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Abstract

Abstract

With the development of the packaging technology, the advanced 3D packaging
technology featured with vertical interconnections has become the key of Integrated
Manufacturing for MEMS. Wherein the wafer-level vacuum packaging is an
important shortcut to realize low-cost and high-Q-factor resonant MEMS devices.
However, the existirig MEMS 3D packaging technology ‘based on vertical
interconnections is faced with many challenges, such as complex processes, lacking in
the all-Si fabrication potential, and application limitations (being hard to achieve
signal interfaces for multi-layer metal interconnections while forming the hermetic
sealing). Therefore in this thesis, it is proposed for an innovative all-Si MEMS 3D
wafer-level packaging strategy based on the Si column interconnections by integrating
Au-Si eutectic bonding technology. By constructing a co-planar bonding structure, if
is cost-effective to employ low-resistivity Si columns in Cap wafers as vertically
electrical pathways while accomplishing Cap sealing by two-step lithographies. .
Specifically, in this thesis, the process compatibility with KOH etching, the ohmic
contact resistances and the bonding strengths for Au-Si bonding have been studied in
depth. Based on these, the 3D wafer-level vacuum packaging for a MEMS resonator
based on Si column interconnections has been realized, and further been characterized
with the specific packaging performance indexes.

Firstly, in view of the research blank of the Au-Si bonding with compatibility of
KOH etching, it is discussed in detail for the compatibility of Au/bulk Si bonding and
Au/o-Si bonding with KOH etching. One is to analyze the phenomenon and cause of
the underetch for Awbulk Si bonds in KOH etching by the characteristic of KOH
anisotropic etching. The other one is to propose the critical parameter of the a-Si/Au
film thickness ratio to ensure the compatibility between the Au/a-Si bonding and
KOH etching. Further, a modified Au/bulk bonding structure based on the two-step

LOCOS (Local Oxidation of Si) is proposed to solve the contradiction between the
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high bonding quality and KOH etching compatibility for the conventional Au/bulk Si
bonding structure.

Secondly, it is imperative to explore the application potential of Au-Si bonding
technology applied on 3D interconnections. On the one hand, by Au-Si bonding
ohmic contact resistance tests under different bonding temperatures (350°C, 400°C
and 430°C) and contact pattern radius (3~20 um), it is found that the contact radius
should be greater than 10 u m (contact resistance: <2 Q) to ensure the reliability of
electrical interconnection. for bonding temperature above Au-Si eutectic point of
363°C. Also, the insignificant difference on the total test resistance at the
above-mentioned Au-Si bonding temperatures (mean value deviation: <20%) lays the
feasibility foundation for the Au-Si eutectic bonding applied on vertical Si column
interconnections. On the other hand, based on the finite element analysis and the test
results on Au-Si bonding strengths, the relationship between the‘bonding strength with
the bond pattern shapes (i.e. square and circular) and the bond areas (<1 mm?) provide
references for the subsequent design on Si column interconnection structures.

Thirdly, in order to solve the common problem of package leakages caused by
multi-layer metal interconnections crossing the bonding ring in MEMS packaging, the
Si column interconnection structure based on the co-planar Au-Si bonding is
constructed. Through the He leak testé (<5x10* atm.cc/sec) and Si column
interconnection impedance tests (single Si column interconnection resistance: ~1 €,
including the metal/silicon contact resistance of ~0.5 Q), the co-planar bonding
structure has been verified to be qualified for vertical signal interfaces on multi-layer
metal interconnection in a MEMS hermetic package.

At last, based on the Si column interconnections by the co-planar Au-Si bonding,
a 3D wafer-level vacuum packaging structure for a MEMS resonator has been
designed and implemented. On the basis of the quantitative analysis for the parasitic
capacitance of the device package, the method of ground shielding is introduced to
suppress the feed-through effect in the resonance characteristic test (the parasitic
capacitance: pF—fF before and after the ground shielding). In addition, the 3D

wafer-level packaging for the MEMS resonator realized in this work has the high
v
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wafer yield (the qualification rate of electrical insulation for the silicon column
interconnection structure on the three packaged wafers: 78.6%, 76.5%, 46.9%, and the
hermetic qualification rate on the three packaged wafers: 72.7%, 87.5%, 100%), the
vacuum packaging ability (~1 kPa) and the long-term stability of achieved vacuum
degrees (>6 months). Apart from it, the packaging process and packaging structure
elements affecting the O-factor of the resonator have been tested and analyzed, which
provides the specific optimization design ideas for the Q-factor improvement of the
MEMS resonator by wafer-level packaging. Generally speaking, the proposed
packaging technology with Si column interconnections provides a cost-efficacious
strategy for MEMS 3D packaging with the low interconnection resistance, the
simplified process, the all-Si fabrication ability, the extensive application potential
and versatility (i.e. the signal-interface feasibility for multi-layer metal

interconnections in hermetic packaging).

Keywords: Si column interconnection, MEMS 3D wafer-level vacuum packaging,

Au-Si eutectic bonding, KOH etching compatibility, Ohmic contact resistance
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1.1 5I8

B R BRI TR MR B, MARGHA B Bt e N
oo £ TR EI BT IO AP AL R . BRI RS (Micro Electro
Mechanical System, MEMS) &8t 2 §4k T 2RI THARERESH AL AT
BT R IR, T H R 55 S e
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RS 80% LA L 36 B % S0 G54 B 2R FE AR FHTT R A0, S4B 18 5 F MEMS
T EREAAERAER ARIRE.
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B FEAEEN MEMS =457 B3 S AW R

(2) HEHARP

BT MEMS #4& A EENRAMR-ERL, EAHITHE, SHRE
¥ R AT R B R A R B AR B B AR ELINFE R T KA SR R
FEE MEMS 5B H SRR E KI5 AR R EUR & SR A IR 57
P14, psh, ST REEER MEMS 8344, FREFR R R e SR AT
O 134 N TSR 23R RO AR e D), X H e /5 E 2 BIE R /& RF MEMS 23
PR T R FEEIREAEC,

(3) FHMHERRIIRF

szhr b, MEMS WRE: 8 7% 2R B 7 3 5 DU R U0z s 3 e sh i
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B 5E (04 SR SRR S I AT T e R Y I 4 2 P R A
R4 LB R 4 L St B R B B A I REEAT SR AL,
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FIE F 2% (Wafer-level Package, WLP) PiFhE 577 . 28 HFHH H2T84% MEMS
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BEM AR, BRI % T ZRERBIR B RAES . B g N TE &
RZZOE AR (HEER REEGTZ25EIEHIEBEAR TN MEMS &
TS, BT 7R R 2R — SR R BT SRS, RIkRE @t E
g R R EIE R A, FHEeRm LS8, RO mEETERE, W
TR A 2 35 B2 BN MEMS HAR K 8 I R BBAR P,

AFH N MEMS B A &3 Mg a BRI HR, MRERNHETE
EHARSLIE MEMS [ 43 EMAIRKSHE, —THENERET TFEE
R MEMS [ 7 2k 38 R L B IEL S ANMEFESEEE, B—THES TR
R IR 00 T 3 B B R MEMS =457 A 405 B BOR & Lk 1018 2 Pkt
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1.2 MEMS BREFHESEERAREGE

1.2.1 MEMS B R REREAREFE

MEMS B/ &3 X EAFHMITE, —MREd #ETTR T 253 MEMS
SRR, B AT AR SRR, PR T 2 AR S B R
3 (Thin-film Cap Packaging) ; B—FREBTEAFFEE T ZEIWHERMSEE (W0
WE A . REFS) W MEMS 2FRE S, BRONE T REE S R SR 2

(Hard Cap Packaging) o

B 1.1 B&T MEMS #RH%HRERE, (a) ERBUEHI MEMS 414 1
WRUEHZ, (b) BEJE7E MEMS &E EREREEE, (o) MARNG
W EBAT R ZAE M (BRI LY 3RS E B (Vent Hole) , il
HORESEERTE, () REEEHEIRTIZE —EHZ TEIMIE
MEFR S5, T, HF MEMS K8, #@flﬁ)%’jj MEMS SR T
BEEE, TiRREEEMR T SR A RSN MEREEE R INE R ER
MR EEE £ . BAGEE. BALEESARIRY, BIEBOIRARERE R R
H1 Stanford University 1 Bosch A &7 & K “Epi-seal”/7¥%, H R EAE VMM -
BUR L GREAEASERE, LM RTZREL 1000°CH,

Daposited Cap Layer
Sacitficial Material postied LapLay

MEMS Device
¢
Vent Hole

MEMS Device

B 11 SR MEMS B 5 SRR T E RAT IR R R,
Figure 1.1 The typical fabrication process and its realized packaging structure of the

Thin-film wafer-level packaging technology for MEMS3-24,
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W RBIRET E, MEMS S0k h T R B A4 0 B3] M B AR,
130 LI SR P 4 R T SR P R 4T ELSEAN(S 231t X% MEMS 2814
B R 7 A T AR KB IR

M 12 BR T RTINS BRAHREIN MEMS 4 SRS RRE, —
& MEMS SHM B 5 57— BA S RN BB R TEEN T H
e, GEBEPEE AL, HTRAHALIN MEMS [ A S A BRI
TEEE, RERNSHEMAGTRIHE G2 BRE . T Getter T
w5y | IR AR AR E RO R IR, X ADE/E MEMS B34 H0 B A
s (AEEEARRSBER BT ESMABE, FRLETRAHATIN
MEMS [l & et R B I 2 . F— e E IR A S A HAR MR
R EREAT T 4
a

Cap Waler

MEMS Device Bonding Pad

Cap Waler

Cavity

12 RERBETEAEREEAN MEMS H A &HE TS RTEIANS LR,
Figure 1.2 The typical fabrication process and its realized packaging structure of the

wafer-level packaging technology for MEMS based on wafer bonding techniques!4l.
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EFREA R MEMS Z45[3 B R B ERMA

BAREANES) ERNRE, FHREIEGEMWIEAER IR REGRN R S5
SEEESML, LRESTREMIEMPFBEEERBIR; SHEmEar,
B ARERIK, SHERESMAL, ARBRAESIMEERENRANATE
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SR AT UUSCI AT OB S AR B R 408, Sk RS R BIE R, AR
MITZSEERR, THTRSE. RSEEIESERIITHES.
MRS &N UERENRENEED, RSt RRaH 2R
Bo3Y, sefR b, SRk RBAEMIERET Auls SiHIMEY #. HREM
Hahn— 5 FE RS T 3L &I 363°C MIRER, Auls Si R FHMRNIE M aRE
B4, FRTEIRBISL R RN TR, WORINE T Ry BRIt R AR S
MITEAH BT RIFRB S5, SRt REES BB NINGERE. BEH
HOAAIT LN . BENE SR, AN REAREMFEERERZER, 5
IC TEARFUFIEN, BUERKNESREEST SBLKNBIE. o,
SRR A BRI R ST A &5 0 S 2 TR 0 T 3700 B0,

13 ETFEAFAN MEMS BRAFHESEENHARIER
13.1 EFFEEEZER MEMS R &%

1.3.1.1 BEEZSIRENEHESZEME)R

MEMS [Bl B 4 55 35 55 B % & MEMS 2841115 53 0 1A &, B05 MEMS 2
(R3E Bl Jo Hd2 1) 45 7 B0 AE B A IR BNE S A T 34 B = 5 . ZERZ L
B A s 4 H R SEHL MEMS (0181 3 e, H MEMS 23RBS 105 @ w
FAFYHLENER, XEREXLTFHLEESRFTERBRLINERIRENE
SEHFXE, W& BENALZEEREEHAR B LR TREHXE
s 4P, Ay~ E EELE MBS FHIN RN S M RS, EEE T
TS, FEIXECEHT SR T HI L TGS A SR AR MREE, A
3 LLSZEL MEMS S8R 2atss, B 1.3 DESIERA ARER T LR IHR
W, FEPIRRY, FEREES T ELIKN MEMS #ikd, $RBEEXN
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B REDAARTE 50 nm DL R 7 B ARIE 28k B (R 031, X ELINTE Si-Gold-Glass 7
%4, Jayaprakash Reddy 25 NBORF 7 KB Au HRR 1 B RLiZZEHITE 55 nm
ELREENESESEENL%Z45ZE (Delamination) IFR.
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13 ERFEEATLRTEHLEAERRAENFFENIRIFENERZE
53, (2) MARBHKRE (b BEEROTNE.
Figure 1.3 The diagram of the hermetic packaging problem resulted from the metal
feed-throughs passing through bonding zones in Si-Glass bondingps]. (a) The top view of the
bonding zones and (b) the cross-sectional view of the bonding zones. |
(a)

Feed-through _

Pad

— y Vacuum cavity
Fixed electrode

mw&mwmw@wmWmm%&@mmwwmwwmmw%mmm@mwmmmwm%w%mwmwmww

Glss ™ e 1M A Tm' IS "

oF 0% 0%  depletion lagsr 0% O O Ia’y
T

B 14 ERFHESTHTESRAABRENRNENMEEN () BETEA,
BEMBIE (b) AiBEnmsa .
Figure 1.4 (a) The sketch and (b) the corresponding model of the micro-channel caused by

the metal feed-throughs passing through bonding zones in Si-Glass bonding!*’].
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AN, WA 1.4 A 1.5 PR, Lin, Q. FPVAERMER o T €8 H
ELBHME S EE T FBUNS R R R, RS TR & H A Rt B ROE
AT B AT SRR ) B IR R .

B 15 EEHRSTTILRAAERERFFEMEEREEEMBMBRRAT.

Figure 1.5 The optical micro-photograph and SEM images for the micro-channel caused by

the metal feed-throughs passing through bonding zones in Si-Glass bonding®7.,

R, EE TS B B S 24 O AR R A SRR S 8
WARHPRF) T H BTSN, W4T E R IE MEMS $f 38 59 5 1 89 [ i S2 L
MEMS 2%t () i S48 O JA & & MEMS B35 % LA 78 8 ORI TRANE R
SEhr b, B REABARE MEMS HER A bR L B> EEE RGBT
B ER TS, FTEENESFHEEBREFRB MEMS 32 195
B S B O PN E T2

13.1.2 ETFEEEZERN MEMS B R R REKE

N T RGP B LR S R A % H IR 5] MEMS B F 213 5% 105 L,
AR S BRI E AN SRR ATRE T EROE A RRE
BRTESZHL MEMS B A RaHSet (P EERIFT R, o0 7 ASORRTE
I BBk A% o

(1) EHERSETRBEES

N 1.6 i, S. Kithne 25 ABSRH Au-Sn 5EEESE FABUE IR &8
EIEZIT HEENEES T . J7E Cap @E LEHE 300 nm %,
ERERTREBEEL (100 nmAw) , FF7E Cap 5 Bottom RE T EHBF L
HERX IR E Au-Sn B4 A (Cap BEAZT AT Au-Sn 86 S B HFEE 150 nm



BB %l

5 Aw/Sn HoH 3:2 B35 /2, Bottom & IHI Au-Sn 4 AU BA — R EEH Au 8
B, BEAES A RERAT O SH FHRMEHETRATE. BAF, Ausn
S SRR ATE 300°C HUBR AR TR AIA SR 4, TR A E AR FR%E T
Cap BB M s aH, SEE/A R ATI AL, BEBMEEE 250°C JH4EHE 4 /b
AT R LR A, T S TRERE S A B A RO M5 2 3 ST
T B E A A R R A R R M B A 1R, W e ORGSO
B RN T EER.

b) Interconnect cross-section:

T Capawafer 400um
Cavity 300nm

8)

AuSa i Cap metal-If

Bottam wafer 400um

~ ¢) Diced chip:

——
Bottom imetal-I 2.5mm

Bottom wafer

B L6 RNRRSETARERA CANWH SRTELE AR MEMS B S5
HRRE,

Figure 1.6 The diagram of the MEMS wafer-level packaging structure with horizontal metal

interconnections realized by the plasma-activated Si-Si bonding38l.

(2) EEgEss (HREE)

B 17 REARATIMRAYTEETELSRAN MEMS HHSEHREHRRR A,

Figure 1.7 The diagram of the MEMS wafer-level packaging structure with buried layer

interconnections realized by the Si-Glass bonding®*-*},
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A2, —FoF NRRAEERE S EHESER, IR RIS R AR R Sh5]
L1940, nE 1.7 fiw, B A4 B LR 2 i SEE R TR .

Ak, EEEEE AT LA RN T2 R EETeRE R HTEE.
— TR RS A LR RN RSB 5 &, R R KE T
ERAGEZHAX BRI EH, FEREIERZ3TH, WE 1.8 Fr,
R F T R BRI E& 1A S R

Bond Pads

Top Layer substrate B oyide Metal on silicon

RSN

resist I glass —— Metal on glass

nifride
B 1.8 HEHSSLANTESETEHLERN MEMS B SEEHREEM,

Figure 1.8 The diagram of the MEMS wafer-level packaging structure with horizontal metal

interconnections in the Si-Glass bonding!*!l,

EH—HMR, Rl FRF R A S Au-Si 3 REA LI, I
B 1.9 fiw, BB LSRR A SRR SR, AR ET
Seh AN SRS B RS, 3 LRI SRS & NS A R
Yl AR, % T TS & B B 7 R TE A AT S e U VT M
— R R L B AR PR TR O, R 24 Pyrex BT 4 R ABHR L
YRR o E VA T T KT M, T S B B B i R
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Glass cover Pvrex 7740 Glass Cover
Getter (Ti)

Si structure

. , L channel
Anodic TiW/Au or Cr/Au

bonding ring % T I01-0.2um
AulSi Metal wire— it v 1.5-2um

R 1

eutectic

bonding rin, Pyrex 7740 Glass substrate
Glass substr%te yre

B 1.9 REEEESLINEEEETHRAMYBENEN SR TELERK MEMS B
G EHRRE Y,
Figure 1.9 The diagram of the MEMS wafer-level packaging structure with horizontal metal

interconnections buried in the etched Glass-trenches in the Si-Glass bonding!*?},

(3) BEHKKI RS

Cavity. with MEMS

/ Metallic feed-through

B 110 HERHEATIANYE LR TELERN MEMS B SHRENTEE, &
BEESZN (2) BHEREE WS B (b) #HiREE—N3H,
Figure 1.10 The diagram of the MEMS wafer-level packaging structure with horizontal
metal interconnections realized by the Glass-frit bonding. The horizontal metal

interconnections leaded out on (a) the Device wafer (3%and (b) the Cap waferi44l,
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BTN ES, FEnE 1.10 FoR, o OB BB ARl s
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MRS E A CGERE R EREBAKSIEY, 5 M7 R8N mik H
B 4 B AT 2 Se I 5| S0 E TEWA , SR T S S RLR S AR AE BT IR RH R RERUER
1), By AN L EOR I 2R B8 Bt e LA 2 MEMS 8#F B0/ N RUE ISR UL ZER
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S TR ) MEMS =40 A S AR R

(4) REWESE

REWEEHRTRAT ARG BRLEUERAIMRENREN B, WRELF
Mg v s BAT L R RS B H N FEN S . WE 1.1 o, SCREERHE
T BCB #&MEAR, SfEBRKIBER LRSS, FE/EH BCB Kol m
f& (Spray-coating) WIFVERBAERRPBERNREGH L, BEkERmES
%147 H MEMS £ & R TEE. BT BCB REBLITRR —ENFshiE,
R AR ZS 5 31 & R AT LR B S & B I FEAE (K B WY BEATSE 78 , T SEIL S H O O
FEEE, R, REWESNEEATIFREHERNZE, AdhTAIYE
AR EREE N MIRES 58 MEMS S8 IE 7,

4~ Partial Dicing
7

Device Subshate

B 1.1 RAVRSLIANEE SR TELERN MEMS E 5 &g r BB,
Figure 1.11 The diagram of the MEMS wafer-level packaging structure with horizontal

metal interconnections realized by the polymer bonding!“6l.

