.0—3.2um
6) it %L (The Number of Combs) n :10—16

7) 7% %ig (Flexure Width) by :2.0—3.0pm
8) 7% ¥ EE (Flexure Length) I :90—150pm
9) 7% %E (Flexure Thickness) #r :2.0—3.2pm
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MESA B DR HIZIE, B AN IT7— DA LRI CoventorWare 1245 FEM f##7. CoSolve
A7 av ALY, REMRATE T AR R L, BE R ENICB W TA R E F 2 Hm T

BEFTHEIELDVAT LMEREDE(LEZREL . MESA <~ v/ 2% {ERT 5, Table 5.6 &
U Table 5.7 IZVERMS AV EME T 7 F 2=—F D MESA <~ 7 AR NE A ST E417- MESA
<Ny 7 A%RY, Table 5.6 (2739 MESA REIZEA DT RIOERLEN-EHETHY, Table
5.7 (IR TEEIT & AT MERED E A ST A e S iz MESA E&E ThD. Table 5.7 TiE, £
frla T T4~V —PRELREL TEAZ 0:=05 LEEMITaEELIC, HEFTRTFDOELTFZE
TZEAT & FLUEL U CIRETE Thd, F7o, IBRENEE | IEEHE | ITH L TUXEAZ 0=0.1, :=0.1.
A7 S LT 0=0.3 LR ETAZLILE AT AU —EBRE T /F 2o — D% ERELE
27 Nl% 1T 577, Table 5.6 % U8 Table 5.7 {23\ " T MESA RUE # bk 375281040, LIF
DIAHZRIEE DR TED,

M T 2 F 2B (E, ZOYAT MERED I RS LSO R TORFE FITHL TS

DN —RFTREA L TRY, REFr /T A ORBEDPHELV VAT LEFT XD,

RO T L M TR & ORI AR DR B T SRR L -k B KR B TS
S AT WPEHE~OERE MR,

CTLF L, BT AR T O & AT SRR T AR B E N KEVEEFHI, h—F
AR ChIH0, it EEELSEREET DX —/ =Y THD,

R R TR ) T L2 T LB AS k&<, TERBY I ) & T RUSHE TR LT
BEASIEN DD, 77T 2z — DL RS/ T —IZBL TR H mmmwz%@c
FEFTH D,

3271\ Table 5.7 cLU’ H_lénﬁ_ﬁ% TH’;F”7’77‘:-I*—5'0)/X7‘/\H:W'§ e Scmnb-o 606 Eiﬁ’)ﬁ_o

LRF LI SIS T AR, BT/ F 2 — A OFEFERLE HTRRIELEREIZLAFE
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Table 5.6 MESA matrix of electrostatic comb-drive actuator.

displacement 3&:;%% response torque
Ascent w, w, w, w0,

comb width / -0.037 +0.034 +0.093 -0.041
comb length / +0.013 +0.017 +0.083 +0.007
adjacent comb _
Aacent /| 0024 | -0054 | +0.030 0.052
Sectrode /| +0855 | -0024 0 +0.357
comb thickness | / -0.030 +0.041 +0.104 -0.008
number of /| +0013 | +0116 | +0118 | -0.004
flexure width / -0.011 -0.253 -0.142 +0.116
flexure length / +0.001 +0.349 +0.212 -0.317
fexare /| 0015 | 0122 0217 | +0.096

Table 5.7 Weighted MESA matrix of electrostatic comb-drive actuator.

displacement 3;11‘;;2% response torque
0.5 0.1 0.1 03

comb width \ | +0.019 -0.003 -0.009 +0.012
comb length /| +0.006 +0.002 +0.008 +0.002
Gpeentcomb N[ +0.012 | 40005 | -0.003 | +0.016
ectrode /| +0427 | -0.002 0 +0.107
comb thickness | \ | +0.015 -0.004 -0.010 +0.003
nuher of /| +0.007 +0.012 +0.012 -0.001
flexwrewidth |\ | +0.006 | +0.025 | +0.014 | -0.035
flexure length / +0.000 +0.035 +0.021 -0.095
flexure /| +0007 | 0011 | -0022 | +0.029

Priority : displacement
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DRIEEIEARIEL YD, Ko T, T/ Fax— S LR TV 7 EL Y AT LEREIZE L
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(a) Structure of single lateral electro- (b) Layout of actuator array.

thermal actuator.

Figure 5.7 Schematics of lateral electro-thermal actuator.
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MESA |ZEHT AL AT AMEREIZ B E 7 /F 2o —FDOBA LR THLM, BREIET 1ot
TZZTIRNEEEN I 2EAT, £ R RFEL UL TFTRNINIC 11 RFEREL. KUER

BT L7z,
1) FyR7—L0E (Hot Arm Width) by : 2—3pm
2) 7—2L[HEEEE (Arm Distance) 4 :2—3pm
3) 7L% I %igE (Flexure Width) br :2—3pm
4) 7V % v&RE (Flexure Length) Ir : 22—36pm
5) a—AR7—AiE(Cold Arm Width) b, :14—23pm
6) =—/L K7 —LEKS(Cold Arm Length) Ic :60—96
7) 7V VlE (Bridge Width) bs :2—3pm
8) U Z1&(Link Width) by :2—3pm
9) V7R (Link Length) I, :8—12pm
10) =X (Thickness) t :2.0—3.2pm
11) 77 F 2= — %45 (The Number of Actuators) 7 12,4

MESA BEDE 1, CoventorWare ® MEMETherm A7 3 a4 kT, iR

M7 27 o

T LRRIZFT7257="%, Table 5.8 B Ut Table 5.9 IZ fER Sk EERE BEEL T 2 F == — 20D
MESA vh)/ﬁx}sz(}é?fcb‘éMt MESA =Ny I 2% R$, ELADHREITHET /F 2m—