(5) BrEes (FHEEe)

B 112 &8RN ELIMNESRRE—WETEEFELERRZY MEMS B ;%3
REEMRREY.
Figure 1.12 The diagram of the MEMS wafer-level packaging structure with horizontal

metal interconnections placed on the Cap wafer realized by the Au-Sn solder bonding!*],
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BRUTHEOL T —FB SR E A AR AL EES R, ERAT Aud6Snsd &S
ERlEEA (310°C) , EFESRAEE A B CrAu S#ERE A LB Cr/AwSHAu BT
gy, WE 1.12 fix, BT RAGET AT ES Sn BEXHKESR, FHItER
STENERREAT, BREMRSELSBIMELENKRNEBHAERGH .

AR RSN RN EENE 113 iR, HELEZREE (BT
EASZIESBLR) MEBERTFMEEFNML (Feed-through) , ERFE
H L5 A TR AR E W B BB K A Passivation @E{Jc}% DL A &
BEEESY A EERE, XERANRERSBAERS THLERSHNE
e A B HIF X IR R A G YT & b2 DURIE R R E

B 113 $REtESALINEREEE—NHTERTELERRN MEMS B 553
REEMREE.
Figure 1.13 The diagram of the MEMS wafer-level packaging structure with horizontal

metal interconnections placed on the Device wafer realized by the Au-Si eutectic bonding!*®).
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FhaE B B A1 FL (Vertical Inter-chip Vias, ICVs) FIHESHEREY, XELIEEM
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CMP) TZ. ¥ TSV AR FE MEMS S4B A &EEF, WEEFE 1.14
iR R TR IR B REIE TSV 857, B 1.15 BaR T — M A #
BOBETL AR T4 8 Fa S8 10 MEMS R TSV H 3757558,

(a) (b)

114 ETFE&ERL SEIEKEMN TSV RARRAT MEMS B SREFEHGTR, (@
MERTIH, UK (b) MERSIH,

Figure 1.14 Two ways of metal-refilling or poly-Si-refilling TSV technology applied on the
MEMS wafer-level packaging: (a) from the Cap wafer, and (b) from the Substrate wafer!S],
- sic‘i‘e‘s; . TSV based ‘

- . resonator

ontact ME{\&S

SiRes :slid'e

MEMS wafer packed by tapered TSVs

115 —HBLRFREEIRE AR R — R S BOBTLH TSV BR,

Figure 1.15 The TSV application on packaging of Si resonators with tapered TSVs!>l.
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B 116 HEEHESLAN—MHERHER -MHREESRLERENIEATSVE
Rl MEMS =4 H K ZELHrRE .
Figure 1.16 The diagrams of the one unconventional TSV-form 3D wafer-level packaging
structure for MEMS with vertical metal interconnections in the Substrate Glass wafer

realized by the Si-Glass bonding®3l.

117 BREEBRATAND —HERBER—NHRELSRIEBENIEES TSV
TR MEMS =4[F K Gt gtm i,
Figure 1.17 The diagrams of the another one unconventional TSV—form_ 3D wafer-level
packaging structure for MEMS with vertical metal interconnections in the Substrate Glass

wafer realized by the Si-Glass bonding!64l,

Sah, B 1.17 Frow, JbERKEEE Zhao Q C SR H AR (sandblasting)
FRIGEIERISEAR T LR EI, H—ENREENLESR, L8 FHEE
UG S ZIEEENCE A £ B LELN —HRE, M HRIER R ER EE A
e, RES SiAE, EILRIES 2 pm B AL FE B
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ADI AR R T ME 1.18 Froxi—F AT MEMS =4k &[5 7 400 F
fiHf % (Wafer-level Chip Scale Packaging, WLCSP) HIg5#y, H4 3R HEMNEE
FHZIEZAE S DRIE ZI e A 75 25 AR Rk 4 [ 119 1) — (0% Rk BOE 7L R 2 R 454 »
FriEE VR T E Se BB TLINBE A48 2% . B 58 I 22 ) BRI 388 OB TR A e AR
RpgaEy Gl TERERZD , BERAES MEMS & 48 B BT SRR
b, HFUEBEREMSEILATIIRER /N T 1 um §7 TiIW/NV/Au LR RS 2
MR GBS TIREEZD | SETEETLHEERY R 5 EEE .

118 HEBEENESTAN—HERSR—NEREESBEEBENIER TSV
Kb MEMS S@E A EEREUTEE (8 ADIARFR) 1,
Figure 1.18 The diagrams of the one unconventional TSV-form 3D wafer-level packaging
structure for MEMS with vertical metal interconnections in the Cap Si wafer realized by the

Glass-frit bonding (developed by the ADI)I%,
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0B 1.19 Fias, Torunbalei M M &5 NSS4 H T L SOI s #fU il kAL 36
HE R HL 2B T SEE MEMS I E B34 . HE AT SOl HRNEKE
(Handle layer) UL KOH &% % & Handle layer 1% O (LAREE N E ML
(1), BJE HEATIRRS Y6236 20 skt R 9 5 3242 (Device layer) HIHERSET
O, #MEREATREGERIFBERRERZINE R (EBEMES SOl HRAT
Handle layer 5 Device layer %8 3z UARIE 5 82 /E NEEER S & KBNS 5
MEMS SRS FRE) . ZJ57E SOI # MK Device layer —{ll DRIE ZI|ii H 55
WO REAE B R S e, ULATRISERL T SOI sk &R & . 81T SOl Hik
f 5 MEMS & B FREBE I S A B SEUL T B TR B H TR = 4 8HE 45
i, 850 T EH BRI E O LR E X B MRIEREF Bk S SOI #i)K
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{1 Handle layer Z [A] ({12404, #t—5 81T lift-off T Z7E SOI SR HEAZE
LA RE B BRI A 5| i & SRR S 5 48 . 7] L SOI SR Kl &5
BRIZTRE®BE Gt4mARTE) BB RBANRENREAZTE.

B 119 HEEFESASIN—ME SOl BERGE MY REERELEEERN LS
TSV R MEMS =4 1 S S n B 0.
Figure 1.19 The diagrams of the one unconventional TSV-form 3D wafer-level packaging

structure for MEMS with vertical Si column interconnections in the SOI Cap Si wafer

realized by the Si-Glass bonding!66-67),
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Sensor Integrated)f
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120 HREGEE A LI A —HER B AN R R E — WY R E B R LEE
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Figure 1.20 The diagrams of the another one unconventional TSV-form 3D wafer-level
packaging structure for MEMS with vertical Si column interconnections in the Si-Glass

bonded Cap wafer realized by the Si-Glass bonding!®l.
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GBI, HEBILATIRER, w—PHERE ML DRIE ZIMiE mAEHE
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W& BEATEES, Uk MEMS B0 R(E S B REEE S MKl T EELE

TIZE R ML ALAOFE TSV BoRSZHLA MEMS =4kitderd, W EZEUEIvERR
LERE, BTl IRESEARRMRA RS
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Bl 1.21 ) Murata Electronics Oy A F RN —FEEEE T EREMIEAES TSV R
ity MEMS =45 i B EERRRE @,
Figure 1.21 The diagrams of the one unconventional TSV-form 3D wafer-level packaging
structure for MEMSs with vertical Si column interconnections developed by the Murata

Electronics Oy I,
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T BEAT VR FE TUARAR R 00 & B SRS REAE G5 M I Bk oL, e tb sl SERIL T REAE OB R
MEMS =4E R Fr R E S5 .
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T H%ES (BEHITEAENZIME RS GENEMED) , BEETZ AR
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Figure 1.22 The diagrams of the two unconventional TSV-form 3D wafer-level packaging
structures for MEMS with vertical Si column interconnections by the THELMA technology
(developed by the STMicreelectronics)!”%. The Si column interconnections formed on (a) the

Device wafer and (b) the Substrate wafer.

7 Silex Microsystems /A & #&H 7 —# Sil-Via 7¥EU72, W 1.23 Fixil
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Cap wafer
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B 1.23 g Silex Microsystems 2 & & Sil-Via iR LI KN —FEEREETERN MEMS
SHREFFHEEHRERTT,

Figure 1.23 The diagrams of the Sil-Via technology for 3D wafer-level packaging structure

for MEMSs with Si column interconnections (developed by the Silex Microsystems)m'm.

Typical 6-Axis IMU Combo Sensor Top Cavity {M24) Interconnects & Pads (NM70, M80} Contact {M60}

. e Tl sio, Bl corwcmaterint [ sen Afcu
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Bottom
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B 124 H Teledyne DALSA AT R HETF MIDIS BARLIN —MEEELELEN
MEMS =48 fEEHRE R,
Figure 1.24 The diagrams of the MIDIS technology for 3D wafer-level packaging structure

for MEMSs with Si column interconnections (developed by the Teledyne DALSA)!3-74,

W& 1.24 Fi7R, Teledyne DALSA A &]7P7452 H T —# MIDIS T.Z (MEMS
Integrated Design for Inertial Sensors) & SEHLAEE T HEAL 4514 1) MEMS R 4% 2%
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Table 1.1 The summaries on the complexities of fabrication processes for the unconventional

TSV-form 3D wafer-level packaging structure for MEMSs with vertical interconnections of

metal or Si column structures.
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# 12 HFEEGTSV HAZIAR SRREALEE TR0 MEMS SR H K Gt
MR RBAKKBE.
Table 1.2 The summaries on the performances and generalities for the unconventional
TSV-form 3D wafer-level packaging structure for MEMSs with vertical interconnections of

metal or Si column structures.

JE4E45 TSV 1) | A% MEMS A4
MEMS =435 RABEHAR HERTE ST FER
FHAEEFA ER&®ED &M
~1.5 kPa (Getter)
%8  Chae J&] Si-Glass , x x
~10 kPa (No Getter)
Zia
" Zhao Q Cl¢4 Si-Glass ~100 Pa (Getter) x X
;3
: ADII63] Glass Frit %, TETHE V \/
0.1~10 Pa (Getter)
Torunbalci M ’
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RE, (HI SRR ‘
58] Muratal?4 ¢ Si-Glass . \, EHE x
FAF1E He BIES)
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B—E #R

ok ey NE Rl Sih = % B R B S SR
MIVPES . BT MEMS SIRB RS A RBIOERM, KBRS HRE
FIREAT B FA IR B AR B bt e S5 M 0SB A 1, I ELER AR I IR 1 T A9 PR
RS R AR S A B AR R MR AR SR AL T ) SE T AT HORAE
FE, FA TR LA MEMS HREE D BUA T B 52 H B3 3% 45 M AT R B0 UE o

1.5.2 BXEMRHE

ARG ZHT
B—EALRILHERL.

5 K
LR A5 KOH B TZREMHMAER
MEL Bk, BT@ ZMIHRE. )4 KOH Bimskcle, AEHE . =
WA B T Aubulk Si A AueSi PR RESE £ HITE KOH TERT ORI
Gk AR R N 2. KOH B T2 3k A M M a-Si/Au JEJE LUk s BT X AR & A
%R, EHENFAIF IR T —HMETF LOCOS (Local Oxidation Of Silicon)
TSR Awbulk Si 8 & 454, RIBUAES Aubulk Si &4 TE KOH
JEE R B A S B, M SIS BN B A SR T VG T S0 Awbulk
Si A EMTEM G T MBS RN AR, REEERLTHITES.
%= B E SR RS MR R LR A RERIT TR AE S AN
AN BTG ER T ¥ R B A S SRR A BORTE R Ak
BELFN R & BB FE I A IBT SU R SURIBR s BESTESE — /T, SR S M
EEMAPIER, #ET LOCOS TR T —F&H T & REE & R f A
HILERD, SRR R R B R R AR B AR F B A TR T I bR & BRI B2
fub BB FELEAT T R AER AT, BRSOt &Rk & Hh RR A B fuh A B R BEAT T 4REL 7
BN, AR E A MNEREER, BB T AR SRS S &5
MBS A BRENREN, HNBE ST 120 R T E ik
BAMRAL T SRR SBRE SR ENBRNERZANAMGRER; BEE
BIUNFRTAARGERHT T B4
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BT R HER MEMS =488 A 20 S HORATA

HI0E Bk MEMS #3h & B EELER S T H LR G FEH
S HEE A, FQIE IR T —ME T I Im e & R BRI
X, UESEHESHASHEZEZSBEELNESROTR. ABH NN
AINHE: B RBER T I B R BTE I & By RS A R R KB R
CHRME=HHHNAT TR SEEmESNEETLERNEEHRRITS
Bl P ME IR A G IR SRR DL R R H RS
HL S MRV A T SR R S Y I B A Rt s BRI E 4

FEAENEFR =N EH B A ER L RIF X B T ReAE TER MEMS ik
BEHF R REFFEORE TIRMIRRETSE. AZD NN B
FE BN AW b MEMS HEIGRFIRIEM = e R R FREAT 78I 20
ZHABT E TR EIER MEMS R = 4 MBI &g 58
=HARMAEEN TERRETRME (SRS TZNNERE . SHERGAM
W) ; ST SRR R R SR HREASRANEHR AT E R
Ho KSR T TSI RAE; SR, SRR T SRR IR i)
SREN R O EIEMPET TS BEEENT FULLE.

BARBRARIMEG, UARRETAENRE.
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& SHE4S5 KOH BEBHITZRAENR

g—-E SEHEAS5 KOHEBEEMIZTHAMMS

2.1 3§l

il

3D %ﬁi‘c%ﬂi‘c&Bﬁi?yﬁéEWFﬂk?i@ﬁ@@%i%ﬁ@EE%*ﬁ , B,
AR SRS R IRER AR KL & EARHYEE 3D SFHIE R AR, MY
. EREERE. B FBASEARRTHEFREITER., ST
BB ST a2 R Tk SkiE . — 7, B R AR R SEI MEMS
BpE (ISR FRTI RS . AAMERER . ST CEMRSE) REHERAS
BRI T E0; F—J7H, Hé&%’éé\ﬁﬂim%}}zﬁjﬁﬁ TE R =SS &,
HELE T B AR RR SRR B A R — Nk, RS BER R T2
R T A 3 2 20 B AT BT R B A S R I B 5. B
5h, B HAR BIEN R R IC SR B FEEEAEAR (TSV) hy
RASRTE, WnfAFEA (Carrier) KIGREEMXTHAZE (Interposer)
Bk A A8,

EERHLHE, SRR RENEA RS EARCEE Z BT FRRE,
AT R R EEAR, éﬁ%@%ﬁﬁﬂﬁ?ﬁ%ﬁt%, EL I A 4R A iR
BRI R AR RS R T B R BRI B A B AR, s,
T4 B AHART UESE AL SRS 4 54 2 17 10 BRaE e, F kA
BT B SB A . BRI SOTR R B, HIERFIA T
FHEEMRRE N 5 ARE S A4 R FFTH RIS B AR SC8 MEMS B H 2 H
BB RSB, i, HnsmEa MBS It RS TORITTE R E
S BEMEIH TETREERRT E b 8RB 2R S8, FgN
FI7EET KOH & [A B8 i T Z M /) f& B bl .

A 7 S2EH 3D S /NN R B REE R, AR A R BOR A2
TIRNGIRRSE, Hin, (@RS (Wet etching) « T¥4%)i (Dry etching) . #1
BBFEE (Mechanical grinding) « H2HUHYE (Chemically Mechanical Polishing,
CMP) 83, ERZHBERT, iR HEHE L NIES R REA BT
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PR E SR MEMS =455 7 23 B HORTTR

FREMTEHRAZ AT E. AN, BEFERTE (3% KOH JEiH. TMAH /&
ThE) RN BE R RN AR F M L ZB4. T KOH FfEN—MK
A ARIR R R R R TR E R E T B, R R A PR SR
3D 2441 b B X ABUR AI/E AT . [EI3E] SOI (Silicon On Insulation) #i4%/Z
FREROEIE R, KOH &k S T Si-Si B & Bl &1 SOl A & R ERTE
i (IR ZIRIPESE) 8586, phah, KOH EIMmAMNE AT RERE 5=t
JEREET, WA TR A A RS AR R B, K, J8id KOH
R A S IR B, iR IS R AT MEMS SRR T R S H B R A
TR S B ERO2ERE, thr b, KOH MEimE LIE & & HARTE
Yl 3D EEFIHEEEMN A G. —HE, R KOH MRS 7R AR
A UERE FRA N —MRREEREEA IV IEHE, AMHT VBN
MIEE 4 BUAR, FARKERBRILR T iR R E M m T, F—J7H, KOH
FEmth i T4 8 TSV M A7E CMP TERMOMEFN Y SEE, FHEE
Via-first #1 Viamid T2 h00, S48, BN R AHAR S KOH BB AL S
DR SR E RGN EA R, MXBERE A RBEEARS KOH /&
AR K T E AR L.
H, REEAERREEEE SE AL E MR Z L MR A
BT ERER, FREAZBEAGEARS KOH BHMEARK T ZHAEAEIAEK
B 1A 9 KOH il (AnJi s 2E 12 pum/h, NIRRT [0 KT 24 /MED) FEARRE
AR S A B eSS R EE M. BRI L, KOH FEifE Jeimik/&
TR, CHIEPAELS Si-Si HEEAP). Si-Glass FHkEEEF2. BCB
G S 03NS (R B R SRR T 23k A . AT Bl B XerEeoRk 5 KOH
BB FRADOER A, A, E—ERCERITR T, W T eRRAHAE
HEA 5 KOH At b M RN e, EETHTeERE45Y
£ KOH Ji& itk o B A2 78 (O M4 30 S A6 B Z B i L) SR B IR A 0 SR
KBS FESReERES T ZHEERN Awbulk Si 5 Av/e-Si BERMRE
ZHBITITIE, 2R REE T XHMEESEH, T KOH fFihskl, &
F KOH JE i sSe e S pl G 8 & O A B~ g, HhEZERMA 745
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$-E SEHEAS5 KOH BEERIEHRAWMA

e (IR) . FARiEE (SEM) . BEETR (FIB) FHOMEM T FE,
kAR EA Awbulk Si &4 Aw/o-Si 84455 KOH BN TZHRA
Ve R, B, EFRMESE Awbulk Si A SEHITE KOH &/ R = &l vl ),
B —FhE-F 25 LOCOS BBt R Awbulk Si @445, FHiTid T ESLIS
% Au/bulk Si4E& 451 5 KOH B AN T &k BB &SRB SHEX,
NS REME RS EOTE Y T iR SN RS /1.