& LRIETE ThD, Table 5.8 K 1\ Table 5.9 75, Fd L7 VAT LORHE 0D,

P ERBRBT 7T 2T — BT, £UAT MEEERL TOBREHE TICH L T DD DR — R

FfREALTRY, BEF v/ U T OWENFEFITHEL VL RTF L ThB,

CATART L, BERT IR RFHEOE L AT LM WX DRBE N KREL, 2DET

BhL—NFT7RFTLHH- O, Rt LCEEL SEBXETAHNN THB,

BT 2 AR T — AR E IS S LT \WOTLFH Y DRER T, AT LIRS [ 457 |

ETRLZ ZEL TR —R A7 D BR Iz 50 ZORFORENCL > TIPERER R o h] X
BAZEIIRATHETHA,

CAYRT = LR Vs TYy Y BREHMED AR K& R TR A F OIS,

EJl

VAT LERIZEL I~ A —EFeE L N3,

Table 5.9 J:Di»%Hjéé’hf:kiﬁ%@@%ﬁ?ﬁ%ai—§@VX?‘AEW&E,%&i Statera=0.451 &£720)

2 S

a?aa’fﬁ"@?&%ai—&wIﬂﬁ%ﬁ%{ﬁl:@ﬂﬁﬁ%ﬁ%k@tﬁﬁﬂi\ BE LB AT A Thae
DIEREBT-,
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Table 5.8 MESA matrix of lateral electro-thermal actuator.

displacement | EOV ffmp tion | Tesponse torque
Ascent W, W, 0, w,

hotarmwidth | # |  +0.006 -0.060 -0.045 +0.023
arm distance -0.010 -0.012 -0.001 +0.008
flexure width | /A -0.090 -0.061 -0.012 +0.171
flexure length | A +0.162 +0.124 -0.031 -0.286
coldarmwidth | # | -0.298 -0.135 -0.259 +0.065
cold arm length | # +0.350 +0.245 -0.274 -0.105
bridge length | £ +0.006 -0.005 -0.001 +0.004
link width /| +0.017 0 -0.005 +0.012
link length / +0.042 +0.014 -0.005 -0.024
thickness / 0 -0.137 +0.366 +0.120
number of A1 +0019 | 0207 0 +0.182

Table 5.9 Weighted MESA matrix of lateral electro-thermal actuator.

displacement Egg‘;f;np fop | Tesponse torque
0.5 0.1 0.1 0.3

hotarm width | # |  +0.003 -0.006 -0.005 +0.007
arm distance \ +0.005 +0.001 +0.000 -0.002
flexure width | \( | +0.045 +0.006 +0.001 -0.051
flexure length | A +0.081 +0.012 -0.003 -0.086
coldarm width | \ |  +0.149 +0.014 +0.026 -0.019
cold arm length | A +0.175 +0.024 -0.027 -0.031
bridge length | A | +0.003 -0.001 -0.000 +0.001
link width / +0.008 0 -0.000 +0.004
linklength | # | +0.021 | +0.001 | -0.000 | -0.007
thickness / 0 -0.014 +0.037 +0.036
mamber of | 4| 40009 | -0.021 0 +0.055
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523 VATAMIEAKLBT 7T 2x—F O LBRGE

MESA DI AT LFEAH S 4 FAVT, §FEMA T 7 F 2 — X EKEERIEIT 7 F ax—2 0
AT LYERED HERFE AT, Table 5.10 IZE AR EEZLLEET 4 FIFIZBITDE A DT 75
T—EDYAT LI RER T, FRERETEETIVAT LERBEL A, B — BB E
Fi 0.5, FILISOPERER 0.1 LEIO (1T D, BL, AL ETIVS NEDUW I8 2, 3 e
REEL, B—EEMRECIENEAIIZZTOERE 03 LT,

BAHRE1IRU2 T, FERAT 7F 2= —F DK EEREN BN T 7T 2 — 2 TR L TR
ZFRFOFEREIR ST B, Table 5.6~5.9 O MESA < w7 AL THELRTHE EEAT 75 =
T—ZDIEAL ETM VD TR R RIE TR EFMUO VAT AEREE N — A7 O BIRIZHY
AR Y N TR B ST DD EEI NS, MICHET 7 F oz —ai, [ LT Ly )0
ZEESERICE Z DV AT AR CEDRET B B EE DS i @<, BRI AN Dl a
ST CEDFREME R D D,

RIS, [BRENEEEF T BB 1 LT US| 2B e ERE L LT Al 3 O 4 OBy, ik
BT 7 F 2 — P ET IV F 2 — FR U TEBAEE R R b o Te, JHULET 79 o
FTBWTIEAL LTI PR ESEBT DR T-23, TEREYFEIE | &SR MO 112wk Ch
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TUTRFWEDRNRRENEZZ NS, {EL, MESA IZB W T ETL N — R4 74 L L

Table 5.10 Comparison of system scores of electrostatic comb-drive and lateral
electro-thermal actuators with different weight types.

Weights for System Performances System Scores
driving
daplace | "ol | rsponse | torque | Elecrostati | g0
consurmp- OIMBTEIVE L thermal
ol Y 01 0.1 03 0.606 0.451
ooy |03 01 0.1 05 0.615 0.164
vayegglgt 03 05 0.1 0.1 0.214 0.448
Vt\’y;igljf 03 01 0.5 0.1 0.244 0.636
: Priority
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If, in engineering practice,

A safety factor is set through service experience at an ultimate value,

An ingenious idiot will promptly calculate a method to exceed said safety factor.
FEBREN I B
LERERKRMZHE L Th,
ABITNRBES, T2 0REELEET 5 HFEE R Y 1T,

— Joseph Murphy
VakT - w—T 4 —
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Figure 6.1 MEMS development flow with concept design.
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Figure 6.2 System maturity vs. development time with concept designs.
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(a) Cantilever
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Figure 6.3 Schematics of DC-contact RF MEMS switch (a) Top view (b) Cross sectional
view with off-state and on-state.
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1) 1F¥HE# (Spring Constant) k
2) FEFRMIEHE (Electrode Gap) g
3) BRENESE (Actuation Voltage) V
4) ERE7E (Electrode Area) Ag
5) =# 7 EME (Contact Area) Ac
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Table 6.1 MESA matrix of cantilever switch.