22 8% Auw/bulk Si %ié\zﬁff’@'—ﬁ KOH BihsAH

22.1 Aubulk Si BALEHINZITSHIE

THE 2.1 RB/RT Awbulk Si @&LEMKRERE, HhHERMHE Cap Si (HE]
Bulk Si) —MI§4TE TVAu 2, Cap Si B A RASEILE R HEEFRIE; THE
1% 5 E Substrate Si %A EALE, *ﬁw~ﬁ&'r_&;%%#HFE&%@@%E@%%%&#
HIThES (B4 7E SRR Y80 , FF7E Substrate Si —MIEALRE IS Ti/Au
J2. %t Cap Si [ 1 Substrate Si H A A EBEXNEHITEELRBRETE,
BAERE 2.1 (b) HH) Awbulk Si & .

(a) O
ap Si B Substrate Si _ Ti/Au
#Au-Si alloy EliDamage layer

B 2.1 Awbulk Si BAGHREE, (a) &%, ) BERE.
Figure 2.1 The sketch of the Au/bulk Si bonding structure. (a) Before bonding and (b) after

bonding.

XKEFELEE LW O, SRR ARRIT T Auwbulk Si @545
KOH JE g 3E 2 A 56, @it % Awbulk Si #& 4 HEA R F 1 KOH JE ki
GEEANT, BH THGE (Damage layer) FIEERMAER Aubulk Si &L
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HFREAEZEN MEMS =4 R A R AR

7E KOH B oMl gk th Il %« RE WL, EREFRISCEYF, Huang, Xian 55 A
PO W82 E] T Awbulk Si BA L7 KOH JEm A A MIMILE, (FARN1E0%
Mg R E A T s A A aEs B E&EF ST . BT Awbulk Si #&
Z5K94E KOH J& bt rp 72 LE IO 1) 45 Tk B SR 30 4T B8 970 2T EL WL RE, AR Rl
F KOH X 84 SRk (1 4% [ B MR P b RS o, A TR 3 A BE ik — 2D B iE AN o
Au/bulk Si S G BRI R L RA .

E Awbulk Si & LM IHI &, FRMAE Cap Si MEARFHIE Substrate Si
YR EF N & (1000 B A, HEERBEEZ0 425 pm, FAEHAZDY 3~8 Q-cm.
A& EBAFENTLE:

(1) XF Cap Si A, BHABTIEBEERELZ RRELIRBTERHEK.
SEMEEK . BB EKIBYE » AN T2, TERRIER (Y4
2min) , CAEBREER R EREWE: BETE Cap Si B — ks EE N 50
nm/200 nm {J Ti/Au )2, {EN Cap Si A HIBREEREE-

(2) %$F Substrate Si [/, FREH Sl TARIEEVE T Z, BB HETHEAL
T, 8 FEMBE LENASTE Substrate Si [ A HAEKEEN 2 um FIEAL
BE/Z; JFFE Substrate Si — {4 ALEE Bk EE N 50 nm/200 nm 5 T/Au JZ, 1
4 Substrate Si A MBEEREE.

(3) Xf Cap Si [& 5 #1 Substrate Si [ i /£ SB6 #EHNLHHAT SRS
T, 3t H Disco DAD-341 ¥ FHlL B A B HE A IEETFATUREETEYIILH
FRBATRIF, RIEL 6 mmx6 mm K/MAUSE S BT, AT HEER KOH Eih

Hep, —MUBKEEHESEESTZEFUE 22 Fix, RLZTEFEER
i BRAVIHE 1x10* mbar MERETE, HHEFREEFET 300°C T4
FE 30 4h BT VL ERNBRRTE, FEEINHE 400°C F7E 2500 mbar KI8EE 77
THETEREE 30 A4S, A T2 ERUS AT FRIRE s 4 /) Awbulk Si
AN, TXPMERHEE, &ELARETEARMZREEF. S#E
FEF AW R FIIALE S, SN ARG R RN 2R &P HET
—ENSHAE, BEEFSHNWARIZYRIBERNNBRTLE
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$-5 LEEAS KOH BEEH T EHRRAMMA

(Out-gassing) W16, SAENBERBREAE N MRS BN S DT
ITIRE, —REBEFRIIBASTAZY 2 MPaBEES: MXTRILZS, ®
IR A FEERNERRKE, LnSEaATESEE, BANZE ALK
SLTERIE, 55024 KB ET PR (Getter) HIHUER U 21
RS TENEE (BRRTZEENS TRSNNBEERE) MEE,

I ~ 450
2500  |=st==Toolpress -

—c—TemperatureI L 400

2000 - 350

. L 300
© L g
21500 ot - e I - 3 | ] 3
£ QOutgassing Bonding Cooling 2503
n I =~
2 200 &
51000- 8
- 150 2
e s

500 - 100

i Applying Vacuum - 50
0 ] ¥ ] v 1 1) M 1 » ] 0

v v —
0 10 20 30 40 50 60 70 80
Time (min)

B 22 &RLEEATEZHRAEHMEBEENEHRLELE.
Figure 2.2 The plot of bonding pressure and temperature as function of time in the Au-Si

bonding process.

Awbulk Si &N REER, YRAIANFREEFPIMAIET
LTt HIEE A (~363°C) B, Cap Si[E A —MK Au /25 Bulk Si 2 [ EHFEK
ERRRE, BRSESSMNESHE; ERAVFTHNNRBEE/IMERT, &5
WAL 4k —25 15 Substrate Si — K Au B R, MEELRRMIHEDE,
Cap Si [F 5 #1 Substrate Si [F 2 ¥ BB SNBSS S MG, EFETRE
B, SRR S SR IR BLS & AT H R B, {E18 Cap Si I8 /77 Substrate
Si R W eREASIERE—E, B 1ResiEdk.

222 Auwbulk Si #E&%HAY KOH /&M Fka 1T

W% B JE i Awbulk Si 848 B BT T KOH fEThatLe . JEMSEIRAW
FE %9 40 wt.% 1) KOH JEMyA, FF T 50°C Bk m#k, HEErxME (100)
RS R MR R AN 12 pm/h. FEFEMSEIE T, RIERM 6h DG, Bdjes
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BEFRATERN MEMS =4 R B RE B ATR

s I B B i A B ST IE S5 R Cap Si FIEEAR Substrate Si 2 [B] B &AL T 42
PR, i 2.3 Fias, HEEARMAREELN 64 pm, LERMERELJ 1 mm.
Br_E, HR#E KOH JEii# = 12 ymvh, FILATTFE 6 h 9 KOH [Ei/F# &8 7 BT
Cap Si — U HIFE MR E LA 72 pm. T8 SLFRIIES BIH Cap S —MIFTRIRE
FEZIN 354 pm, W] LLHEAD KOH MM R ARG 12 umh AR E. MR
6 95 & 64 um Al Cap Si JEIRIREEA 72 um A LAHENWT, 0 /4% 4 B B T KOH
St Cap Si A& 45 BB E], {8 KBS KOH JE T Cap Si SMMRE I T S i
FAET. IR, MEEBRM R 1 mm A1 Cap Si EIRIREN 72 um 7T CAHEWT, )
[F B Pt A T 2R 1 T KOH X ek HE (R 1565 .

B 2.3 Auwbulk Si @4%MW7ZE KOH Bl 6 hours FHRME X EMBERF .
Figure 2.3 The optical microscopy photograph on the side of the Au/bulk Si bonding

structure after 6-hour KOH etching.

#—5, B 2.4 1) SEM BB R T &3S KOH JEM/5 1 Awbulk Si 888
FITHIAS, FEASH BRI ESRAE T MEs i g. mE 2.5 For,
% KOH JE 15 (8 &8 1 dEAT FTEE fl e R iE L SEM ME K2 & Al L,
RIVISEM A5 FBEIJTE, 7E Substrate Si —UM &R A Z RIS, T
Cap Si — 50 & REBE A Z A X 4 KOH J& i A/ i, B DI r b R A2

SHBAEL Cap Si ZAMXEK. Lhrl, SHEAEHTEHEEES.
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FoE $REAS5 KOH BERM T ZRAFENR

P SIS AT B SRR S TR AR, TR 2 o 1 B R S P SRS &7
BT KOH Fifith, BEIZEMIFEE b B I 40PT DINUAEE), SRkl
& J27E Substrate Si — IR, EmME 2.5 () FEER, WEshHaER
TS Cap Si —MIH0 KOH JE R R BT, i B vk 2 St R A 14
9 Bulk Si KB AT, WUE THAT A BIEM Cap Si — MRS R
S e P . TTENE 2.5 (b) BT, e Sk AT T LB B,
SRR T (111D REANBAGIT, kbR Ao B & R A i
KoY, % BB KOH B S RERG S 24 2Ty 11 SR AR b, S MM L
RS B R T B 2 S T o SRR LB B T o7, 35 Awbulk Si
o MR 4 T I TEM BIRE S A7, I Cap Si —SEE SRR A BIX
o 2 B S B A, X — 2 R IR R M52 S Damage layer.

TEAH TR eIk, LB SR A IR TN M ST
PR (111 ARG A & 1 P ok 5 LR AR SRS e .
S M Y S A REIAL T Damage layer JEHITEAE, METTHHINT Awbulk
Si g4 45K 7E KOH J& T A BT 7E rI M & i R X

~ Bulk Si (Cap Si)

2.0kV 10.5mm x80 SE(M)

B 2.4 Awbulk Si@4& L7 KOH & 6 hours J5HI SEM B Ji.

Figure 2.4 The SEM images of the Au/bulk bonding structure after 6-hour KOH etching.
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EF R EER MEMS =488 H F3 BH AR

| ‘:B'll.lk“jél_ (Cap

3.0kV 8.9mm x100 SE(M) ' ' kv S;mm x3.00k SE(M)
| (a) (b)
B 2.5 7& KOH &/ 6 hours J§ Awbulk Si @& ZHMHE SEM B, (a) BESME
i, (b)) HHEIERRBBRRS.
Figure 2.5 The cross-sectional SEM images of the Au/bulk bonding structure after 6-hour
KOH etching. (a) The entire morphology of underetch and (b) the enlarged view on the front

edge of underetch.

% T Awbulk Si #4454 7E KOH J e B 77 £ UM 1 A5 H BL %, Huang,
Xian 2 NP N2 Awbulk Si B &SRS ETHZRMEETETRIE
TEMILR RN T S RILR 1R E , A %7% Huang, Xian % AR TIEPS
S5V TEEREEHPBESBZENMR. TZEHMHELTIR SEM HIH BT T X1
LA . |

HhENTRAEHHNES S EMM, Huang, Xian & AP A # 2
Glass/Ti/P/Au 5 Bulk Si B BA MG, AL TIERMIR Si/SiO/Ti/Au 5
AwWTi/Bulk Si 84 H4H, BKRKMERTETX Bulk Si (943 (HETZEE Bulk
Si—MikH T@E4E) . Hik, AL E4Y LA EFE, Huang, Xian 5 AP
BIESFSS TER0E Bulk Si 317 BHF (Buffered HF) [933%E, FEJE LAVREST
SRERETE, MAXT/ERES Bulk Si k5 TVAu # 44 B fi#HT HF 1IE
¥, FEERETEME BRI RIKHE. B8, A SEM HIHE R RKET LR,
Huang, Xian % A\ T{Ef04 SEM B 00, \HE&RHHAIEIFARNEE
FEFT, BEESFEFRERESAE RSB mmIRESES A B 2.6 B
TATAE Awbulk Si 4 4MEA R SEM By, WhalUIERELE-S
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$oE SHEEAS5 KOHREBEMTZHRERTR

SRAEN Cap Si (Bulk S K 2IHBIRILIIRNR, Bia T bR KIS
EFETI, XHASERMERS KRNI KE.

~ Bulk Si (Cap Si)
- si'grain

_ Si02

- SﬁBﬁxﬁeSi'*ﬁ

SUS010 15.0kV 8 5mm x12.0k SE(UL)

B 2.6 Awbulk Sif24EHHIE SEM BA .

Figure 2.6 The cross-sectional SEM images of the Au/bulk bonding structure.

LR b, AR Awbulk Si B E&LHH, FTIRSTE Ti —FHEER T
B Au 7EELRESURE RS, B —HTERTF Cap Si —MFFS 0 Ti
EEFE ST A SRR 5 Cap S| REARE M BREULEREL, BT S X
W4 FRE 2 MM R AN R R, T eEtRREARE. #=
BETEEE e 300, SRR AT T 2500 TF Huang, Xian 5 N TAECSFTR A K
Auw/bare bulk Si 8 & 4, FEBT EE&FETRIEARERT Awbare bulk Si

£ 45448 Bulk Si REAFER BREIEIER S FE H11EF TP 10 R B0
2, [EERERERERAEN SRR, A TIERMR Auw/bulk Si 5
SR BT Ti W HRENE SRR R R R 5 R, RLTESA
R IR B & FER T

B 3d Damage layer FIER 0 SE 0 M BB A 3C TAE 5 Huang, Xian S A TAE
ol R, BETIXT Awbulk Si 445 H7E KOH F& i i 77 72 5 1 R LS 3 & 2
(R . SEBF b, Damage layer RIEHUR BT &REFL R RN, Cap Si (Bulk Si)
R T SRER NP RERIRIE, %4 Si R FAREIT Bulk Si M7 EEI2] Au S,
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BT T ERN MEMS S4 5 A R EHAHA

BLABIR Bulk Si—{IIE# K958 AR RAE AT, BRI &R &2 5 Bulk Si Z[A]
TE R — 2 B S SRR SR BL R A 2 1745 /2 Damage layer. [ B T~ Damage layer
MRS &Rt R RN ETIAS, WA &R XIEA <% Bulk Si—1{1
FERE B X 3 AL T B Damage layer. BEIULATLARRZE , 7ERE XU SRR N AT H
HgE, PR Damage layer X th&#5% . %1 F Huang, Xian 5 A THEPS, R
EHERA RIS Bulk Si 34T 7 BHF B4k, ELERIER S XERE BRENEN
FREBFTEA E A 188 BB W82 B e th Bl S RME) &7 F TR E, ZHE
k& Damage layer 7584 FHE AL I FE A RIELEN), IEISCRPOS E 4 KR
SRR IR Fr, R4 KR i KOH Brah i (R 554, RAR 4 89 X380 & A
T, BB, AXTENREEWEHT TiNERESEERMES, #iN
E15fE 524 S E Ab K Damage layer 825075, TR BISE-& 8 Fr U R AR A AL )
EETHIT S

22 b, AAFBIEA M Awbulk Si S48 H BT TE KOH & ) F 4% 8 it b B9 )
RIS TR, TE T 4B S R AE7E Awbulk Si A 451N & RS A2 5 Bulk Si
BEE&NXE, ZXKBOANERIERBESE KOH B & mReiE, RimRILE
EOR & B AR IR S, X EBR T FTRAE SR X I R e S DA BUR
BE—E X A A B, #8id Damage layer FIFRC NIRRT HIBR XA IR,
F I RE R RE Huang, Xian 25 A TAECORI AR SC AR Z R, WTIEAES
Awbulk Si $E4 £ MERIE RIFE S EM RN 2 LS KOH & T Z LIl R
. B, ASHEREA S KOH B TE#AM, FiZM Damage layer
PR SBUNATIR AR E N F, 8% Damage layer H7 H P S X H I
Damage layer Z#E1T -4 ARG & KOH J& .

2.3 Auv/a-SiEELENS KOH ka1

MNEFEREWIRERE, N T LSRR, BT E—THTH Awbulk
Si f A 4512 UL Bulk Si B At & RESE & R M AR SRIESE, FIAFER ) LIt
FR%Z fakE (Poly-Silicon, poly-Si) EXIE&#E (Amorphous Silicon, 0-Si) IR ftEE
HERMPERRENZILIREANSHEESHEAR, XERSTHERERN
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B-E $HBA5 KOHBEEMLERAMER

Auw/poly-Si BAFARF Aw/o-Si BERAR.

AR ESETHR Ave-Si @EHARS KOH Bl TZ3kaE. REE
X3 = {18 418 SCOT D Huang, Xian S AP TAER, #MAMT Av/o-Si S
BAS5KOH BT EEARFHNTERAEM, Kb KENNRHET Av/a-Si
b & 45 )R Damage layer FITF7E, T Huang, Xian % NB AR AR BT
A/o-Si A ST RNSEES ZABEETSRNE ST HE T M. L L,
EXIRE B TAER P, IR -FIB ¥A% Aw/o-Si S G M B R T AT LS
BRNESEARESRANEE, TAA—NMAERIEN T E—%H 5% Awbulk
Si 445 H7E KOH JE i MM a5l R IFE b TRE RN TR ERE
2102 XK = 50 TAELH Huang, Xian 25 A\ TAEPSHERR £ T 8 —1o-Si R 15
&6 BEEELI Awo-Si BA MK &, BEEX T KOH &M
22, WEE Awe-Si BAELMT S5 KOH BHERANSE L.

=k, 7F AveSi BEEHNHET, oSi ZREENREERERERRL .
FEBNSY, UBR—BEEESHN Ave-Si BE4HRIENZBEEMSE
KOH St %25 BB —E AR, thELUERS KOH B MMk A w3
Ph. 5T A Awo-Si 84 %5 KOH I T ZHAMETERENOAT,
AR T RENe-Si BS Au BEE L Awa-Si &4, 31T KOH JE il
szi4, @it IR. SEM. FIB SHEAMEMOH T AREESH TH An/o-Si &
Z:H5 KOH JEMaR i 2 Btk , 4% 45 H Sl Awo-Si B4 4515 KOH &
WEFRAEN-SI E5 Au BEEHFEM.

23.1 Av/o-Si BEAEHNRITSHIE

27 (a) BART Aw/a-Si &R ER, HhER&ERE Cap Si — U
B a-Si B, H7Ea-Si L2 IRHAE Ti/Au B; TR 5 E Substrate Si fENZRF
BRI EEWE, El—Sie B0 AR EEE RSN, FHE
Substrate Si —MEALEE kST Ti/Au 2. W X Fh Awo-Si BE LM, BTIE Cap
Si 5 Substrate Si [l i E#H BB ROENELRMLLER, KEXPIILT &ER
IR AR T8, FhZRAENATEARZINASR. X Cap Si
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E TR EEN MEMS =40 R SRR A

[ /5 #1 Substrate Si [{ A S BENEHTEELERETE, RLLAE
2.7 (b) F1 (c) B Aw/a-Si & F. HP, B 2.7 (b) BHVIRKe-SI Z7E
RES5EBARRM, B 2.7 (o) WERT IR Ke-Si BESEIL ARG
B —Ee-Si FARMFENR, DIRXFHRFIA LIS IR K0S E K T1/Au):'
JE L R E VIR R

ap Si [ Substrate Si

B 2.7 Ave-SiBESGHTEE, () BEH, (b) BEFeSi BEMRY, (o) 84
JEo-Si BHERRK.
Figure 2.7 The sketch of the Au/bulk Si bonding structure. (a) Before bonding, (b) after

bonding with full reactions of a-Si films, and (c) after bonding with remaining a-Si films.

7 Avlo-Si &SRB &R, BRSE Cap Si AR R E Substrate Si 3
FHNZESF N & (100) BEF, HEREFELR 425 pm, HBEERY 3~8 Q-cm.
KTRrh Awo-Si BAGHME T BABOTFLS: |

(1) T Cap Si K, HEHTHREBRLE, MERTAELTE, &
S FBEMN T L HE-ETE Substrate Si {4 KEER 2 um MEALEE; HEHE
Cap Si B/ — MBI S8 FAR M RAE AR (PECVD) BATRAREE
fo-Si B; #—H#He-Si B2 LIRHAREER TVAu &, 155 Cap Si B Fr 6
HERBE.
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(2) 4F Substrate Si B 5, FREELHITIRERRLE, MEHTAEWL
T, @8 FREN T Z 1 A7E Substrate Si [{ A A K EERN 2 pm WENEE;
3£7E Substrate Si — M ALEE EIRN A FEE R Ti/Au B, 1B Substrate Si & F
e ERE.

(3) % Cap Si B 51 Substrate Si [Bl 5 7E SB6 #E&HH BT SREIL RS
T%, 3 Disco DAD-341 RIF WL B & BB A& FITULAEE T VUM
FF TR, RIAK 6 mmx6 mm A/NGEEE BT, AT KOH &Rl

TEUINRE, Aw/o-Si e G D 1) % v TR B AR [ R PEE T A L
a-SiB5 Au ZEEHICAZER 214, L£HFe-SiZE Au BEEHERIER
T 12.5:1. 4:1 F1 1.5:1 R=FIER.

# 2.1 Awo-Si @EEHBETHFURNAREREESH.

Table 2.1 The parameters of deposition films in the Au/a-Si bonding structure preparations. -

Cap SifJo-Si# Cap SifJ T/Au  Substrate Si ] 0-Si 5 Au

M e R TAwEREE SRR
1 300 nm 50 nm/100 nm 50 nm/100 nm 1.5:1
2 800 nm 50 nm/100 nm 50 nm/100 nm 41
3 2000 nm 50 nm/80 nm 50 nm/80 nm 12.5:1

232 Au/o-Si &R KOH Bk AT

Aw/o-Si A4 1 KOH JE skl &4 5 19 Awbulk Si 8840 BB Ak
—5. BT Awo-Si g4 B BT 5 MR Cap Si AIZEAR Substrate Si ¥4 2 pm
HEALREAE RS R, BEEEmSER S, £FET KOH B+ Awa-Si 5
A TR R AN & R AT o, T R AR R Fo-Si B 5 AuREEHT Aw/a-Si
&2 HITE KOH B RS RAEM IR .

hT Awo-Si BESHMAREERRERGE, LESHREERMNSAAMLE
WIFETE, 1818 Auw/a-Si B4 459 Cap Si #1 Substrate Si FIREASAII AR &4 KOH
Bk, SRR SHERS EEEE—WAMCRIESR, HILafTHl Ava-Si
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A5 F TR KOH J& b & £ M 4l ik o — S HERE . Jing, Errong 55 A P9-100)
A R B O B SR AN SR A R S R E, HATH R IE R A
Kehe T B ENEENRMARTESBNR, HHMETLIBRENES
FEREE, HEMARNXBRIHRAAERKE, 1 HEMRR A XSRILH IR
REEBEE, BEXFHTE, WE Aw/a-Si G40 B ITE KOH JF ik &K 4EM
A4S, MAESHESZRESFE—EHEmARK, BT aoIelEE
FRET AR, EEERMBIEHNIMEA DEERHARKER.

7E Aw/o-Si 8415 A /T KOH FEThsEIber, % M B m R
BATRESAWEMAR, TERHKNELIEHMERNE T HRAIN N
Au/a-Si BEE T BITH Cap Si—M (1 B4R 45 1 1) & 75 76 o-Si IR B — 1)
Ait. BEfS, 7E KOH fEMUE s Au/a-Si B4 8o £ B KM HT 1%,
S ORI A6 BB AT S 5 A OB . B 2.8, [ 2.9 FIE 2.10
ARBERTe-SES AuEEEEA 12.5:1, 4:1 F 1.5:1 ZFEFRE Av/a-Si 52
£75 7€ KOH IS HhRTEROALAMNE . ME 2.8 FIE 29 hAMRI, T o-Si
B5 Au ZEEHN 12.5:1 f1 4:1 FEXFFER, 7E KOH fE 1 20 min A&
SHMNX BRI BHER A EIHBERENZESR, HEE Av/e-Si#EEH
B E H I TR R, ME 2.10 B3 Fo-Si EE Au ZEE Y 1.5:1
i Aw/a-Si 42485 7E KOH /& 6 h s G AR A ME AR ENER .. LRK
UL To-Si B 5 Au BEE AN 12.5:1 1 4:1 FFMEIE Av/o-Si A 4514
£ KOH JE1hh FFEAFEEM s Il g, B BRERA B 2ERSRAK G
XML 200 um, ARIE Awo-Si 868 P& i KOH J& T 8] 4 20 min,
A LA O R 4 il R 204 600 p/h, AN )4k TR 2 R RF I I K T KOH
STRE (100) HFIEMHER (450 %) . B, o-SiE5 Au BEEEHN T Av/o-Si
A4S KOH MR A MR & g IR
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(b)

B 2.8 oSik5 AuBEKN 12.5:1 ] Au/o-Si %n‘u}%‘ﬁimﬁ‘]ﬂ%iﬁﬁﬁﬁﬁ, (a) &
e,  (b) JEYH 20 min f5.
Flgure 2.8 The IR images of Au/a-Si bonding chips with the a-Si/Au thickness ratio of 12.5:1.

(a) Before etching and (b) after 20-minute etchmg

An————.

200pm 200um

(2) (b)

B 2.9 o-Si5 AuJEREHN 41§ Awo-Si RETH BTHLIBMERN, (a) Bk,
(b) &P 20 min J5.
Figure 2.9 The IR images of Au/a-Si bonding chips with the a-Si/Au thickness ratio of 4:1. (a)

Before etching and (b) after 20-minute etching.
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200pm

(a) (b)

2.10 o-Si 5 Au BEHR 1.5:1 ) Avw/e-Si BESHATHNL/BHERE, () &
wEr, (b) HHeh)E.
Figure 2.10 The IR images of Au/0-Si bonding chips with the a-Si/Au thickness ratio of 1.5:1.

(a) Before etching and (b) after 6-hour etching.

NT B0 Au/e-Si BA SR KOH JEF A a & ik i R, B4
KOH &5 i Aw/o-Si 40 Bui TH-& L E B S SEM Mg, H
Fst T R A AT Aw/a-SiBEA S T REM &, B REEYUTEIERY
R EREAS AP URBE R ZSREARE: BT Avoe-SiBEEH
(LB AE A AT AL A M TS B 2, T 2 TR TSI (T30 55 2 B LR
ERREE RS, RIS R FIB & F R ZV s &8 il R Xt 7 A0 22,
AR RS R E LS.

211 BrR Ta-Si 25 Au BEEEA 12.5:1 1) Aw/a-Si §5°8 7 £ KOH
JEEIAR4E W FIB 03850 SEM BB . NEHRAESEER, EeERERES
Cap Si (Bulk Si) MEMZEZEHILT —KELMRR, ZEMRBHE—PRIET
MASNR A MR RN A 5B R, B E, %A R 5EEAE 400
nm~1200 nm 2 [&],
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Substrate Si

Cap Si

L 7/6/2017 mag O HV mode  det WD 10 g |
XY 13055 PM 15000% 2.00kvY BD TLD 4.0 mm ISTC Hefios

B 2.11 o-Si5 Au EEHR 12.5:1 B Au/e-Si BA4E A £ I 90 min i KOH BM/E14
421 FIB 35K SEM B A .
Figure 2.11 The SEM image of an Au/a-Si bonding chip with the a-Si/Au thickness ratio of '

12.5:1 by surface treatments of FIB (after 90-minute KOH etching)

2.12 (a) f (b) HHERTe-SiZE AuBEEA 12.5:1 A 1.5:1 i
Au/a-Si 4 F7E KOH JEmaT 4 21 SEM B, WP AILIERESRR S
25 Cap Si (Bulk Si) HANEZ MFERTES 5SR-S #E,
FIREEE M, HRAMe-Si HIEEEE 300 nm~1200 nm 2 &, AW, B 2.11
R IR BR A S A 2.12 (a) IR Ao-Si BIEEEREAER — N SHTEHE
K, XiHe-Si 25 Au ZEE LN 12.5:1 B Aw/a-Si BT H MRS MAL
TESRESE B R B TR AR 0-Si MIEX k. Sghr b, B PECVD FrifliRia-Si #ifR
A& RIRGHAN, LR 54 KOH TG,

StFE 212 (b) Fa-8i 25 AuBEELA 1.5:1 19 Av/e-Si &8 SEM
W, ERBSATL, FRAENEDS B, XHAZe-SiZE AuZRER
M AR, o-Si T ES 5REREEHARIY, B T ASE STHRMEIE
Fho-Si JERERR A BT AL RN 50838 . TRt & B rh e i &L B A 4
KOH M E, Ti4rtg &2 UK Cap Si Fl Substrate Si SR&EHAE—&E, £
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EFREAE R MEMS =4 R A R B RARM R

Ba-Si 25 AuEEEH RN 1.5:1 1 Awe-Si 40 B%& T 5 KOH BihIkE N
REf. XEFERANE, SHEABRNEES L 5REREMNRE SR FE
PIRSS, AN UM B SEEES TZSHEEERE: 400°C; 51 E: 30 min)
S ER Auw/a-Si B2 A S HITE SIS KOH JETh3t A AT A& Mo-SV/Au EEEE LY
SAF, HFEZBETESHTH TSI ES Au ZEEWKT 1.5:1 WEEE.

N

~ Substrate Si - Substrate Si

SI02 g grain A

Si02

. CapSi. Cap Si

15 0KV 12 0mm %10 0k HASSE(UL) . 15.0KV 14.8riifn X10.0k LAT00{UL)

(2) (b)

B 212 Av/o-Si@&HHATAERBTNBEAESEM BE, (a) o-Si 5 Av EEHHN
12.5:1, (b) o-Si5 Au BFHA 1.5:1.
Figure 2.12 The cross-sectional SEM images of Au/a-Si bonding chips before KOH etching.

(a) The a-Si/Au thickness ratio of 12.5:1, and (b) the a-Si/Au thickness ratio of 1.5:1.

24 EF LOCOS HIEHE! Awbulk Si BEEH5 KOH EiasEat

2.4.1 R Awbulk Si S EMEIRIT

R Aw/o-Si A EMTERKNe-Si 25 Au E B EHE T 2Ll 5 KOH J&
TSRS, SR Awbulk Si AT A FEIRENERETEERE RN
T IR EE RN R E, HFHZBEEMIH SRR E . Eit,
BN Awbulk Si & EHIET R Wi UUSEILER & 454 5 KOH A 14
WREBEANA. B 2.13 (a) B/RTHESR Awbulk Si 854 HRERE,
HIFTR, 5T Awbulk SiBELEMRY, ROV EENSELRERNESER
EEHEESE 5 (bulk S Z[E R E EEBELSMIHEE (Damage
Layer) , M5 E #7224 N R Awbulk Si 824 45H7E KOH B T 277
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FEM [ 5 T R AR A TR A

amage layer

B 2.13  (a) 2% Awbulk Si @ELHM (b) ETF LOCOS HE#E Aubulk Si @EE
HAREE..
Figure 2.13 The diagrams for (a) the conventional Au/bulk Si bonding structure and (b) the

modified Au/bulk Si bonding structure based on LOCOS.

WL, RALK Awbulk Si A LHT&RER AR SR (bulk Si) Z 1A
REEE—E T AR — Ry, FEektRRMAES KOH BilERL
W RRE, BB ARt ALY BT AR 2 5 KOH JE M. XAKRA—FMELI
Au/bulk Si 845 KOH J§ T 23 A MH Bk . ERRBEIETEH R
ZALTE (local oxidation of silicon, LOCOS) RSZIUIEX 2 [HIB M mIfEEs, H
FREFERAA T’:fu%ﬁmi#@mrztwﬁ%%mﬁ R SR
R E KA, XA SRR AERNRPERTS%.

SebR b, 7EAERFRERGIER LOCOS TEMAY, R RE|—REREMLT
¥, WMEHE LOCOS TZMABEHBEAEWNH &S, NFERESEREN
b 5 7 R R4 AT LOCOS TEMIE SRR, SRS LSRR
AANBEEHAENEHRE-EEANETSELAEEANERE TERREE
Be AR R AR L B R B B & SR A 2 IR B8 5 . B8 2 Au/bulk Si AL
HIft bulk Si B —ME0E S X IR EE B URIEE F ERE TZFHR &
fi, NEEWNSHRLBERNADMETESEY, FETOTEAFRLEEHRN
Awbulk Si & 41k B ERKIANER . BART S 5K B B DA
LOCOS TERERAH SRS LOCOS TE, HABEE -SRELILER
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EEENELYEEMEASHILERARE, MERLE —SAENLT
USRI RS XS A DS ELBE ORI R RS 4.

Bk, 295 LOCOS TEMEMEREH KR, RIB—FETHSHEN
LOCOS TERI M BEE Awbulk Si AL, FFLUARIRMESE Awbulk Si & 45
5 KOH B T A, 58 213 () Mk, B 213 (b) FiER
(23R Awbulk SiEA SRR A X 2L — TR B AR BT B R 1R
AN, EhENG SN NS SEZEEN bulk Si & A RETE,
TRAEEBETMNMREAENRMETRE T 2R SR RN MERRE; 7
4h, REMEFIBAENEAMERUA TR SELXERENABDRTREE
OH fEhiE W, 45 52 H LOCOS T AT M S & E MINBE T #E
&R R R BOI R S KOH R Efl. Fib, 3T 2t Awbulk Si 5
EEE BRI AWSi B4 LR R AE KRS AFTBNIEE, [ERRMT
AWSi BE 2 LSRN ZER G EM KOH B2 MR T Rk, FIiZgy
TSR LLSE B Awbulk Si 845 KOH [l T 234 .

SR, AT B0 Awbulk Si A ER = KBNS
HEMAEHRARRRESEMERNRASEE (H) « BOENEE (Hs)
MSBEERE (H) 290, 8N H A B ESETERBETEHRTREZ
B A EMARE, RAHREREENSEREEN, MAF €K
Hs HE ™ & SIS 7 S RESL 4t IR B IR ALRE SRR . 242t &Y Awbulk Si 82
&R T SEPRE) KOH il e, IR Bun T S 8w,

D MEEAENEE, BOMEEHNARERREOSEMEKNRESEE

(Hp) « BB MEE (Hs) A Bl FidRiast 2.1 M1 2.2) #RRBE,
Heh T, T B BINE—PRE ZPRENTEPERENERNER. T8 T
18 Awbulk Si BEALHER S TZFEREE Cap Si MEAR F I Substrate Si

(3L R “Cap Si”A1“Sub Si”HIH 5 ) HISRE XIZRe o Hefi, WERENE
2 ¥ B A (X 3k 10 3R T o S K T &R K e B, BN P B E L L E W
EAEEE R 243 2 T0>1.273T7.

2) %GR Awbulk Si 84 BRI UEALEEE )y KOH JEt b 3 Sk b

A
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SREPE, 2R Awbulk Si #4447 KOH B rasi L&
JE3 o PR P P BB LR P T 5 A Bk T i G5 W 1 4% T I 38 IR AVAL T2 AR
SALREERE Tro B, AR KOH 1o TREMECAE S ik B, W] LAZE
SE R LA AP ARE R B R A IS ELE R R .

H, =0.44T,—0.56T; (T, >1273T;) @2.1)

Hy =0.44-(T, +T,) 2.2)

242 PR Au/bulk Si A EHMEIE

ERHE R Awbulk Si S EWME & T, HZRMAE Cap Si MER &
Substrate Si ¥ A ZE~F N E (100) &R, HEE S E RN 425 pm, FAEPHE
3 3~8 Q-em. B 2.14 BR TIZEGEE Au/bulk Si BE 451 I PRI T & AR
1(6)

Au-Si alloy

B 2.14 Bu#E Awbulk Si @S MK E T ZHER.

Figure 2.14 The overall fabrication processes of the modified Au/bulk Si bonding structure.

(1) BB TRENZESAATR (LPCVD) fEHMREE Cap Si FUTIR—E &
EHEAEEE (@M /), Normal Stress) , UMENFERAEM T ZWHER.
WS, BYE—votif R MNEFZm (RIE) AR, WNUREERAREZE#HITE
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Ak, WA EESZESHBANEAXE BEHXIE) REFEEERRE M
%, MixtFiEgeXE GERARXI) /BT EREKENER XN H#HTR
AeEER ZI 1 .