MESA @ FEM{L (RF MEMS A A+ FBIE -~ fl)

Performance reliability o
contact | switching RF size
Design stiction degradation | resistivity | speed | isolation '
parameters (restoring force) | (impact force)
spring : i )
JSprng A R w07 | § 014 | § 013 | 4000
electrode .
- -0.25 - -
oot Al 07 | § 029 | § 02 | § 040 |05 (§ 00
actuation . ‘
- -0.2
voltage f ‘ 0.33 " 0.29 i +0.25 ‘t +040
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e | 017 | § 014 |03 | 4020 § 0.3
contact ‘
P IR JEEGUAIE JENSTRE SO ¥ 05 03

‘.‘ : desirable v‘v : undesirable
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B 6E MESA DEM{ (RFMEMS AL » FBAE~DiwEH)
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comb-drive actuator
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‘:Sign al IN contacting pad

Contact finger
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pri g S1gna1 line
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B ried part

Movable part

Movable frame

(a) Overview of switch structure.

| k=
_I:

ON OFF ON

(b) Tri-state switching concept.

Figure 6.4 Schematics of tri-state lateral multi-contact RE MEMS switch.

REEVIC LA THD, Fo, 2 DT I/ F 2t —FZ K B EE L THIET, Bl
JAEABRB S & D LD FIEETH D, Figure 6.4(D)ITRT L1, BIEEARLA L EES OFF 4%
& ERENSE DT I F 2 —Z Lo T ONREES ZHITEET B, Lo T, AAwF L Z BRI 5
BT ORBMEL T2 WEREIAATES0, HEMITIR L 2 510705, T, Bl O
CEDEFNF =R FBEMIC BT RN ] 1/2 IR D LHERICE BT ZDEIZRBWTY
B FFMOM EAHFTED, &bz, eGSRt (NN AR A e g= T PAN v T
TERT DLFIRFC, B F O —HIBRE L7235 A Th, BYDBEM T2 Lo TR v F o S HiE s
HEFRFCEDAREMED DDLEE 2 DB, IWHITIL, BEE2 MEMS 7 HE RN CARRA v T HEs
DREFEAT ., TOBIRAFEHER O RE SISV B L I B R,

-104 -



¥ 6% MESA OER{ (RFMEMS 2 A v FR%E~DiE )

6.4.3 AAYF R

ZHw T a7 A4 T % Metal MUMPs JL—AZ it Tk 21770 -7, Figure 6.5 12
CoventorWare & i\ N CRREMRIT AT T2 2 A v FEF NI AR T, 24 o F O L ERBIED
(34 TES 20pm O Ni B THSITRY, BEBME. BE Sy FRBIERTI—oA 5
BT HERES VI G T Do Ay FHEH A XIZEBBE NMEE ARSIy NLEDBLBLE
3mmX3mm THD, I 30pm X £ 100pm OHEMFI1L, 55 A H A RIZ LTI E E B Sy
F& 10pm OHIRZ£5-oT5 i FikiT b Tnd, ZOET V%W TFEM ﬁﬁfr%%mu‘:ﬁ%
FREN BB IE 140V ICTAA v F U ZITU BN & 10pm 255N AZ e bh oz, £, b
BMEE T 125psec, #iL 7713 280pN &7, 3K RF MEMS A4 vF &R E O REFE THDT
LR LT,

7, CoventorWare (233175 MEMElectro & Ut MEMSHenry EFEENAIRITA 7 a2 H
WT, ARAL T 00 REFFEDMENT% F ML 7= (RF ARHTREAIC OV TIEA 8% B B8R) . Figure 6.6
(o MRRTRE AL LT 5 M i Bkl A w778 ON A7 — MO A Sk, OFF A7 —hFD
T AV —var et fAIRIL 5GHz LA T OBk T 0.5dB LLF, 74 YL —3aiX 10GHz
LUF O RC 20dB LA LOFETHDZED 0730, A0 v F 2MERE BRI XITTH 2 35 RIF/R RF
A o Z e Al T &Iz, SBIL, ATV ZINCEDA T T OT7 A N — TR iEZ T
T DI, HEL OB D LIS A O AR RO B EFRE LTz, Figure 6.7 (-0

~ Electrostatic
comb-drive actuator
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~ Movable frame | - Contact finger |
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Figure 6.5 FEM model of tri-state lateral multi-contact RF MEMS switch.
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RF frequency (GHz) RF frequency (GHz)
(a) Insertion loss at ON-state. (b) RF isolation at OFF-state.

Figure 6.6 RF simulation results of tri-state multi-contact RF MEMS switch.
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Figure 6.7 Insertion loss at ON-state for different finger configuration.
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# 6% MESA OEM (REMEMS A A v FHFE~DiH )
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Table 6.2 MESA matrix of tri-state lateral multi-contact switch.

Performance reliability o
contact | switching RF .
) , ; e . . size
Design stiction degradation | resistivity | speed | isolation
parameters (restoring lorce) | (impact force)
spring +0.13
constant \ " 014 f 01
electrode
- . . . -0. .33
e |\ 4 0 (4025 | g0 | o5 (03
actuation
- +0.
voltage / § 029 |4 +025 | 44040
e1e$zzde 7 § 014 | 4013 | 4020 § 033
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niact | 4 4 014 |4 +025 § 05 033
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-107 -



6% MESA DFEM{ (RFMEMS A4 v FRAIE~DIHEMA)

6.5 TYVal VKAV F (B HAR) OBEaER
KEITIX MESA |[2kB= *E'\7/1/9“:1‘/5'7!\14")5‘@Vx?“la‘l‘iﬁﬁ—‘?{ﬂf“ﬁ%f:‘lﬁf5?&”&% AN
oI BR RN — R A 72T AT D DF LWAA Y F 7 2T I (5 A ) 2422875,

651 BE—HRPLOHEBOT S B—F

FE—HARIZBOL TR, FEEEUCERMREIZET CBIEITT 1L TEE= /(23S H L, i
FRICFET DN —RA 7 ERETHIEE BRI LAy F GO R EIEL, 0B 2
FORNESNAIRERRT AT TEFEIZEDIALZEIZL> T, R TIREBAICE T, 55
KT, F R THREALL CEoTNEE S LT AV —Tal [IRBITHERE N — A7 0
FREIZERZEL, Table 6.2 73653H 58512, (BRI T AV —a (3R EHE F 0 HE MR
PRREL = 27 NEARIZEL TR — R 7 OBRICH D, Fi, B 3% 3 E o B )