(2) RIEHXLE Cap Si [H T EANFRINEF, FIHFEMRFEEMLRTE
REEATEER S BERAEHERMER BREK—EBEERNEAES . ZH
MRS S RENTE. L L ZEHEENERE, UWERAEE —EahRE
HREY & 4554

(3) BIEEHENDZ I (BOE) X Cap Si_E AT AEMZEHT
A, Hd BOE B @4 S BN ZIMEL LR 50:1, ZAA R
Bz A S OH S EXREE, W, TUER—MRE—EREN
MG MMV TERT .

(4 BEREETIEAEEREA TR BRELZ, 7 Cap Si @ 7 L4k4s
HEM K — 2 EENENER, ZEMENFEEERARIEN S N R &4
FitE KOH JE M RIS . BRI AEN T E,

(5) #t—35, ¥ Cap Si B A EEFIRER P IELE 2 -8 LR BREMERT
HTHREATEFREROBEMLY, FEER Cap Si[AF ET 160°C KIBERRIER
Fo BALTE M T%, Hd 160°C MR FRVE BN BALEEA EALRERI IR T EL £y
50:1. Blix—F, BERTUEAEELEAENELEEWINHE, BNET
A e R A P Bl .

(6) BEJE¥ Cap Si B EEH BB HIELEL 2 7%, B Rk aT &
e A4 BEN TVAu HEIEST 3 Cap Si B A AEREMGEW—M, Hr
Ti Y AT ABEE Au JETE Si RO, B 7T LA EBREE Awbulk Si 886 Akt
KEHERENE . WETRERHITE IR (WEAIERE—XK) &, RiEaHH
AR L SRR A TR AR R G I BRI VT Au IR A Ti BEBEAT /R i, |tk
| H S SRS S5 M I bulk Si AR

(7) FH4HEEER A Sub Si #HTHEML T Z, AKEE 2 pm WEAE,
BB B B R R TR X B RE A, B RIS 7E Sub Si— Ik ST
—J2 TiW/Au #fE/E Sub Si W& REEAT. XEFEHAKE, SubSiTE
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TiW/Au M —MRE#HTEBENERA, ZEABEHERG SRR it
TR SRS T .

(8) ¥ #4171 Cap Si 55 Sub Si B % A\ F Karl Suss SB-6E AZ AL
HTERARBETY, HRAENESALRTHBEHEREER. BT
SR FEAFN TEASE: BEAVME 1x10*mbar NERAZE,
WS E AR A BT 300°C T 45 30 4T L ERN R LE, laINAE 400°C
FE7E 1250 mbar [ISES 5 7 FHETIREE 30 e RS, ERELEBAERE
T 2 ) Aubulk Si BEEL5H. B

7 FRGIE T Ed, AR TIERARM AL T Z S5 % 7 MK Sk
Au/bulk Si @BEEN, HTZSHmME 2.2 fir.

# 22 BUHE Awbulk Si @A LR EIETIVURNERSH.
Table 2.2 The detailed thicknesses of deposited films in the modified Au/bulk Si bonding

structure fabrications.

&H  LPCVD ®mBE  F WA CapSifURY Sub SifUE
KM FMHREEE WLEE T WAEE D TiAu EE TIWALEE

NO.1 200 nm 1000 nm 650 nm 50/300 nm 80/500 nm

NO.2 200 nm 2000 nm . 1400 nm 50/600 nm 80/500 nm

243 B Awbulk Si & LAY KOH B sk s S

B 2.15 BT AR Cap Si BARF — ELALRE (650 nn A 1400 nm)
HIBGEE Awbulk Si St R A S HINSREAZMFIE SEM BA. B2, Y]
B AwAu R CAKESRE, REBERAT MEEESRZRERKN SRR
SE., WA 215 (2) # (b) Fir, LRFEEEHASEZERTRABMNLEH
RE SRR A TS MW A0 R b N S RESE 2 A T ) Au A0 Si BIIR A4
(011020, T7EAREIL R A 363°C DA ESTH 4R G B & i S RESE B R R4 1) 2
e B R AR TP B % B MO REBE A SRR, SXAER 215 AR
FEWHIATL. M SEM BB A i BT LAE B, ZE5E3E Cap Si —MINERER G R L,
BG4 R A TR S DA LOCOS TE M« S 2 B AL RE R BT
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RN, 7E-Su R T, BT Cap Si A0 bulk Si KBS 55T 4

%,

FEL R R R TR T — 8 aRE, S AN AREKBHeRS & TE
%, XAMRFERIFERETUMNE 2.14 BEEMRH&ERETE 8 DA
W ZRBURB. Wi, TTUEREREHEESAE L, Cap Si—MRIH
bulk Si IFRMRTESE (MARERFERNIMIRA) , XRUKE T Cap Si FFEH
A Au HET BOFS 5RSRILRRBR. &R, KRR NS
Awbulk Si @EEMC 2L T &L REE, 8 CapSiEF 5 SubSi AAZ
B SRR A EME NIRRT —PEAE,

B 2.15 Zuif Auwbulk Si @S EHE KOH BHTHEE4FE SEMBA, (a) CapSi
E7 650 nm EFEK SiO2, (b) Cap Si AF 1400 nm EFE K SiO2.

Figure 2.15 The cross-sectional SEM images of the modified Au/bulk Si bonding structure

before KOH etching. (a) 650 nm SiO; for Cap Si and (b) 1400 nm SiO> for Cap Si.

Bt Aubulk Si A S HBITER T UL T I PERRIT R 1) £
e EET, LREBE SIS A (363°C) B, JRHTE Cap Si A LAY
Au B %5 Cap Si {9 bulk Si RAEFLR R, HUWAMERBSEEEE. 2)
FrE RIS S TEA SR A TEER T 5IRST7E Sub Si AR 1 1T Au AR At
HFik— SRR, 3) MESELRERMIHET, BEFAXBIRT Cap Si 8
FEE T UL Sub Si BB Au ERRIENRIEN A JRR-E& I XY, XRREE
FEREFT XD KIBEER T RSEEEE, REFERSIXBROBSEES
& — IR T L Cap Si F1 Sub Si REWFHEANYEZH ARG XKIH
. 4) ERSHNEEILRRME, BAVTRRBRESES AN, £t
FR R IR E A2, BT Au AN Si AR ELEAERE R LA AN TE, Au A Si <



B-E SEEES5KOHEBEERLZHRFETA

RESE R4 RORWIHT H R AR B Au D STIBR SR SRR G R . &, B
4RSS BT X Cap Si 5 Sub Si #1 & E 2 A G &L EE.

Y & S MR A R A B 6.4%6.4 mm? K/NSTER AN BT, HRXEd
F BT NE] 50°C TR 40 wt.%H KOH JE A b TR kR, ZinE
AR FE F 19 KOH JEMENT (100) RERIEMHERAW AL 12 po/h, BHER
FFFIRAR SN (100) RERISEPRE MER AN 10 pvh. XEFEUAKNR, N
T 88 MORAE Bodk R Aw/bulk Si SEA 4545 KOH BB L ZH AR, ik Cap
Si f04Ee A TS U ARRETIE 9 KOH R IOWME K, 77 Sub Si 1 F AR AT
AR AT EHE B AN EY CERPHIENEEERN 2 um) EHAL7E KOH
FEieh s b R AR RE AR BV . AT O0, AR R Aw/bulk Si &S5 RN
KOH JEhif T2 3# A, IMAIUE Cap Si FIEEAH KR, 7 KOH Fm
EAE TREN JEBER, Cap Si fIREHE L ARFZFMEARBFEZOAR. T
SCHIHT, AR HE IR S A T A B Awbulk Si A SR T RAN
KOH &M T Z A MR

£ KOH fEMuseitdh, Xt iXEs Cap Si BA S WEEEE N 650 nm A
1 Awbulk Si @A, B 2.16 (a) A (b) AREFFHEM MK KOH s
Yoz BESEE A, H KOH JE M A2 28 h, SR Cap Si fEFr FE ket 8
WREEZHN 280 pm. STFE 2.16 () HHEgHELR, ATLLEBIFESEEE! Awbulk Sif#
£ P BT Cap SiVRVE—M, Cap Si BETLELT KOH &[] 71 5 1o 18 /65 ol
P, BB Cap Si ABESAEAELS, XRBHTIREK Awbulk Si &
L AH 5 KOH EMmBERMETH. R, WTE 2.16 (b) ke, AT
E 3| — g A B R R AU B, thEIZE{Y 28 h 19 KOH /&5, Cap Si
— SRR AT MUK K B BRIk 7E LI
Awbulk Si §4 4515 KOH JE A e B ERR— LB, BTRHmT

BEHIR LR ST, FhHEEMREI RS XN &R )RR
&

BN o
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B 2.16 Cap Si £F 650 nm EJE SiO: KA Au/bulk Si AL HE KOH B 28h /5
HIFF BSOS BMER A, B () BERERIIA (b) REBREARIEIERL:
Bok, () R (A AHA (2 A (b)) BFALARGEBRENDIIIERGER .

Figure 2.16 The two type photographs of modified Au/bulk Si bonding chips (with 650 nm
Si0; for Cap Si) after 28-hour KOH etching, i.e. (a) successfully single-side thinning and (b)
unsuccessfully single-side thinning. And their IR images (c) and (d) of the upper-right corner

zones marked with the blue dash lines in (a) and (b) respectively.

B R LA B I TR T BT X PR 5 RS BT LA
. AANEWETHTSHLERGRENITHME, HRERSELAESEN
BHEASSNMENIMIREY, MAsEEdEERNE, EAdeRm™
RS, BILTE SRR A G A /NR A G R & AR E TR R R L T 3t
RN, WRESIRERERZXIBRARE, MEkKEERRNERZKEEE. K
PEIXANERE, TLBE O EMEEET KOH /5 Cap St IELH N FR &34
ARSI X B SRS BRI PORES, DU E S8 LRI KOH &MU
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BB SHEES5 KOH BEFEMIZHAMRA

MIER. B 216 (¢) f (D) HRERTHE 2.16 (a) M (b) HHEEELE
FRHE AREHASEG. mE 2.16 (¢) Fix, BTEESHFXBEIMHKE
TR SR SRR AR BT A S 0 A 2R3 JEBR A TR X 350t 43 A7 5 25 R AR Y
R SRR SRR BT, RN TR 2.16 () FHEaGH, LE
NMERSRXIBHE SRELREMNEE. TR 2.16 (D fis, RERESH
X 3, 2P R AR SR K G AR E R4S A0, (HERRE XA R
B ERRKEADRTHENEY, HERERRERGHKER, XERENTHE 2.16
(b) REERAT S, LHAERATHKINAE SRLRFMOEE, B
RASE SR NI & HEE,

R T RAF R ET A EB T, RRSCHE—F 5T SEM&EDS #47
B X 2.16 (d) BT 2L B RPN EG AT A R X 350 SEM&EDS
S H, i 2.17 (a) Frw, TUESIE 216 (D S AEELE 252 S WRR L)
A 6 K IR ST R A S R, B2 xR, Wl 2.17 (b) fix, EE 2.16
(&) MO/ BB IER SRR 2T H IR K G FOR 5K SRS 740 K3
4K, H SEM BH 2P RS HNERREHS, TERANMNZZ
4 EE, Fild EDS WRAMZX B & BHRASSHERRD, XEM
E T ZXIBMEAELSEESENTY. Ll FREHFKEEHEENERER
T, ERATEPEESHRIK Cap Si —MHEEFE 7RIS HIFRTE Sub Si EAVE
AEHEBEY #E T EREHIX Eiﬁzm&%ﬁﬁﬂlﬂﬁﬁﬁ KA R .

33333333333

..........

20.0kV 9.4mm x7.00k SE(M) OCu 20.0kV 8.4mm x600 SE(M)

& 2.17 ZEE 2.16 (b) BRI AOFADHF SEM&KEDS &8, 1 E Substrate Si L@
g Au MM (b) Au-Si &£
Figure 2.17 The SEM&EDS results of the EDS points (I) and (II) in the figure 2.16 (b), i.e. ()

the pure Au and (b) the Au-Si alloy distributed on the Substrate Si.
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HETF AT ERN MEMS =4 R A RHEF AR

HERERI, EIERAAXEEEESHEASNFESRE HI KOH Ei
TR & AR BRI A ERTIN AR, B, HIEREFXBAFESES
ERHZXIBAR KT e A KOH & 1 Bt i@ /i, 1 23R8 & 3 KA 1
i 4 Y RS A 122 (X 38 ) /R 4 75 18 8 et T ) HE BT HH U P SF B B . SR
fE Cap Si — B TIERAAXBRE &NHFE, XEFREEMNFEREGHX
BREEEE, MREFREAXEERSSESENEI, FEFEANESE
A SR EIAR A A IR 5 5 R i X A8 5E 2 3H T Cap Si A1 Sub Si B EAL
B gE R, BT LASEELZ SO R Awbulk Si A 451 58 BT KOH [
Rt EtERE. X IEQNF 2.18 (a) FT7nfd Case-1 BHEMAIELN, AWE 2.18 (a)
B (D XBEIHEAKE 2.18 (b) HALUEER, HTSESSHEFER,
Cap Si AR XA T KOH & a7 8 i 18 /& i, JF A Cap Si —1
REALEER R e B iE L. 2R, Wl 2.18 (a) Fisfxs T Case-2 XU &
fitEe, BEIERAT XA SEAENEE, EE T @RS SEETREFE
A7 R RN AR AT, Cap Si A Sub Si 2 7 fO 3RS A FF X S &7 1E
SHAESHERNARENE, XEHEESH Cap Si £ KOH BRIl 1 XU
T B

ST A SERREEORELME, ATLUAE 2.18 (a) # Case-2 XUTH/E
MBI SR AP A3 ABSAIE . 5 Cap Si dE$8-&TE (HED Cap Si F9JR#TH) £ KOH /&
b FTR B Bt A0 S R RIS HEANE], Cap Si L& RER&ZE N — M ke
SRR KR, X EBR Cap Si X —MIRRE KOH J& & 4 Sk FF a1 R [6) 1 7= 42
TARBERERERE, XU NIFRARXIBEN &M EANANE&ESSET
BEE. EME 218 (¢) R, HEEE Cap Si — K E/LEETE KOH BEimH
RITSRE, MR ABEAELTE 2.18 (b) FEBEMELS M NENEE,
Cap Si — &AL 2 TEFE S BUATER 2 5 & 4 S 2 KOH J& i h X i ki 15 L 1Y
ML, HELRSA T ET Cap Si SEREN B HIBRTRIE MR
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Au-Si ai[ov
Compact filling)

, T T Ngub si sl()z
el 18§02 of Cap Si

Au-Si 3“0\7 (D]sumtmuuus)
. Kincompact fillin

B i ot 1
UB010 150KV 8 5mm x4 00K LAB(UL} : 1600

& 2.18 Cap Si BA 650 }lm JERF SiO: it R Au/bulk Si BEEME kOH B 28h J5

M4 R SEM BA, B (a) A9 Case-1 BMIEMA Case-2 SMHMMRFER; H5t
(b) A () 4FHIA (a) ¥ Case-1 (1 (ID Ml Case-2 By (I XIBHIE AT SEM R .
Figure 2.18 The cross-sectional SEM images of the modified Au/bulk Si bonding structure
(with 650 nm SiO for Cap Si) after 28-hour KOH etching. (a) The two typical situations of
Case-1 (single-side etching) and Case-2 (double-side etching). (b) The etching boundary of

the (I) zone for Case-1 in (a). (c) The etching boundary of the (II) zone for Case-2 in (a).

L, 2R EREA S EIRE A I XM W B AT T R T ECE AN A]
P B, T UAMIE N Cap Si EULE BB M BER YU — R AR, R BIAS BUR
& KOH J& ik 00} feE A AL TE A JES 1k ithﬁlﬁiﬁ“ M2 B REN T ENE
WEEE, LR KOH B E — WS mEEE k. REm, mER
FEA FTIREIN, X E S AR B EMIEFE LI To>1.273T: Fiz M, LA
H{R7E Awbulk Si 84129 Cap Si 5 Sub Si HIEAIA X R 2 [0 B8R /- O #Efil .
BRI, TREHASEIFBEAKIBIEABEBR O, HAT LAt
Hl Awbulk Si 44545 KOH iz MM T &AM W 2.19 frr, @i
MBS EAENERE (T,=2pm, T/=14pum) , ARTIERIIHME T HHS0E
7 Au/bulk Si G2 LM Cap Si—I7E KOH J& ik - S R 2 95 pm. Ky,
2.19 (a) BR TiZE0HE Aubulk Si@&45H (Cap Si—IEH 1.4 um R
AR BLEIGTE 34 h 19 KOH B Kb BB IR F, HIREER Cap Siigf
V&4 KOH & H S igEmmfisaal, XRATZILEZSH M oL
£ Awbulk Si $2& 4% KOH [Ess £ MsRAR 1. Wik, AE 219 (b) #
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RifS& A% E SEM B AT LIE 2], BIE Cap Si 1 Sub Si By AKX
B2 BRI S (FESEREGSABEERTHXED , EiH
T Cap Si & E— A 1.4 pm FEMLEIERRY, ZREEMTE KOH B
WAL 28 Cap Si A TRMRE N IEREE —M, ALl asiE
KOH J& i v 52 B 2800 FE3 T B 78 o

B 2.19 (a) Cap SiE%& 1400 nm SiO; FI¥#E Aubulk Si 84 4H7E KOH i 34 h
FEREREEEMER N, RE (b) EMKEFIE SEM Rh .
Figure 2.19 (a) The typical photograph for the modified Au/bulk Si bonding structure (with

1400 nm SiO; for Cap Si) after 34-hour KOH etching and (b) its cross-sectional SEM images.