R OEMREEICEALT, {mwyx-'fA‘ré*EkMw—b“ﬁ*?%rﬁbﬂ\50 DI ZINHND AT I
PEEEIZ DWW TIERRET R FA A L TREMEEZEZ D ZENTERVIRILICH S,

ZIT HLO Ry T ORETTCIE, i’é‘+/\7‘£7’4yl/—ya‘/%rf(ﬁﬁ"%ﬂ}“éf:&) VAR A
RESTDUHEDRHDEE 2T, BB HAOMEEHERFL /2= E, B0 T L8 EHEfl S R o Wilks
ERTDIEZESTT AV —Varv ki ESEBILITTRETH S, LAl BB T 2 9 2 —
FTILL B 2 ETHRATLICHNEED LRI - TRBMAEN & LA “AF v AL —" LI
HNDEBEERTeD, ATV I HEOE R AP E L RELRDAEMENH B, F2 T, 2Ok
L —RATZ BT D720, MM LI-T 7 F ax—F 2 R X422 & Clifi 1 52 il .
%ﬁﬂ%&y7b§‘/i“4‘/ﬁ‘éﬁéza7ﬁﬂ RECHDEE LT, 12720, D= w7 NI B AR B
PIER>TLEDI |, BE— R EFBROE T EM N ZBD-DITITEE V L7 3 ArTiasa

VR a@:&‘ﬁ%%&&éﬁfﬁ%ﬁmm T 7 F am—Z OHELEHERH DI >TLED,

TIT BT 2T TAL TSR DID DALY F L T T o F o —FL ML HE RS LT
DDT I F ax—Fe TN ENNHESTEILEE LT, FLT, ZhUF—RITTEZRERE) OO J T lsE
BN THHLEHWTL . “IRTHIRBEBI A BT L 7=, Figure 6.8 B R LIBEBI = &7 MR,

Ein BE=

= Bi= = s

OFF Slide-in ON (Push) Pull

Figure 6.8 Push-pull switching concept.
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AV AT LMERELLENH LT T r—F 2 2L HE TROLITRD.

AT a L DRI EE U R E N — KA T %, T/ F 2T — SRR Ay T T LR
TN LT B L TETHE

e At F o T BRI B D BERER NS L, YT RT LT A S ERBILIL L THE "

AL AT RN 123 RNl NN N 7 5 F o — 2 BB E A R

652 FToialNAfyFrTaeTh

AR LI T o3 T M ESO T, Ay T REO ERERE ATV, A F T HRRED
Ve BEET (% 1T-o 7=, Figure 6.9 {7y 27 VAL »F D OFF ZF— R ONON AT —MIBIT 5%
IEBIE X% |, Figure 6.10 (oo B NI B T DAL YT v T ERE AR, AR, 5
:ﬂ‘ﬁ@:‘/’zj’]\%::‘//*’71*6‘&%@%’@%@%?57‘:@&:\ T 2T O IR TEEEN R K
5 [ L TR 7 TR 45 B AR A B LT, 58— HEARELE IR, Ay F IR AL TRLES L
0 BEDFEMIBLT 7 F 2z —FH DRSS THEY, AENERE TR L TERICERSILT
VB, T L. LT 2 F 2 — F BB L R AL E S TR, R T OT I F 2 —
ZEFRENISE DT LIZES T, Befl 78T 4 F 2 T SR B ES NI (B B AT A F3aLo7
BE TS, ZOTIFaxz— 2O EEERRZ 2 BHEEIC T BT Lo T, BT IR
PG | EE ST AL RBIEE R 7o, ON AT —h~DC 2 BIRAAyTF T
%45, OFF 27— M~ ROHEITIE, EEHMERETALRFC, fET27 7 Faz— 52’
TELERENSEHIEIZL 2T, P EA S/ SINGIE £/ v (PRSI AN

EoT ARy FIIHIH O OFF R T T &SR A Ty FL TR B S NIRRT
0. BEAREKEIRBILATEDIDRT AV — Y A ERRT DILATED, E ALy
FUT BT, 2 T o F o — FERBNIC Lo RO 5 7 MERRER /<L EE RN
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Two-layer
Comb-drive actuator
Signal line

(a) Off-state.

Substrate Contact finger ~ Anchor

Signal OUT

Figure 6.9 Schematics of push-pull switch with off and on states.

Substrate
Contact Movable
(a) Off. state‘ pads contact finger

(b) Slide-in

(c) On-state (Push)

(d) Back to initial position (Pull)
Figure 6.10 Contact finger behavior of push-pull switching concept.
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EMADTEINTED, IBIT, FE—MWREFEICT 7T 7 RETAEE SN, TR ClII/hE
IR TAT A7 a ZfFRTEDID, BVEEIBELZLEL LWV T A, ThHo
VAT LEIED I K OB Lo TE—RIC T A RS E TR . (RS RF FRHEOM

MRERSNDEEZEZLILD,

6.5.3 TYTal VAT D MESA [ZLBFE

T FUN=TIRAL T ZFwNFavZ I AL v F ERERIC, Ty a 7 WVEIALyFIZon
Tt MESA ZRWTAA yF o 7 ar 7 O % T o7, Table 6.3 27 v =27 NVEIZEET D
MESA <Ry I 2% mRd, RTIETI/Fax—ZORE HE 2 BRI, Ty =2 2B
FY T DA T o 7 RENZ BE L7 3 5 H A H W TR FED T 7 F =2 = —F [RF2FN0H T,
VRN B AR EHR T L LT, iy a T VERBNERE LT 2 SV EREN BT | &
BNL7,

B — A REE, 7y a T VAL T B Th MR EIR 7218 z'c‘jmv(‘ ET 50, BT/ 1T
BN FRHCIKE LA WS E CTED, &, T T4 7 RIE TN R BRI E — R
TIETAZLIRTEXAD T, P a7 IVEF] iJ:—FTEHiUtF%Ff’D&%K_é:k%ﬁT ETHD, 1
ORI ST BT T T AV —Yay [, Ay T v 7 BB DR EHE FA LML

Table 6.3 MESA matrix of push-pull switch.

Performance . 1 eqs
reliability contact | switching RF size
Design stiction degradation | resistivity speed | isolation
parameters (restoring force) | (impact force)
spring
constant \ ‘ +0.14 f+0'13
electrode
+0.29 +0.25 +0.22
distance \ ' ‘ ‘
| actuation
-0.29 +0.25 +0.22
voltage f ‘ ' f
electrode | § ou | g0 |4rom ¥ 032
area
contact
14 +0.25 -0.33
el { IR | ¥
push-pull -0.22 +1.00 -0.33
distance f ’ f ‘
push-pull +0.22
voltage f (‘) "

‘.‘ : desirable v'v : undesirable
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T2V AT WERELRY Tyt a7 VDRI DO IMEFETHEBE R LD, Lo T, [FE 1 LD MIC
DOTZM—FA T IEEN SRt O DB E DI ENTET-, BREhDS 2 BT A oTol T, IR
HREDRERS, HEWIVAZXRKREL 25728 DIFAIT MESA < N w7 ALV A AT LI T
DA, AT LFHEAIZRRE L — AT DAL ST $=0.67 (T4 X NZEFHESERSN) L7220,
ARLUAT LDEFF /R T AL ARG B L TEOWEHIETIIENTED, T7hbh, Tyia
TENT MR EHR F A SR D SR B R ISR O TR R F o Rl bR F s At
DIBMAIEG 12T AT L THDHEEZ BN,

6.6

AFETIZIMESA % RF MEMS A »F B5 OBL AR 5HEE RS A L . BNl ic it
WTHL WA F o7 as v 7 MOERGR 2 AN E T2 o7, AR AR L E i+ 52810
FOTAAYF DU AT LIERER [ ES DI EMNTE, MESA ICERAMNH B LR,

=T, BEFOREAYR RF MEMS A1 v F ThEH L FLSA—FIR A 9 F IZONT, O AT L
BEFORKEIF v/ 3 T 4% MESA IZXD 4547 - A LT, DL FLA—BZ B3B3 THOL AT A
RED, BXETEFIZH L TR — R A7 25 THY, VAT LORREE B MR AT EASh o Te.
TIT A FLA—Z T2 MESA DRRFHEHRE B E|Z, VAT ACNTET BME 5% 5 RS2
BLLa BT DL T, ZRY AT U0 AL o F (F— ) BB R LI, B ALy F Tl
AL FL AR BB R ER T2 220 AT AMEED B O M — N 7 2 C& - &
FIRFIZ, TOUERRE L CREINIRAERNRT AT T EBOIAA T, L AT LERED ARG
FERBZENTET,

Bz, B HATRIBR CH o735 EOMRBEAIZ DT MESA 2 FEE AL T, 7y
VAT NEDF LAY F (B MR) #E R L, o aT LR vF T I TR AA o F T
HEREEEAL | REFEOT AV — S 2 (CBEL =N —F A7 i HER -7, o
TATTEREEL DD, Hiihr 2 BMREBOT F 2 — MERER R AT T b Ca M
DL AT LOERERFEATRIZLACE, (ZEMR 1 SE7-5 11 RE MEMS AA v F Tt
BT DILNTE, REITBITARE MEMS7x/1'/3'"0)1‘E%\E£u (ZET2MEHI LT, MESA 78
MEMS D#Fifl= 7 Nk E R OSHEIZ A TTaeThh . pI e~ READE R HRCTEBT
LEFERRTE,
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Life is a tragedy when seen in close-up,

but a comedy in long-shot.
ANERZZ v =T v FTRD L EBIT=08,
RyTYay NCIREETH D,

— Charles Chaplin
TH—=NXFryYr
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AR T MEMS i GBI OB E B LT L\ o e 7 MR BB T 5 (MESA) #18%
ELT2 MESA OBRJE I #1a iR E T 57012, £§° MEMS 5B % & UBEfE CAE Hifff ORI A
EOHTL, i EEA MEMS r&ﬁl 57O A O TYELT AR BRI ETHEL-, F
LT, &TORFE DS O REF VERE A RSB B W TITR A DR AR ER
AT HILN, BT RO &R ""{tc:’afm%t%zj:o 7o, R RB LR OB
TITRDbND~ETHY, WAl A2 R FHF T UM o T 2120 T VAT LBRT
HLG K OB 2 B C & D E RV EHE AR IE T DL ENH DL W LT,

MESA Cid, 27 N E ORI RIS AU AT O F R LMD BERE Bt e L
THRL, MESA L EW)IEX TR LI, FL T MESA EER~N v/ AR THIELIZE>THR
FALL i GHA - OVERE ~ D BEE oY 2T D FET DR E N — R A 772 L O FHE H A A
T FE AR A D FIEE L LTz, 7o, MESA BE~DEAEZRT %ﬁ%‘l‘%ﬁé@%&%gﬁ’é’ﬁ
THILIZI TUAT LMD B R LIF A 5L EAREL LTz, ShiZ, 27 hOE

BTN 2 S BT 27 01 IIEE BAND R HSNA VAT LG ALV WOEZZT AL | BRI
YT A1) ORGSR IR D Y AT L LRFEII 22 & | TERITEMEA TERAREL TN %
R e & L7z,

MESA %A /35—, T 7 F ax—AOMAGR NI AL, FHEOZ SOV TRIEZ E
JiiL7= MESA (CLo T AT AMINET BN — R4 7 &2 L, #iE £ M E ORESzH
Ml L7z MESA LD EHIfRE SHE, SEESN TV AR 2 DT A ADRFHE—EL, MESAIZLD
AR B K O R MR 3 B T L & TR T &=, £72. MESA % RF MEMS A1 F OHEHRA]
(EHEME 7= R 382 A L 7=, MESA %W THER® RF MEMS AA v FIZBITDE%
BN — R A 72N, VAT LD U T AR M THIEICE ST, ZHEEADAAYF
Ja e N AN T 2N TEI

72 E®
ARFFENZH3 1T D LA TR FREO@Y Tdhd.

MEMS OB 2 HC T TS 57 L\ iR 3F B Tk (MESA) 2SI L7e, AR BT IE
VB L lrf o T, MEMS BT oE A s b, B AL ETOR SR k- H
DRI TR ISBEE 2B,

 MESA ClEoy b M RISl B LA AT CHY , BREHE TLIEREDBIR, VAT A
VAT DL — R TR B BT A TR B, B RlARE BT AR FiELIT R
/ol MESA R EOBEZXEL, HLOEROAMEHE TS, LoT. ATREE
MEMS 53 B2 O E R KB FTHEL T 5D THHLE LN,