244 HuHBE Aubulk Si BEESEHMBRANBEBERMRAEN

BIE, XTHHR RSt Awbulk Si 4845 1 7E S ir 8 4 1 i o g AT R
WG ERTOEER. £ 2308 T AWATRANHM AN TZSHT ot
Auwbulk Si AL =ENRBNENSH. EOEEHNERXRES SR
KEEEEHEZ (Hp) « BOMENEE (Hs) MESESE (H) . FEUHD
B, FLR=EANEMsHEL BT RAS NI SEM B ER/E, Hd, Hs
M Hs XA SHREER (2.1) AR (22) BREITHNMNMERTHEHE. KR
b, SmEE R RS SERE™ G 450 B TSR HE T [ RS R T LR B 45 1
FITRES NS, EREMETTUERSMEE (H) EANKER, WRERLE
MR BRESBREEERT SHEHMENSE, BAw UEREGIREF
U 4 T R ) SR BV {15 R A THT R S0 P SR B A, AT ke S M 5 A T
AR EA TEMEM. £k, Hp Ml Ha XN SEBHERKEUTER, XHF
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AL 364K SRl Cap Si UL MIAN A B B35 SRR, DRIMGTESRES T2 ZRIAT LA
St Cap Si FREELMBITHK, KB %R Awbulk Si &L LT
F MEMS 244 (K118 - o 35 8 MEMS A< & & 2% AT 3 4544 (1 ) % o o BT B
7 Awbulk Si @& E&MHTMNEE LERFA T & 552 RILE RN, F
Bt a 2Rk 23 PHENRBENSETEE TZNSIIRREZM, Hikix
ZERIRLZ B RBTAE% Awbulk Si A EHEERE,

£ 23 FRCHZNBOER Awbulk Si BEEHFTHEMURNXBEWSE.
Table 2.3 The calculated and measured values for critical parameters of the modified

Au/bulk Si bonding structure fabricated in this study.

oA Hp Hs; H;,

KA THEE W= THEE = nE
NO.1 76 nm ~200 nm 726 nm ~790 nm ~110 nm
NO.2 96 nm ~220 nm 1496 nm ~1580nm | ~450nm

397 LUK RO Awbulk Si A GHINEERE, AR TAEMAER
) Cap Si EALKEEE B4 AT T R MsR iR, MENTERARE K L.
. 7. A BRALE S BIBEHLEE RIS A BT R R . R 2.4 PO
Cap Si B4 650 nm B RN BHH SRR AW TR N EATE
920N, i Cap Si B 1400 nm JEEE MRS SRR & S Tl R
FHELTE 1000N, TLEES HEERRK Cap Si AMEEESHTRAENE
ER.

) 220 B T IXFIHIR A Cap Si EULTE B R RORE &85 00 il B S 2
ISR . T, 7R BF X IR KRR 4 KT B4 R A EREA IR T AN R e e
&, XEWREHRIXFIEEER Awbulk Si @A S HFFEINA RS RECER
FIRREA S ROWTRLREE . RIS, 7EJR4R AR IR B T LA B ARE RAE T RN
51, B 220 (al) F (a2) SRR T IEBEHRXIZEF B E 0K E SRR
Z4M9 Sub Si 1l Cap Si FHMMIWIZLS, WA 2.20 (b1) A (b2) 73R 23 T3
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SEOIR X 38 KB 4 R A AR RERT A9 Sub Si 1 Cap Si I BI TSR . Skbr L,
IR AT X IR AEES A T, EiEREARKBIERNEREGehK
ET AN ROERESERARXBHERTEEMNE SRR T REEHE
FREGRS TR, RN, ZRASNNERRESEREN—ESREHXEN
MR E—ET . AT, EWEKETH KOH Bkt i RILN, FEEHKX
B4 S SN IR AT X R 8 H BRIE AR B E A E v, F U bR
i E SA B T O8I SEPR B B TR .
£ 2.4 ERHRBPEHE Awbulk Si B EEHAERR Cap Si # Sio: BEE (HBELSHF2
&) TRRBIMAAEMREEEE.
Table 2.4 The measured bonding forces and bonding strengths for the modified Au/bulk Si

bonding structure at different SiO; thicknesses of Cap Si (i.e. Chip Types) in tensile tests.

AR EARMERE R AE (p  TEEX EET BEE
— mAE W RE

R+ F B A =

(N) (MPa)  (MPa)
790 900 936 727 1609 996.8 24.3 78.1
rod 1368 705 543 833 1557  (376.1)*  (92)® (29.5)°
970 540 1369 618 1453 922.6 225 723
No.2

884 469 611 1594 718 (410.8) (10.0) (32.2)

@ f5in, 996.8 (376.1) RxFIHH/IME 996.8 N, MR HIRIEMEE 376.1N.
be BN, RILIEARAER (6.4x6.4mm?) MEIHEEIRER (12.77mm?) HHHIH#
HRER T RAEM ERIE.

Stk T LAEE AT AR A X E AR AR fy S B A T AR SR 43 A
HEMMNNEEREE, NTBIEEEEN ETARE, BaX Mot
Auwbulk Si 4 S HEREAREKERXNAN L T AREZ MR 24 Pow,
RS KB TAR 12.77 mm? KT E B A RE ERHEDN 75 MPa, T H X
FEEEWN R IR (6.4%6.4 mm?) SKIFEIERE T RYMEN 23 MPa. &
&, WL TAEFTR H BIEGH Y Awbulk Si & S ISERFE S5 E N T 23 MPa
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5575 MPa 2 i, SEBF b, SOREOHEE Awbulk Si B4 MM AT FIRKE
23 MPa 5#%; Awbulk Si &4 WIEATREE 11~20 MPall 1 MBEAE —IE
%%, X ULBFTIR OB Awbulk Si @A SR AT UBEFES Auwbulk Si 5
SRR A EAN TR TR, AW EBGHE Awbulk Si &4 BT
MR T Awbulk Si @ SEHNERERE (FEARE) 5 KOH BHsRELN
(57 & , X TAE(678 Awbulk SiBAHAERERE M L ZHREETHBUTE.

T

220 BUER Awbulk Si B4 A ERANRE NS EAEERERA, D 5 2)
AR AR AR ST HA R A KR ERMHNRT REB/MIDLAE 469 N,
M (b1) 5 (b2) PHREARREEREFMARSFREFRE (ERBUEFRAR
IR HI1E 1609 N, |
Figure 2.20 The typical photographs for the separated chips of the modified Au/bulk Si
bonding structure after tensile tests. (al) & (a2) The bulk Si fracture occurred on the
bonding ring and the minority of non-bonding-ring zones (with the min tensile force of 469 N
in tensile tests). (b1) & (b2) The bulk Si fracture occurred on the bonding ring and the all

most of non-bonding-ring zones (with the max tensile force of 1609 N in tensile tests).

2.5 NG
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BT EEN MEMS 4R R EERATA

AEEMPR T SRELRBABARTROFAREEGEN (Awbulk Si #E4
RN Aw/o-Si B4 5 KOH B LZA T, SR —FET LOCOS
ke Awbulk Si SE M IR Awbulk Si BAHMESHEHBERELR
5 KOH JE A B E «

— 7518, 5T Awbulk Si 48445 HI7E KOH J& il B9 a1 45 i R & , I A KOH
S B AR B 4% ) S R S e L, AR TR ER A0 A BE M AT Aw/bulk Si B8 S5 RO BE
TR R R, AR S SCER AT E T R I Damage layer B ik (HBBI7EE7E
4 25 Bulk Si 2 (8B4 AR SRR ) BBy & BRI B Tk L
%, HWBHER: ALNEHERES KOH FiAs A % MW % Damage
layer F7= 4 BL#E4T Damage layer FIFR BRI P T AT .

B—FE, MT Aw/o-Si @AM S KOH B TERAMER R, @i
Fla-Si EIES AuEEEEL (12.5:1. 4:1 F1 1.5:1 =FE0) 1 Av/a-Si B-& 45
HIR9 KOH JEimsess, F1#T IR. SEM. FIB SRMRIEMREMEERA, KIL
WEhe-Si 5 Au EEEEH (12.5:1 1 4:1) S REH Awa-Si A 4 HIK i T a-Si
VENETE SRS R R B P RATI AN A RIS, TIBIRe-Si 5 AuEIREE
e (1.5:1) SR Aw/a-Si 8 E 4 H To-Si BEAS 5 &R RN A%
5 KOH JE i3 & #ETT .

% 2.5 JCHT Awbulk Si @& M Aw/a-Si 44475 KOH i AR
R L, %ot T A LE AN 1) B A R A 5 10 3k — 54 S L LI T B ke = AN R
KRG Au/a-Si B AL BES T Awbulk Si 84 44 P& BEH5)E (Damage
layer) HIHFL, {HES KOH MK T H AN EEBIRTo-Si HIES Au HE
B, tBEA N a-Si RS Au BEEE LLBETIRE, WA MIERRE,
Aw/a-Si A GBI E ST (~600 pm/h) K4t Au/bulk Si 8 & S5
Mk (~333um/h) MREN™E. FHit, AL Aw/e-Si BE4H 5 KOH Fi
EmRERAst, ARETHENSHES TZSH (BERE: 400°C; #E
B E: 30 min) 45 Ho-Si EES AuBEEE KT 1.5:1 KISEE.

B RJEHIMES Awbulk Si #4415 KOH BMBIARAN, RIHFR
JET —FE A T KOH /i A Bu# B Awbulk Si BA 450 . %4513 LOCOS T

>
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Sia%, % LOCOS EHMEN T EHENFSRENTE, BTH SRR
WL ERBRIERLER AR IRNENEEWHFBLE _SRENTERNEENLE
RPN SHAITIRYY, 5P Au /bulk Si Ft &R XE KOH iR . £
R, FHREAEEEIZEEEE Awbulk Si 84 45H7E KOH fE ik iHii
MEEEEEYM: (1) F—PSENEENATESSEAN 12737 (D F
—EREALE R E TI%B0ER Awbulk Si 8 & 45 H7E KOH Ji&§ vt By B KT S
TREREE . W2, BRRRE, HEOEE Awbulk Si R ESHNREEET
R4 23 MPa, 554 Awbulk Si B4 LRI A TR EAAL. Fk,
O Awbulk Si @& S HWIRAL T —FF Awbulk Si 845 KOH EHARRA R
AATHSERS, R T SRR ARESSBIFHIESHEPRNAZR. Btz
Ah, X RO A SN e RS BB A BORTE KOH BMEFRIZRMTZ
HHEARESEEN.

# 2.5 Awo-Si fl Awbulk Si 4 EH7E KOH FRNRT K- TN e g% .
Table 2.5 The average underetch rates of Au/a-Si and Au/bulk Si bonding structures in KOH

etching tests.

No. RESH a-Si 5 Au HEEE I T A

1 1.5:1 | 0
2 Aw/o-Si 4:1 ~600 pm/h
3 12.5:1 ~600 pm/h

4 Aw/bulk Si - ~333 pm/h
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B=E SHBANREEMRSREBRETR

F=E SEHESHRBEMSRABENR

3.1 5I8

B S e BORR SEHLLL 3D TEARFER 3D RABATTRNEZ TR,
5 B R TE IR A B S2IH 3D £ S BB 5 R AT R E R ERAT
105, % 3D HEMEEE. mEEMNETEESHERNER, M ELELY
f) e, 24 1 5 HUBRARR M BT 9 1 © 2 BN 3D EEGLAL BETH A AT Bk A 2 AR
4, TXAR EHRESE N HRE T EZE UK.

LI TT S, B A R & BOR BT B M 2 2 B A TR B
W% B ELS IR SH R, T ELESS IR B E— R R IR T RS
. B S RNTS, HEN SRS TARFERNFARARA
22 W BT T o 42 s e L0 B 00 5 L 65 0 Y T 5 1 DA B L TR B 1Y |
SEHT, TEEMSTERERRE) 3D HELMHE.

— 7T, XtT 3D H &L B TAE1E KBRS e fi e B AT PP, CE40E

B VEAE 3D HERTRMME N TR, i, SHFXRHA CwSn &M BCB #&
R4 84 (Hybrid bonding) T ZATSEHUEY 3D MIMEMFEMIEH09, DLRSL
1 Hybrid bonding £ T R B HOVEAREUION; 1tk 41 WA 35k o Lt g 8 — 35 P
FE P RERS TEShAS, i, BTFRASAERS TEHHRSRE
P& E NS T E S MO 00, |

B—J7TH, JERIE TSV RE EEMAEHSIET, BRARRNRRE TSR
R K B s P ML /B 30 T TS TR OB L. IR 3.1 Fim, RESMERIE
SRR F SR P A 7R R B e A AR BTG B S £ 3D TS5 AT LK
IR . AR, T BB R AR FTSEELN 3D EIEL AT R A
A IR A T B s L E 2 A RAE 3D EERE R BB I E B,
52 R AR L 7E 3D HAE R & B IR T HHEmi I

67



EFREEEERN MEMS =485 7 3 R RARF T

#£ 3.1 ERXRPRAELBRATZEIM 3D EEFIABE K LB EA R ZE.
Table 3.1 The summaries on the measured specific contact resistance values for 3D

interconnections adopting metal bonding techniques in recent references.

B R H KB B IR (Q )
Cu/Cu ~10-12 01091111 [110]
Cuw/In ~3.0x10-13 111
AVAIL - ~2.6x10712 [112]
Au/Sn ~3.9x10-12 [113]
Au/Au ~7.5x10710 [114]

B 3.1 AAWICHTR N 3D BEL4HRAEE, W ERET SRS
BRI, FAEEEBERES THALGEN I E TR ER/ERE
A rE. Eik, METIR D AEE. REESEENTEESESSBZA
BBl B KRB AR S, B St S S ROR BT AN & RE S 6 RR U ek v LN 1
MNEME S, HrhREEE RS 4 ) H R R AR A RS et P A IR
M. BAT, Fu, Fengshan 2 AUSIAT Fan, Xuejiao 5 A1 31 F0Hl & T 5T
BPEANTL SN &R A R Al s Kelvin WIRS5H, HSbiREUH Bk
B0 L R e o L B R FE BRI B8, 7E 106~10°Q-m? Z 8]0 AT A SRR H 19
3D HESMIFTR KRS 82 FE AR RS (0.013~0.02 Q-m) K &
[, R TEE FIENSCYLR e, T 0] S o 16 190 B < ek 2 - BR A%
fl oL PR BEAT IR S PP M B8+ B E

A, BT ERILAE AR AR FEW N T MEMS S4B R A i, A
Bt F e A RS R E T AN = BEE P EX TSI B R AR
NS RE P, Hin~10.65 MPal'®l, ~13.2 MPal'®, ~20 MPal*% 1001%&, &
WX TAERAMRZNE 3.1 FIRBE-EEE TR 3D EELELSH, — KM
= 3D BEE %GR R— T HAFR/MNEEERNEHN, XERBIRL
BN EESE WA BN BRI, AT, ST 8—mar B RABUNEE IR
SHTAENEERENOERA, FHRREXNTREEENIREERNS
B, miRFUBRAMENEE L E®BERN 3D EEMATR, FrRXRATIRNE

E=1
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F=E SHESNRBEMRSRERENR

LB (Ehin, Torunbalci M MI667, Lee S-HI68), ST, SilexU7'7248) , HH
M TERENESER (in, Murata®, DALSAP™MZ) , HEi# s EE
Wﬁ&ﬁﬂ%A@Fm%mﬁﬁzﬁﬁo

3D Interconnection
(Si Column Structure)

(1) Ohmic Contact

 Bonding Strength

B 3.1 ARXTHEFRHG—FET SRS LN 3D BEEHRRE.

Figure 3.1 The sketch of the 3D interconnection structure of Si columns in this work.

TR ST A T 5 MNEERE, B e E TP RS
B, FEHEASERR TS XHSE. Fit, ABEReEREe TN
W R FX A SHEAE, 25 & T AR ER, FFRAM S
T &rERA TZHEHL 3D G K B A LA AR

32 S£EEANEEEMfR

321 €8 %EABA#&T%%E%BHE’J/)”lh'té’—’ﬂuvl"ﬁf?‘ﬂ

St 42 JB /2 Bl 2 A O B AR B A B SR,  BI B) V2 SR P AR B R
HIFH3R (Specific Contact Resistance, SCR, pc) X — & BIRFF KNS BTE BB RR R 2
fub R B AT RAE . HURREHEAL AR, TR G FiR, PREIONVE—EE
FRTEAR X B BTN B IR 7 RS 5 IR A J RS Z B ELESR R, FFAT LA

T AR KR T R R (R FIEEMTER (A BISRBURIET T,
pe = G.1)
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ETRATIEEN MEMS =45 F R E SRR

H RTX T E R A B P R pe O, FEA =M T E: 1D #
AR 28 O A I RI% (Two-Contacts) 18119, Hu@ i T RIS S B R AEEEAMR LT AL
RROHEALIR; 2) %2k 779% (Transmission Line Model, TLM) U200 3 Ei&

T 7 R R AR T 10 )3 350 X I I B F VR NPT B BR A Ak ;. 3D Kelvin
B BEMR 777 (Cross Bridge Kelvin Resistance, CBKR) 121, 3& i T-AEREFAR
2T B T N T B R A, 3 7 R R A o DX AR R e PR ik
TR B

St F AW SCIAE TR I B 3D HIESH, TR TR AR A &S
1, SRR A TSR BRI R AR A T R B R ERER EE R &8
12 Sk 2 A ORI M, TR AR 59K SR P R IRT% (Two-Contacts) SR & 7E
A RO PR AT IR . A T &R A T2NEHFEEN— MR E k)
MEsRE, RARETRIFEAMLTZ (Local Oxidation of Silicon, LOCOS)
R, BE—FmE 32 FIRNAE e mENENE Y, AUERER
falF Cap Si 5 %4 5 A Substrate Si LTS TS F RN A B

T iR LOCOS T &M Cap Si —MUIEE DN & 454, HTHH 2 AE
FHAEASEREMXE, FRBRNESHESRIBRMERNAE. 84, &
FEM A AR R TR T 4 KR Al Y T AR R D o MR S5 ¥ B R B vt
KR, BHEHFES RT3 pm. Spum. 7 pmy 10 pmy 12 pm. 15 pmy 17 pm
A1 20 pm F&)\FhAS [E] 1 e fiah BT R~

Substrate Si |

A 32 SREANKEEMAEIREHREE.

Figure 3.2 The sketch of the chmic contact resistance test structure for Au-Si bonding.
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B=E SHBANKEERSREBETT

NE 3.3 Fior, TEA RS MR, BT iR ER LR
e SR (Rp) TR FETHEA il (Ry) « SREREHE
R (R.) FARREY BUAEBE (Ry) » @K (3.2) P,

R, =2R+R,*R, (32)

B 3.3 SREEARKIEAEEIREM I .

Figure 3.3 The resistance model of testing structure for ohmic contact resistances realized by

Au-Si bonding.

ML (R BRASRMEHK. MIBEBEZRHF AN (Two-Contacts)
(18119 b F2E A1 TR R TR B & B/ SR A, (AR
R (Ry) A LUBEFRZER (3.3) AT

R =P (3.3)

S|
P 27,

& (33) Hh, ps RAREE A K EIE, rRER/FENELEMFE.

a4t Bl (Ry,) 7T L@ HREN B E A R — Al R B LR,
th B A R 2 1] ) R BLED A AR A R PR, I, AR (3.2) HIREIRETE
HE R (R,) FURREY BRI (Ry) » EIAISEIERERIBEA AN (R , MK
ER 34 Fir,

PO e (3.4)

HETT T SR RO TAR AT LATH 5 H R S O Bl ip. 18,
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R.~R_ -R
&=&x4=—L—§_4anﬁ (3.5

SR, FEBRATRAT MR, BT ERARE bR & &1, SHAREY
B M (Ry) BIMEITSA—EIRE. AT RITRERS Ry MHERE, FEX
Ry, MIFERH#TBIE. Lhrlk, BT LOCOS IBEHMFLHENL, WE 3.4
FT7R, ETE B0 BN BRI B R i, B R T AORE IR & S5 # T LA

ELHAA—ANE &, K ETFEZSRAEREMERER (D) MBEIRBITH
BEMEEER (Do) .