-117 -



28

FHIE B

* MESA ZHI L TH LV REMEMS AA v F OBERRRFH 21TV, HEREE I E L IEL R L
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HHEEZESTHILNTER, T, SRR OERICIW T, BIF7R RF FREEHERL /2%
=, B EEEL R LS R LN TE,

7.3 HERTISBROWAEEE
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4 ETHERLIZMESA 0= 7 MBI T T ATV L, B2 EHE M B B
ELTTBRERGGT R B ELIZL O THD, LL, 2 BT M7 A5 7 BRI 2L M 3R 3 il =0
ERIEREATDHER. VAT LMEROHEHIZ BT 2R L IS n k&< Ao TLE)
LM EEN R T LN AL COBHANE LN, BIITO MESA TLTIRLNREDEE
A TERWVATREED BB, Ko T, MESA & ICHEMA Y AT A A L TR S A b N
OFFEL OB ESMERALTHLLHIT, MESA 1Cho TELNDIRE v/ ST DA /A, FEMHRR
FHIBIT DL AT LOHIRIEE —~F T 55512 MESA D7 VIR L% & B 20505,

2)MESA DOF —F~— 24},
MEMS T, ZRRIEIR, 1T, 77/ F oz —4& (FREEERS), EAERE)) /oL | TR 0
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AT T ORBELR T MESA BEXZEHLTREE, ¥ —4N—2{b4 32 L1k, EEIL
TR T RO BB R TR S BT B LN TR ThHB, <A I mRr— LTI B P B
UtkBY BRI B Tk ThD 720, FEM AT R ERIC Lo TEE T — S 2 ET 5T LR T
SN, BT AAADBEITGRS\ FERFTREL 25, $Tr. T N2 IXFEMIER BHEC M L2 3
TORBIETHEATED0 , ET 0 e AR OB RIITE L THILE X HILD,

3)RF MEMS AA v F OBRIUE R OMEEE ST

AfR L TIEMESA OERMEL M A0 BT Ho7T=®, RE MEMS A4 w5 DR %12
DWTIIBLERREN L, AT IC L B RO MEAESE (442 1 BEol, LoT o hrFL—Eiz sy
FEHBLU T, FTLAIH LI=A A v F O a0 (S i MEAEBEIZA ELTWBZE . R OB IF RF
PRSI CODILEMR T BT0I0, A v F 2 BYEL EBRIC Lo TRl A 3 B0 E A 5,
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The best way to have a good idea is

to have lots of ideas.
RWT A 7T 2185 B Lok,
I EAMDTAFT 2T & Th b,

— Linus Carl Pauling
TATA = B—=Y 7
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A1 Poly MUMPs

Poly MUMPs (K [E A7 4V =T K% /S—27L —#5 (University of California at Berkeley)
DAN=Jb—r P —TUR-TIFax—4%. %— (Berkeley Sensors and Actuators
Center : BSAC) TSNS ORIV Uav 2R AT AEE v (/v =07 TrtATHD,
TR NTF 2P LT eI, REFHEELSE, Tt A0BERGEELED
NETHED TET, ZITHRN TR e /nT—20 8o A7n— 3, BE~A70<
= TICBL TR E R m o V=7 CHER TED IR ENT-b DO THS, L7tk
FFRITTRIC DU T, MEMSCAP #0774 A M7 b AFTES Poly MUMPs N R 7
Bk ELTY \Zal”

TERATIE, BAHETIED 1~2Q-m THB 4 A F<100> n B Yaryz " HRELTHE
WY 2o U AORENIIE, F— U MRELTHF Y > (POCL) 218 F U 7oA B0 72 BAIR R
WFERWT, U (P) ANRIREE TR —7" (R ST D, ZOMLERIT, FFERRENT A AR EITL
DY ENRANDOT v —T DEWER D HOVEMICE BET 2, 2OV kiz, KIS HEER
SEAAHERTI (Low Pressure Chemical Vapor Deposition : LPCVD) 12> C, JEX 600nm D%
{EEE (SiaNy) 23 &L OEREND, VT LPCVD IZEWES 500nm DRV Uz JE
(Poly-0) &AL D, ZZC, Poly-0 174N Y777 4 TREER CTITEORIRIC A s —r =07
ENb. Poly-0 IZHUTH 74N Y I TT7 41%, 74 MNP ANDOBAT RV RE = =0 T O~ A 7%
FINTZT o B CARDEN B OBUREATH o BAERINZT A N DA 227 &L T, Poly-0 JH D&
ENTWDIEG & SUGHEA A =y F o7 (Reactive Ton Etching : RIE) IZX-> Ty F 7925,
Figure A1 ()73, ZZETO LR T LIZRIEZ R TR RIC, JBE 2.0pm DY EMAT X
(Phosphosilicate Glass : PSG) 23HEE & LT LPCVD \—J:‘Oﬂ:/ﬁkéﬂéo ZD PSG YR
(Oxide-1) i, WU Vz% MEMS OHEREREEL TEINE DT O DRAEENRI) — AT 0B ATER
FENDHLOTPHD, Oxide-11Z1E, "7 47 /1" (Dimple) EFFHENHERS 750nm D/N—T T F 2
7 WA RIEAZ L T2 & A AT RETHD (Figure A1 (b) BHR), T4 7 VEINLIHE, BlO7+
N2 2% AL T Oxide-1 13/ 34— =07 &, Anchor-1 EFRIINAZEFRE S S D, ZD
Anchor-1 1%k TR CRIEEND Poly-1 {2k > THRESIDI LIRS,

Anchor-1 #EE#% . B—OEEE L2 AEX 2.0pm ORY V[ (Poly-1) 3 HEFRSND, &
BIZ, Poly-1 kIZ/EE 200nm 0> PSG A FEE S 4L, ZORED EHRIZ 1050°C X1 KD T =—Y>
7 (BMLIR) s 5, T=—)712&o T, Poly-1 JED _ETIZHFET S PSG 7°H P 75 Poly-1
B~ T B, £, T=—Ur 2%, RISV OBREIS e BT 58ELT5, T=—Ur 7
#%. Poly-1 & £ PSG fE13/ 34— =V R UTEyF 7 EN, Figure Al (o) IR RIEL2D,
ZOKE, PSG BN TP AMIRIY, Poly-l 2Ty F o Tl DAIEEL THREETD
PSG 13 HMFRDT H M PARE L TEREDR L B OBESHHN 20 MUV —r=r 78
EEEBHIENTED,

Poly-1 Ty F /%, 80 PSG & (Oxide-2) DSBS D, Oxide-2 X ZHHAD~ATIZ
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(a) (e)
Nitride Poly-0 Poly-2

Silicon Substrate

() Oxide-1

Metal

Figure A.1 Schematic cross-sectional views of the Poly MUMPs process-flow.

Lo THRE—2 =T END, Poly-1 & Poly-2 OBEMAIEKEIBERE D=8 Dy T L 7 28 RE )3
Poly-12via T, RIE IZ£->T Oxide-2 DHERETDZLIZE > TIHMEND, Oxide-2 &[F
(2 Oxide-1 ZBRETHIL TSN DER 53T Anchor-2 EIEEILTRY, Z1UZL-T Poly-0 6L
ISSENBEETHIBT HIED I EELRD, MHHELSDIC RIEIZE > TSI, Figure A1 (d) ®
REEIZ72B,

I, B _ORY L Ya EL L TES 1.5um @ Poly-2 2AHERESHL, L#6% 200nm 50> PSG 12
FoTEDLND, Poly-1 DFE LFEER, PSG BIL P % Poly-2 ~Eik 32 H 1L, ERsIE D~ 228
ELTRRESED12DIZRITENDHDO THY, HaFE 1050°CTT7 =— L ALEL A S5, Poly-2 13
PSGE@E~ATELTTA MY T FT ALY G — =0 7 RO RIE I LASND, #0004, PSG /B
1FBRES L, Figure Al (e) IR TIREBIZA5,

Poly MUMPs (28317 5 f& i AEE LRRIZEE 0.5um OEE (Aw) BOWK Tihb, 4R BIT7 0
=T RUAYR T A7 BERE R RFNRAE L CRASNELOTHD, Au BiE. V7
MAZ (Lift-off) EFFITN D T HER T ENS, ZHiE, TO T DA N BTG L TR A TE
TORDIVVANDZERE S EFRT | LUAND NS BEKE L BICL DR NIRRT AL
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(ZEoTC RER B REEL P ANKBEL IR 21T A0 D ThD, ZOLTHR%, 4RI Figure Al
(f) DIRREIZ72%, Poly MUMPS i, =00 ExBEo ik B AR 25 4L TV VR VD om o e
AT AL THETH D, Poly MUMPs % MEMS 5 /3 2& L THHES B B7-0I21E, HERD
Foy T ERRRIT, Z AL 7 OB 2545 TRREES A, Figure A1 (g) DIRFEICTBLEA
BB, 12121, ZORMBETIAR A FRED Poly-1 B, HOBEERS ML TRV T2, A~ RY
ﬁ‘G:{i‘ﬁ&%j—éo

A.2 Metal MUMPs

Metal MUMPs 1%, MEMSCAP #:C 1990 LR BED DN TE T, B oXzLd=y
TNhER=ALLlcv A /vy =0 T a A ThD, TN T2 neA7n—%, BT/
Fax—d &R LIcv A7) —/EIC B 355 DO THD, Poly MUMPs Ak, 7 READFEAE
(22U TiE, Metal MUMPs /N7 w2 iz s &Eh TuaP,

Figure A2 (a) IZ/RT DI, <100>nVar vz & EREL T, BEE 2pm © SiO2
(Oxide-0) [ 73t i & L The N HERS D, IRIZ, JES 0.5pm O PSG HE1ERE 7S Oxide-1 £L T
RUFESh, 74NV T TT Lo TRE =0 =0 7% RE PSG Biiv =y oy F o 7 LR
FEND, D%, )ES0.35um O SisNy (Nitirde-1) &, JEE 0.7pm ORY Y= (Poly) EANEREL
THIFSD, Poly (Z/3%—r=v a8, RIE (CE-TAEDEIKIZ= yF L 7E&N5 (Figure
A2 (b) &), &Iz, ',1"5_ 7 SiaNy fEEL T, JEE 0.35pm @ Nitirde-2 23 @S2, ZOHED/S
H—r = P TRTCIL, v A2% Zf AL T Nitride-1 %O Nitride-2 # BB T2EALE,
Nitride-2 DA% RET DEMMLIZI31T D RIE (K-> Ty F U7 BENE TR, Figure A2
(c) DIRARIZIRD,

Nitride JE%=vF 71 JE& 11pm  PSG J& (Oxide-2) NEBSIL, /14— =2/ %I
Ty F U TNEEST, RUEREBAMIIRESND, ZD%&, RL7Hb~A72F ATV 7 M
7 TRZEY ., JEE 10nm D775 (Cr) EEE 25nm O A4 (Pt 72K E D Anchor metal &3
FRkEns, V7 4712k C, Anchor metal |% Oxide-2 N {FEE LRV VEBNIZ O A HEFES BT
7 TN Figure A2 (d)D&H72RIRTEIZ72D,

AT & NA T A JELE B00nm DOFAfE (Cu) &, 50nm OF #f& (Ti) THEV, TNEEMRD X
DL—REETH, 2O, JESE T pm D7 AP PARMBAL, A== TICE s T &
DAT L NVEAERT B, FDAT LV CTEEES 20pm D=4/ (Ni) ZEff D > E LA
L. EIZEOREICES 0.5pm D4 (Au)khHo&T5Z& T, Figure A2 (e) 1T T L7 Metal
BT REND, D%, JEET7 N UANIBRESIL (Figure A2 () /), AL7A VAN
FUF LT — = P T DI DAT 2 VN ERITHNS (Figure A2 (g) &), AT
SOVTHES N ZEBRERIZIZ, Figure A2 (h) (O T EORES 1~3pm @ Au DoEBHER S
B, ZOEZ. Metal BIZ331T5 Au B EEREDHRTZST=DIZK L, Metal BORIBEIZTERS
NA-® . EICEED B D L5720 — TIT BRI OEEII R R 5D,
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(a) (f)
Oxide-0 Oxide-1
Silicon substrate’

Poly Nitride-1

(b) -Z /
Sidewall metal
(© Nitride-2 )