Hjy Height of a_“bird beak”

------------

Cap Si

B 3.4 SRESAREEMAENRENHRTHA.
Figure 3.4 The test structure of ohmic contact resistances realized by Au-Si bonding with

dimension marks.

Beah, RFBEAEANRE, ERMESMNEE (Hs) FTHUEREH T
e GEIE
Hy =0.44-(T, +T,) (3.6)

2 (3.6) 1, To R T) 4352 B fk v B G540 1) 2% o 0 38 — IR RVEEUAL
TEME - RRENTENEKPNENREEE.
, BIERIRREY BRI (Rep) RGBS ELE & 450 e
TRTEA B B9 BRER P, EL AP AR EEA B Y BB BE AT AR Ry BRI RA TR (H
i, r=D4g2) . Fk, BIEEMEETEEHE (Ry) FTURTN G Ko

Rrsp = & 2 ———4p51 .Hl = pSi _— 1+ —8HSi (37)
D, 7-D.-D, D, 7D,
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Figure 3.5 The simulated potential distribution of the silicon spread resistance structure

from the FEA simulation (Taking the designed contact radius of 20 pm as an example).
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B FRRETE 10%0AP, B ERXHART SCR g ERGEN. Fi,
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Rep FIAR, ALK Ry B FIRAE, MTIIREUE R Ap B9 EFRAE, 10 HEAT R
Fpe [¥_E BRAB B 0RE ST hm BT SR DL BR sk R LR T i S4B
R 32 ARZAEETHERT BEENGTEERARBETEENTE.
Table 3.2 The summaries on simulations and revised calculations of silicon spread resistance

values at different contact radius.

WX BEEF S 1 2 3 4 5 6 7 8

BB R iHMEum) 3 5 7 10 12 15 17 20

Bk ZMEEEm) 25 45 65 95 115 145 165 195

Resp THEAE(Q) 32.84 17.61 12.01 8.12 6.68 527 4.62 390
Ry T EAH(Q) 3585 18.73 12.58 838 684 535 467 3091

AR}‘Sp
R IHE S EMER 92% 64% 4.8% 32% 24% 15% 09% 02%

1 Z)

322 SRS EAEEM AR EEEE

3.6 PR HSRHR AN BN RS TEWER.

Figure 3.6 The fabrication processes for the designed testing structure of Au-Si bonding

ohmic contact resistances.
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folt X 45

5) #E—25, X Cap Si BABTEARELL 2 min, FFETHEERSBA
ESFRARAT LRSS 4SREE TVAu VEERN: 50 mm/300nm) ; ZEHHT
B oUOZI T Y, FRGEIDR R M T E (LU 'ﬁﬁlﬁlch%ﬁﬂ/EAff’iW’m Au I,
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B 22T il Tk WSRO U X L

6) BJ5, W &IFH Cap Si A 5HA 2 pm EARER Substrate Si [& J7E
Karl Suss SB-6E @& W44, Friiiniss £ 250 mbar. &1 EZRH
350°C. 400°C F1430°C =F# 5%, BEEE T 4R 30 min,

BT Substrate Si —UENE LHBERESREE, Bk, ERHEET
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S5, “EAJETH Cap Si B 5 Substrate Si [l )7 Z A IE A &TE G R G AR
BN, FEEERE A BIEH Cap Si Bl v LHR &3 &R M E P
BEAT R BRI

323 SEEAREHEMEBERNNKERS ST

T IRE AR AR, SEI0 A R A AR B DO BRET DR 7 VEXTRE 958
SR REHAT TIE. T IEK IS AEREE (0.425~0.475 Q/n) , A LURTE
BEHIEE (400 pm) iJr;%IHjE%HE‘Js?IK/%EEISE%{E% 0.017~0.019 Q-cm. Rk, T
SCHIA TR E T H5H 0.018 Q-cm FO-F¥ B B RE /R vEE A RO FE R .

B 3.7 Son T SRR A R NRE RS, BRI BR T
fu A2 B0 AHE N 3 pnm Bk B 1 BB R AT B AN SR T SEM R

44122019 | HV |mag Ol WD |det| pressure | = 1C
9:30'57 AM|5.00 kv | 500 9.9 mm |ETD | 144e-3 Pa

B 3.7 SRERRIREALEEIAER NS ES SEM B (B~ EMEaRiHEN 3
nm () S 7 e Y AR ELAOBR B TE SEM A
Figure 3.7 The SEM images for the part array of testing patterns for Au-Si ohmic contact
resistances (including the typically top-view and cross-sectional SEM images of one contact

pattern with designed contact radius of 3 um).
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LR, B 33 KA 3.8 Fiw, Bl i pR A T ERE IR
SCRRRYE, PR E UK B b o BB B ARERET, PIREY ER—SIIR
SN, P A — SR B SRR R B L, TS 2
ARG HEEZ XA, W) IV Rtk ihzk, W Bs A RS ST A 0
R RIF R RSB AR N RZ R IR -V Reth £k, JFE i -V FiE 2
AR B AT ER AN P I i [ ) A FL R

3.8 SLIKAMINERE Kelvin JUAR )

Figure 3.8 The photograph of the four-probe Kelvin method applied in this experiment.

3.9 B8 T FERAEE N 350°C MRS TEME ARZMRT T#&
AR A -V R, T, 7ERE T AwSi A NEMRERIN
MR, A TEE AwSi FEMEARRE D2 R VRS .
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<1 |—— 10 pm-Before bonding ' 440.6 —_
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@04 | +-- 17 ym-Before bonding; po4 =
‘-g 0s] = 20 pm-Before bonding| § 0.2 _%0
& 028
cdg) 0.5 - 20 um-After bonding |’ '0'22:‘
£-1.0 - 17 pm-After bonding 1i_ 4%

12 wm-After bonding 1§ &
- 10 um-After bonding |*-0.6.3
- § ym-After bonding | 08
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§-1.5

© 0¥ ‘ i}
25 |

B0y T 1110
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Voltage-Before bonding (V)

o b 4;: 4 4

B 3.9 350°C RAEET4RESTINEAREMFEEMIN ZIHH I-V KitkihLk.
Figure 3.9 The I-V characteristics of contact pairs at different contact radius before and |

after the Au-Si bonding process with the bonding temperature of 350°C.
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O R PIARAE 2 BB Ao 5 R BH R 7L, AP %o S ) ook L7 42 - 20 0%
B HYESTE. R 310 PREHBENE, BRI T
AR E 400°C A1 430°C FHIER/NT 10 pm B EERE Al E TE AR 2 18] 23
R LR E R ZHR LGRS, M THERT 10 pm B4 fEH B2
Btz [N AR IES, BEE&E@aEmpaiE (RO M 2Q.
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Y |
== ]
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30 I
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B 310 MFARBAERE 350°C.400°C F 430°C Kyl 7 R4 RAB 2 10 5 A R ECR
F Al B 2 &R 20 HEEE) .
Figure 3.10 The total resistance Rr values measured in probe tests for different Au-Si
bonding temperature of 350°C, 400°C and 430°C (every 20 groups for different contact

radius).

MBS, RILEESREST & @F£<%?C),ﬂﬁﬂ%
Cap Si —{U i) & RER A X 048 K AE S RESL BB, T E T Cap Si 24t T
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3.10 HUMR BB 45 E 400°C 1 430°C FHIHA KT 10 um S RERfALE
%@Wﬁﬁ,Wﬁ%ﬁﬁ%ﬁﬁﬁ?%ﬁ%@ﬁ%@é%@%ﬁﬁ,E%%ﬁﬁ
BE 400°C 1 430°C 24 IR E B RO FRE2) Bk T2 IRAE 350°C B
T, EEE S IR R SR B AIE R — KT (BERE<20%) . EfF
b, B&RE 400°C F1 430°C 9 BFEE R IZ B SR E 350°C BB FRAEED,
XEERFAGTEELRBEEAWBEHR T &I RNESSERME
R0, RETSBCEM R ER TR,

3.0kV 9.0mm x1

(2) (b)

341 @ARE 400°C TRASREMER RSN SEM BA, () BMEREE
BAHEA 3 pm BTRER R (b) B EREHER 20 pm HRRER .
Figure 3.11 The SEM images of Au-Si ohmic contact test pz;ds for different contact pattern
radius under the Au-Si bonding temperature of 400°C. (a) The test pad for the contact

radius designed with 3 pm, and (b) the test pad for the contact radius designed with 20 pm.
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SRTTI7E S Rk A ST PR A b R 43 f i BEL R (X9 3R, A5 FE 2 Two-Contacts

79



TR EERN MEMS =48 H R B AT R

S 7792 T s B/ PO Ak TR R L R 2 o e L o 0 B bk 1, 0B PR 2 A
3.10 AR S RE T HBEENRELTRA—KF, BEEERImTE&ELERE
ARSI T & R AR X IR A TR R T AR R A B T SR B I AR R 22 A0 S 4R
b BR 1 e ok rL B R B 2 o (R, R 3.12 i, A SO SR S & 1R 350°C

£ 4 Tk 3 o BEL 00 oA e o ek 5 9 L B e o v, B R AT SRBURI T 3L o
B S TAEME Hp EH 3.9-8.1x101°Q-m?. FEUANE, KM REMAE
Bl — MR B i, BREHIRRTB BB N B A REN R (Ry) - R, R G
75 0.25Q.

g 1 LN N R B BN B AR INCANLSNE B SN INLINL A REL AL BN BEL AL AL B X 1-0X10—9

s ‘N T p—— %’axé:s acted single contact resistance .t
§ 20 - "‘ﬁ - Extracted SCR (p¢ ) value -9.0x10™"
Q\g"’§§§“ E
g 162 - 8.0x10™"°
S 14 : &
Z ‘]‘ l 1 '-70x10‘°?°
g§§ iz <;°
2 101 T/J_ —6 0x10™ D
§ - » 1 =N
; 6 ” _'_ :-5.0x10
£ 41 T % : 10
= ¥ . -4.0x10
2 T \\\@“«WMM@ X

“ Bl sl I
§§"I"'I"‘I"'I"'l"'l"'l"'|"'l“‘:§l' 3.0X10~m

2 4 6 8 10 12 14 16 18 20
Contact Radius (um)

B 312 SHTREEE 350°C MRS A FTIREUN R EMTHEKp. H (RRZEAMEAR 2
£ PR 20 AEHE) .
Figure 3.12 The extracted R. values and calculated p. values for bonding temperature of

350°C (every 20 groups for different contact radius).
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Figure 3.13 The designed Au-Si bonding structure used for Au-Si bonding strength tests.

XBRIRESMNENET, BREEEF—ERE (10 pm) DA 0
BT SHEANREXAERAX, N ESHERAIET Au-SiBESEE
SN SEOT SRR A RSP R, S L, BT et ER AR
FRRIEAS Au-Si &S ERAENER T 4AGSINE B A& XK R,

|

82



B=% SHESNREEMEREBRENL

SHEREXPBESHLERA AL EREE B EREXKBBTETRE
MR, XHE— BT RERS IR ER S RN W E.

Eik, 7 ERFHEHER TRABEITE NSRS SHEM L, BER
VRERE G M BB R SRR, FH) & AR R B A SR AR S5 1, BT LAMERR
VAR R TR TR SO SRR ERE.

332 &REEASHENEHRNESH

B4R A R TR T e & BT R A B T R &R
BAEMNEHFEEER. LR, SERGBENIRSHT UEEREN
F—AF R BEEL, LA 2 MK IT A (K 4 mm, 98 4 mm, & 450 pm)
F—A P OREE (B10 pm) ERKH BB EEMITEER. Hd, B
O R B I SR TR AN T R R RO E B TERRI A, CRPRLRRES,
WWM%~¢%%,%W%X%ﬁﬁﬂ%%ﬁo%Eﬁ%é%@%ﬁﬂ%%ﬁﬁ_
WA, IR A SRR M — MU AR R R /DL SR fE, R —IRE
K E X (Fixed Support) HIIHF %M.

EARHERTON S, TEWETREEN CEUTHREN) £—
& 52 53—V hL 7 3R T BB A4 At 10, 3T R B82S AR T e in i
iy ek 58 B AT LR — B (ARED, B T AR IR ASE — [ 5 i F SR 9 & T R BT
R EIR AT RN, Bk i B R BN 5.67 MPa) , BN AL AR AR
R~ (EAREKE) MR (ERRIEFR) KikeE, el EBRE AR
BAERRST AR T REEMIERIEN 2.

& 3.14 F1E 3.15 4325 T MBS RN 4202 pm? 5B A 77 77 30
RS IE R A4 A B . T 3.14 (b) A (o) Fim, X THuLEEESS
MBTENER R A, ENAEBESMER OREESHRAEXE, s
T R EBAEAERL I N F B L.

83



EFRA %R MEMS 4R K B AT R

e -
25.386 11.52
32.319 18.453 4.5877 _-8.2777 Min

39.251

1500.00 3000.00 (um, ‘
St h

(b) (¢)

B 304 HT RS ERNRATN 200 im? Fiiy KABNRE SR ERS 6, (2)

BHAERE, (b) 8 (2) FAAKRE (o £8 (a) Paf0OKRNRHEERE.

Figure 3.14 The simulated normal stress distributions of circular bonding pattern with area
of 4202 pm?2. (a) The wholly front view. (b) The top view of the A-A’ section in (a). (¢) The

partly front view of the edge corner zone (I) in (a).
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Figure 3.15 The simulated normal stress distributions of square bonding pattern with area of
4202 pm?2. (a) The wholly front view. (b) The top view of the A-A’ section in (a). (c) The partly

front view of the edge corner zone (I) in (a).
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Figure 3.16 The relationship between the max nbrmal stress and the bonding pattern
dimensions under the same tensile strength load for different bonding pattern shapes (i.e. the
circular and square shapes).
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Figure 3.17 The simulated normal stress distributions of circular bonding pattern with

radius of 541.6 um. (a) The front cross-sectional view, and (b) the top cross-sectional view.
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(2) | (b)

318 W TFHEBREEMEEN 1354 pm FTARBINRESWIEN 27, () IE
NEHEE, O FHEE.
Figure 3.18 The simulated normal stress distributions of circular bonding pattern with

radius of 135.4 pm. (a) The front cross-sectional view, and (b) the top cross-sectional view.
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Figure 3.19 The simulated normal stress distributions of circular bonding pattern with

radius of 67.7 um. (a) The front cross-sectional view, and (b) the top cross-sectional view.
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(2) BBERELSBEGHAZEMRRARN, EERGHEREN, HiE
A EEVIRL A A AT R  Z R IE R K B R PR e < B S A TR AL B R 73 A 3R
ST, RIS S ST IR AR R TR 4 TR R B A B A TR
I INTE SR, SR AR EREM. 8T 5K IR EEE
R G5 HY R AR TR AR AN A, TR BT LAAS B IR — N T, BEE B o T AR B3,
H A EAR T E B R A B & SR B R ZHT T B

333 &REBEEABEMNISENTIE

AT ERE R HI G 8T SEIRIGE, B R RGN TR B NS &
B P AR G5 MU HEAT H1) S AR AT . FES R G RIS W AH &S, SR
Cap Si FNEHT & [ Substrate Si #RAH T N B (1000 #Ef, HEAEE
Y139 425 pm, FFHLEN 3-8 Qem. A& IE 320 B, EE@EN
TILE:

1) %t-F Substrate Si B 5, HABITIHRMEFRILZ, FEIREKLERE
Substrate Si [# 7 _E#EMWAEKIEE A 200 nm FIEAEEE; BEEI#ITE — kA2,
FF7E Substrate Si B —U LA BB FZIE AR (RIE) 2l EMHER D (B
& OAREEAE) , #—5@8id KOH @i GEZEZ 5 um/h, FEMLA 10 2480
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B=F SHBSNKGEMSREBER

TR 7 R R R AR 2 5 v AR T

2) FZMEMNDZ M (BOE) ¥ Substrate Si [# /7 -8 77 #7209 200 nm
AR R EBT%; RN, 7E Substrate Si |8 F %I A Axic—MIARSS 89 5 — M0,
BEATES — W%, 3R R R BB F 2B AR (Deep Reactive Ton Etching, DRIE)
ZI RS (ThIRES) 10 pm) (B NS BITE. |

3) EL SRR L EREBGEHMTRENTZ, AEMEK 2 um EERE
WHEE, BT BRTE Substrate Si A FIEERE S — TR & &R
B TUAu UREER: SOnm/300 nm) (ENBEATH. HSh, X Cap i B RHTE
FRIEYEZ 2 min, 1B B IESTHARTE Cap Si B A —MITRE S E€B)Z TVAu

(BEEEY: 50 nm/300 nm) {ENEEETH .

4) BJE, BH & Cap Si B A5 Substrate Si [ 7 Karl Suss SB-6E 5
EHR TR RRETE, FEMKEEE 1000 mbar. RERERN
400°C (FHZ4EFF 30 min) , BEFAFER ST,

R ERT 25, FIH Disco-DAD-341 %84 J5 FIE A ikl FE B TR &)
5y 4x4 mm? I EANERE S AT, 1ENEEINE S EREN M.

il

13)

3 |
(Cap Si [lSubstrate Si

320 FIT&ERABREITMEHUNRENNHETZRE.

Figure 3.20 The fabrication processes for the testing structure of Au-Si bonding strengths.

334 SERSBENMNRERSSH
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EFRATZEN MEMS =45 &3 SRR

A ST XA FEESTR (602 um?, 1202 pm?, 1802 pm?, 2402 pm2, 3002 um?,
420% pm?, 540% pm?, 6602 pm?, 7802 um? Fl 9602 pm?) LLEAFREE EIEER (1E
FRAERE) HEm@a ST NR g, P REERERN. ZRXT
FHARMES IS EERRESNRT 8 HEE, JMRERLRITHE ST
RN (AP MIEETITRD 2555 FAR R A h s e
321 BU TREERARNEST HMER NSRS rh il R g
B EABRL R e (PR & B R T R R &,

- Peak force of square bonding pattern 490
354 «--p+-- Peak force of circular bonding pattern
—<«— Tensile strength of square bonding pattern - 80

J’i -+« »-- Tensile strength of circular bonding pattern ’

L

fan)
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PR |
~J
o
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i
2 ]

D
sl

Lh
<
Tensile bonding strength (MPa)

Peak tensile force (N)

- 10
100 200 300 400 500 600 700 800 900 1000
Square root of the bonding area (um)

B 321 FERHFURPNTFARRE BRI ARRENEA 2 MR A S ENARN T RS
IR EREE.
Figure 3.21 The measured peak force values and calculated bonding strength values for the

different bonding areas and bonding pattern shapes in tensile tests.