Oxide-2 Anchor metal

(d) /

(€) Photoresist Metal )

Figure A.2 Schematic cross-sectional views of the Metal MUMPs process-flow.
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A& LRETIL, AT SV ELTHIALIZ 7+ b PANMIBRES N, ZO %D D —REEL
TR L2 I #5023 ) — 27w A TR ESNS (Figure A2 () B), KiC, BB THS
PSG Jii (Oxide-1 & Oxide-2) &, #ifiiE &L Tikid 7= Oxide-0 3, 49% 7 LA FAKEE R E AT
Uy by T SISO R ID, E, vUar Ty =S ZEME (Mo F) B ERS AT,
IKERAE TV 2K (KOH) 12 kDY my by F U 712 8o 7C | Figure A2 () (IR 5L5727%

TS 25pm O WMy T R E N R TH D,

-125 -



ft# A MUMPs

BEIM

[1] D. Koester, A. Cowen, R. Mahadevan, M. Stonefield, and B. Hardy, PolyMUMUPs Design
Handbook Rev. 10.0, MEMSCAP 2003.

[2] K. Ishikawa, "MEMS-adjusted laser-to-fiber coupling," MS Thesis, University of
Colorado at Boulder, 2001.

[3] A. Cowen, B. Dudley, E. Hill, M. Walters, R. Wood, S. Johnson, H. Wynands, and B.
Hardy, MetalMUMPs Design Handbook Rev. 1.0, MEMSCAP, 2002.

-126 -



£ &% B

RF F#HT

-127 -



Million say the apple fell but Newton was the one to ask wiy.
MEHASDABY L TREST L0 H A
BENE T REDE=a— R o T,

— Bernard Balch
SNRe—F e K v 2L
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B.1 FEM IZXAMEHT

5 6 FITB T HE AR RF MEMS 24wF 0 RF $HEMENTIZ. £9° CoventorWare DM A
7'varTéHd MEMElectro 2 U MEMSHenry % fIV T, F+/ %A (Capacitance) , A% 2
%A (Inductance) , L'V A% A (Resistance) Z % 35", Figure B.1 (figfixigsras, =4
VNT AL TNRAL Yy F O ET N e R 2T, RE SBATICSREL2DDIE AR AE B
BT DAA Y F H REOARERES (VS R) EEEHEM SR, RO T2 EREN T
WRRIT L — LD i THD, ZIT, TNLOMAEEL ALy F HREOHEHREEY

; Elec_trostatic A
comb-drive actuator

Spring

| Stationary
1 Contacting pad

i
L
|

Signal IN —

o

| - Signal OUT
i

ontact finger

~_ Movableframe |~ C

\:
Anchor

Figure B.1 FEM model of tri-state lateral multi-contact RF MEMS switch.

C1 c2

(@)

R1 L1

Figure B.2 Simplified FEM model of multi-contact switch (a) OFF state (b) ON state.
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Figure B.2(a)(b)|Z /R T B BT ET VEER LA 2 ERL T2 AT T 73

HA TR F DO E LS THEHLFE(ER Table B.1 1275

OFF O¥& . DC=av
FINRIRAL o F TIEAL o F BB A—T L DREEIZ /2> TEBY, Figure B2(a)lZR 9 R91Z, B EHE
fil SRR T OB 2 DOF ¥/ RS FUR Cog BB X DHIENTED, iz, Ay FH ON 2T
—hDH A, Figure B2AbNIRT R ESE AL S P LS T BHHUIORIBICR2 D70 (%
JHEUA Lon kL D AF U R Ron IRAA 9 F 2 TR AT HI LR D, ZNBIETET V2V, A

Table B.1 Calculation results of switching characteristics.

Contact finger OFF State ON State

Contiguration C.e (pF) L. (nH) R, ()
5x5 0.076 1.082 0.158
4x4 0.061 1.141 0.188
3x4 0.055 1.187 0.214
3x3 0.049 1.230 0.240
1x1 0.027 1.650 0.650

B.2 HzIITLB RF AT

IITEHATE TREE LY SUF VR AV FTEVR L PRE L R LI AR R
(Insertion Loss) & N7 1Y L—3i 3> (RF Isolation) k&5, A</ FaL &I hAA VT TV

—RALyFTHY., T OEAFE KL Figure B3 DEHIREN B4,

Zo ZO

oL/ ——10O

Figure B.3 Equivalent circuit model of series switch.

-130 -




{4 B RE AT

~ATRAN YT TAURERRIZ BT DU — XA v F DAL —F A (Impedance) Z 13, ¥k
DINTH R T DHZENTED,

Z=R+jX =R+ j(woL~1/wC) (B.1)

ZORTolLE FEMEBETHD O —F AL DBERIT, RAUZZ - TEHTHIEMNT
BETh D,

2

22+ 7,

7 (B.2)

Loss = }

ZITC Zo VAR R ORI A ' — 4L 2 (Characteristic Impedance) Téhd, @z 1T, KT
FEDLHTI2D,

2 2
Loss=1+—1-z—+l R +l X (B.3)
Z, 4\ Z,

(B.1)(B.3):L:0),

2 272
Loss=1+—R—+—1—R—2+—1—w£ +1 212 2—1 Lz (B.4)
Z, 47, 4 Z; 4o0°CZ, 2CZ

CHRIFETIEN NS, ZORIFFHABRRLT AV —Lar BB TOOICAVGLE K
O—fEEORTHY B CEH L C LR OEENRATIZEICE ST, TOREIBEOBKEF
B BN A REL2 D,

OFF A7 — Ml E 13 Figure B4 O L1270, ZOREIZBIT DT AV —a 347
B AE R FDHILITLAT

Coff
Zo Zo
oL—/1 10O

Figure B.4 Equivalent circuit model of OFF state.
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1

IL=1+—r—
40°CL 72

LRI IEDBTED,

(B.5)

F7z, ON A7 —Me R EAf[E #1 Figure B.5 DEHI2725, ZOHE DA R, (B4R

BB X/ U F L REEREREBRETAHILILL > TTFROIDITR2S,

2 212
IL:1+R"" +1R"2” +l°J LZ""
Z, 47; 4 Z,

LOn Ron
G:Wﬁ%-:—@

Zo Zo

@ — 10O

Figure B.4 Equivalent circuit model of ON state.
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