% 33 BR 7 RA@ATE T HRARAR A B Cap Si — MR I
B BT RS . W TR MR A S IS, BT UE S
REA R T Au-Si SEATT EBUM Au-Si BEATH E2IVE, KRB FFEl M &t a
AU K TR I IR B T T AR I L3R

R, RILFER AT 60° um? IR AT A 7E R BB A 4
A, BEWANR, BT SREAT e NE A TR T e HRE, Fik
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B=H SHBENKESEMSRESBETA

B E R RIS T E B4 TR 1202 um? 97 8 A& B RN R 8 &
SHEEERESE. Eit, B 321 PHEEEIHERA 1202 pm® FIETT
A EHAERN 602 pm? X R R HEE . WA 321 PARMERIL, EARRNRE
SR (12029602 um?) F, & BT B LT3 BLACHE 71 (U RIAR L 1Y 5 4
B CERMIRE 35~75 MPa) HERTREBHNFHNEN CEHRHRE
f¥ 18~30 MPa) . X5 Z HIMAMRTHITHIER—%, ERHTREEENIE
HTERE ST T AU A A TR R IR, SRR G S PTBOR
AN MBS AR R I, IRZE SR AR T, %ﬁ%#@ﬂ@%@é\@ﬁz%
FA R 2 B B v TSR F 7 TR R B R vt

% 33 RARREEBFFHREERARRTH Cap Si —MNEBSIERBHMERS .
Table 3.3 The optical micro-photographs for the separation topography of the Cap Si sides

for square and circular bonding patterns at different bonding dimensions after tensile tests.

60 120 180 240 300

420 540 -~ 660 780 960

() QAU SBAUL

33.8 67.7 101.5 135.4 169.2

236.9 304.6 3723 440.0 541.6

() ok A S BA(E
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ETFRAEERN MEMS =40 F R REAT A

pesh, BEERAERMEN, BETH KRN AZRIIER, MRERE
RIS REERT TR TR, BeRESRAERNENH R
13 B, SEFR b, M SCRRAME RS T R ERE SR EER MR IERR,
I BN E R T re XL AR .

(1) kS0 205 i f R SR & 1R E, RIEERSER
fdg i, B T AR B A SR AR/, RN N R R 7E Tk 7 7 i AN =) S B R s »
SHBAXBFE—ENEEE. UEAEREMN, E5E KN TRILH R
famEERmER, FE8ERENEERRRE MM TE.

(2) Woo-Tae Park Z5 A\ BI7E Al-Ge A MBIVIRIR PR AN TR EBES
AR EEGIR R, EMATIVCAER S T E P 20 @ BN —E e, B/
BABREASZEERNEEER, SEEMRZILERN, B EREN
AR T 1A SR .

(3) Mitchell, J. S. 7318418 38 R A BT Y MAIT Al S e b & B9,
MEEE) T B AR BEE TR ST, FRUCKIX SR R & TR A 1 2
FEERZKIRBTATREFE, Rit/MEEERARRRNEERETE
1B

(4) Malik, Nishant 25 A 24, Tofteberg, Hannah 25 A\ U'25135 5% A 89 U014
TE&ERERAMESHILRRERE, WHRRREERN RS SR 2
UK, S BITR I R/N R ERB T R EEmAR, MEERENTHEN %S
BT A TR RN

(5) Tollefsen, Torleif Andre % AU26VF AT IR 7T e it B2 & S5 M RO BT U1
RITHR, RUUEEINTEE BRSO B RAR 35%K0 T [, hatR sy
R A5 XA RL A H A R BEE A AR MBI & TR, HRRERERN
THHEARKIE S 5RE TR LEIR AR,

BgE EIRO A, SCERES 22AFTREI SR N L E R AR 4 R AT A, B
R FTABL BN E SR BEITETE, ULRBRIART S B E A & B Z K infEs
SRR T M. CEUPIFTRM LR AHE, BARARESBREERT —EKA,
ERERATREPEBETRLHTAZNREEENINEG I EREMNRES L
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%, MAREERLFTAZORE ERVRMEN, RN, HRIECREH e
HEBMFEHTIR, BEERTHRNSEREREN TR, B>y
WRZ. TEMCHRBARRETAR, EEALHEFSE A0, BLEE
SRR I SR AT R IR RGN, WA RRETEMRS
BEE TAR I A R SR/ N

ERTRE RO, RIBEEREEERR TR, a8 HINSKIER
FBWR, TRRXMIARKREERET, REGHIONIERS ER LA
%Kﬁ@%,%%%ﬁ?kﬁﬁT%%Q@%,ﬁmﬁigﬁﬁﬁﬁéﬁﬁﬁ%
BRI, Btk A B P9 30 B K 0 43 X g A 7S B 2 18 i L 77 O AR
(BEERNIBRBAXBRANE) , TSRS ERmRER/DN, BB
BRTIRUN TR R B AR B IR RILAE R — R iR RIER T, R0
H G5 B K IE R 7 BB T AR IN TG I 45 R, RO IRV BCR s & B &
ESZINANBEIEERS REHF . XEFEERNE, FHELRFEE
&2 3, XETNARIKN, TR ERoFERSSMER LI EER
i, FTCVELNL b, TR HERA AT S 0 R SR LI AR K ) B TE KT 25 5 B
. ER, HTHAREEHNEEBENSENERGREAS SREERL
W5, BIA ST ISR RTE R —hr i RS T SR A TE O .

WA —77T, WRERERIERNRGY BERIY, MHETAER, ERKH
T ER 5 R BEREEH & A IR R BREA, BT LU B 5 A BB o T AR A 3800
TR/, X0 R R A R R RO

B, IR R, RARE SRATRINR LR T UMFA T EAT
R, —REMNAWIERSDSM, —ERBRBER. BT EEER, HEHW
Eﬁﬁﬁﬁﬁ%%ﬁ@(%ﬁﬁ%%%ﬁﬁﬁi)/ﬂﬁ&%¢%ﬁ%ﬂ%,H
WRINE SRS TREE. Rt F/AER TR A AR, HItEN
S5 THAR T8 3 £ 5 (L SE O P R A4 B (5 RE AR ER

3.4 G

A E BIEXT RS T FTSKHLN 3D Hik b REbe A AR il B B
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o IR AR MRS REAT BT 20, SEVEIAN B T A RLIALE M BT ) & AR EE R
T e RS AR R, —&%H T AR #1155
Two-Contacts 77 VEHOE B NET LOCOS TE LI G LM RN ES RS
L SERR A R B A B P, R8I BR TS R4 AT T XS Two-Contacts J71%E =
BIEFERT SR EA MR, /BTN AREAEE 350°C, 400°C A1 430°C
T & RERR S A S R E T, RIS T &R RIEE 363°C #aRER
MFEE e RE S S EEARE 07274 b R Sk R R (R R/ T
f 4% 10 pm B =AW (A1) , {BR R T HEfE A2 10 um I G e RRUE 12 i +E BEL
BEHANT 20, BE350°0C BARETLHEER (RSN A ERE
<Q0%) , XHEET ERELSBEHORNAT 3D AT LES TR AT VAR
SRMEMERMEMEAEEREEHR T SERENHREBEMBIEEN
3.9~8.1x101°Q-m?, XA LELWIRTRITRETS%.,

Xt FEERARENFR, FEVRISHESRESREEEBIRETE.
%) BREATER L MN%R. —RET TES TRMBEENRN SRR AL
1, LB SHERE TEhERBA SRR RENGEING S BB G RE T
BHRE. &, B RT AN F BRI SR A ST T R 404,
RINBESBAERAT LI EEEMEREEENNLAFEN IEF R
LM SEFR—BAER TR ER R &RKERN KT BB
BRKIER S, BEMBKRIENAS@REERIEMERX. =&, @SR £
R RN 4T, EMET ERERITAHTING L, Wil 1D BTHIEEE
it s EMt AR BRI &R KRIERAEXR, FHI7Em R 8 mR

(120>~9602 um?) , & B RH BB R IR FHRHRE (35~75 MPa) LT
BRI R MR E (18~30 MPa) ; 2) HTREAESMMESEEL
RE A5 A RS 51 1, SR A G5 4 B K IR L /7 A B TR A KT 8 R 922
WA, REBHSERARESBATRIMBNRIRR . TR VEETE
SRR RITHRAL T 5%,

shr b, id&rHE A REEMAE S RE N INEREEH T ALS 8
AEHAREIL BB AEA, SOBF R TR RS EOREILR 3D TER .
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FNE ETEBATNBENEETESERRA

FME ETSRIERANEEEEHREAMR

4.1 5]

il

AR, F540 TSV BoREE MEMS 335 oh it B El 76 T2 A 5 4 7%
prask g CUBILEEE LR, BALNEH B, CMP R T2 |
PLIEAESE TSV BARSEHL MEMS = 4R35 355 i sONIT SR TR s, e DAREAE
e G M SR = ST PRI T JE6 48 TSV BOR B B ARH S

AT 1 B A S & T2 ST MEMS B15 e 77 20 58 0 & JB P T ELAE AR5 10
AT BT R W E ARG, 524 MEMS B 4HE
R % Be R FELEARN, SAG U MRS, TR s R m
$H T AR SR G BT BRI S e 1 R A B TR A B TR A
STHFEAGTFRA—AFE, FHHERS TSGR P ENREE,

MR EI, TE % TSV BRI AR SE L ESRTELN
MEMS = 455 G MR 348 To kbt G 5 Mo & Wy B, A — ) B 1 Bt
S RE AN, AT Y SR — P B SRS A I (R A EL ST
R, SRR B = G R A, USRS S SE T . 4
RE LR R TR LA A S ) 54 T SR R A S HE SRS T
P IR X 222 4 B LR T LA 4 T 2

42 HMHEERMEEEASFHNHSESROT

FEAT 45 MO B R DURE @ IR I RE A (1 9 3 B HL @ B SR AR A 1R B IR 26
MRS E S, SETRSE SR D Aoy TREREERD, FALE
BRI REEE A EB AN AR TEET AR G BORKE
P TR R MEMS =S8R A 33, By ERRO2miENAGH
HSBHNEREEESEN. NHATRE —MET SRR G R TES
W, B R E & BN R £ B LIS 00 =45 F 3 3R I BASS:
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EFREAE HEM MEMS =45 2 S BORT A

iF. B 4.1 B TAHHRHPOET&EIEES WS LRSI ZEERE, %
HEHHHRERNE 42 FoR. HP, FHELESWRET MEMS REERAL
Wikl i% B AR Cavity-SOI LZRHATHI& 8, HEZHBFEMSREM M. 11
BN % T E LES W R REMBRRNGITERENREEIE, 3T
BRUEE TN B ERENREFE NN, Fik, WE 41 0E 425
UEWER, BMEEEME LM TES T EANER: SRE R Cap wafer.
SFF Fr Device wafer F4 I [A Fr Substrate wafer.

Si Column

Bonding Ring

X Bonding Pad

Substrate Wafer Device Wafer - Cap Wafer

Insulation Layer | Metal Layer l Bonding Metal Layer

B 4.1 FFRHNETSEATNRENEEELELHN=48EERER.
Figure 4.1 The 3-D model sketch for the proposed Si column interconnection structure based

on the co-planar Au-Si bonding structure.

SHFFTRI R T SR S MR ESEW, 4 T IHEEN 2R EER
AEEE, HOtHRASENPES TR FEHLERN, BUERBMER A
NEEBBERERR/ERES. B 41 0E 4295 (D A AD XKEUEEE
B PmEENREN, mMERR QD KIUR SRR ' LENE .
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ENE ETER-AmEEOETEDESHEERT

Si Column

Bonding Ring

® Bonding Pad

(D) or (ID)

Substrate Wafer Device Wafer - Cap Wafer

A

Metal Layér

| Insulation Layer

B 42 FRHHETELEAERANEEEESANHE EAE.
Figure 4.2 The cross-sectional schematic for the proposed Si column interconnection

structure based on the co-planar Au-Si bonding structure.

mE 4.1 FE 42 Fir, @it SRR A BRI AR T B LW H 1
R i R P REAE L5 M (Si Column) SH-FH EEEWHITHESRNERLIIH, FF
B o A B 4 M B A BV R AT 2 e SR R AL L SR MRS (HhBD 5
B AR SEEE) . AT ER A, A AR E LR %
REBHEETHT. dik, SR TRMESTIRXE, —RREEEEANRES
BRIX 3 (Bonding Ring) , — @B EREM: H 4R & BRI HEX
(Bonding Pad) . BEEEME, A EIES N HE A BIRIRA R EEAAL
Wi, MR XA EELY —ERABENEH IR BN EE RS
fEH . LERAEHNR LR ES S S SR AN ER XEME SRR %
XIGE RS TS SCiEaT b mte, A hs B EEL MR & % E RN
G, RATRE SRR S AR B E RN .

B 41 fE 42 BERTHTEEERTHLELAHNEGF—UtHRE
ST REE. W THTEHRESFRXE (BFENE 41 ME 42 vE#E
¥ Bonding Ring) , TR HFARKNEG—ZEEESTRE, KHERGHXS
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BT EIEN MEMS =4 R B AR A

WREBZEEE TIREEZZ, HBEREGARAZZELEE M LIES
WX A%, M FAENE HR (Bonding Pad) MEERXE, R
RTINS — EE RS RN, EREREHRTE T I HHIXENEZR
TR E O, R A& B BRI PO AL E T QALK S FME 58 0K AT B
TEXE S HE R AN TR, X8, #aX55a Bl mEXBHRL
RIFER— = E, WA RERSNXEHER—TH, ZEERE
mEAREESRE, NMEREEREEN. AECRASERETR, Rt
B HARARE TS RImE S W L . AR S WK TR IE T
REBEAE B B RRE, MU EhEd 5 4@ (Wire
bonding) BRERMIEESI (BGA) 3k /518 LA RER: HES M FT 0251
EFHATIIH, FFEENH BRI (PCB) Xt&#F#1T(E 5 2.

43 ETE&EHREANEEEEENGE

HTEmAmBeNEE DELWH & EBESWHINLIE, —BEET
BN SELTE S S0 %, —RIEAEEEESIEN SR S0
& RER A REE T2, L3, SRE TSR KA 4 20y #
p ™ (100) B (JBEE 400 um, HEFEZEZ 0.015Qcm) , HEEFRH 4 %~
Pyrex 3585 (B 450 pm) o tbSh, AT MEMS S8 SShrbEETE, &
S Cavity-SOI TE¥ MR /T (5 KOH % AR L s =l 464D 1
MRE A TR S, RREE SRS DREE 80 pm, X{EH
T &R P EEE M ESEIL I R A S H) & 5.

W 43 BoRT 86 FHELELMNSELMEEEWH&RE, 2.

(1) HAERHSE FEERAZSAIR (PECVD) SUREST&EER
TR Si02/SisN#/Si02 (JEFE N 200 nm/200 nm/200 nm) B ATEALE, @
SZIBEATEFAL, ARMETZIM (RIE) THALS 384 RE 2 8] B RR Gk i O &
HEMEERERMBERAENX .

(2) SRJE LIRS TE TR 400 nm (9 Al 48 B 3 BEAT Y6 2 AN fr,
VENE—EFE 4R EES. A, B PECVD IR SiO2/SisN4/Si02(200 nm/200
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BNE ETEENTESNELLESHRTA

nm/200 nm) EEBEEE ZHLEE, HIUR 400 nm BER ALR, BREZRZF
meBEESL. 25, BEREERIHESHLL 450°C TiBA 30 7788, LUE
BT E 4B SEEAKY RIS, it, frEl&nEMc2as TRESR
T HIEL.

(3) #k%EFH PECVD H AT SisN4/SiO, (200 nm/200 nm) W28 =ZE 4%
B, RiEgaEHRf5Re MK aSgsit.

(&) FREBRS TERRSHR ST ENRE SRR Tiw/Au (80 /300
o) WL AR REE A, |

(5) FEEBITE RS FZ0 (DRIE) X234 REAABET 210, AL
BIBEA FR P S . BAR&NEREEHEE T B LELNENRE
HELF AT LEERK.

43 EFHTELELHHSRAEREAEHHERE.

Figure 4.3 The main processes for the preparation of the co-planar Au-Si bonding structure

containing horizontal interconnection structures.
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PR E %R MEMS Z4 R 5 I R BRM A

Device Wafer Cap Wafer

Substrate Wafer __

Insulation Layer g Bonding Metal Layer

B 4.4 HiRDEFHEREFEELDERMERNERR R REWIRAN T ZRHE.
Figure 4.4 The processes for the preparation of the Cap wafer and the whole wafer-level

packaging structure with Si column interconnections.

B 4.4 BT ERERH & K EE B ERENBER R340
S TR

(D Bk EiR&EFTHREEE, JFRENHF SRS (L2708 Uk
LREARENE. W5, BOuREN T2HEERE I ZNTHReeRE
Ti/Au (50 nm/300 nm) JIAR 2] 55 4% & & 8 &1 L.

(2) EELEREEDAZRE R T TR, THRT EREERE
FX g LEX SR FE, s PHEAeTR—Fm. R, RHR
KRB FZIh (DRIE) J5F5t 48 8 G 2 8 MR EEAF AT 20, LIEAL
AR R E R (T EIRE L9 30 pm)
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HENE ETERILME AL EE SRR

(3) B ZIFHNEREE (EAREEELWRA MBEEE (EAE
B2 BELM TP LELN SRR A5 EAE) Karl Suss MA-6B Sk
ITRETINAE, BEJE7E Karl Suss SB-6E AT ANV TR TE&ELERE LS.

() SHASRETELHNEIESHE, BENATELERSE 1x10°
mbar LR, FF7E 300°C TR 30 min BATHA T E, BEERERE 400°C A
2500 mbar -4 5 /7 T4E5F 30 min $ATR S, REHTEEENHEMNER, &
IR R SR RE BT SR AR SR RS E R RE .

(5) BJE» 15 A BRIV T Z VTR — B IR 500 nm () AL TR,
L HIAE BRI TEBENERA. &5, RARKEETZM (DRIE)
ST EEMGEIT SR URETEEL 65 um, ZVHIREENBIREE N BER R HRE
FEREREE) BIZ)h, FERMSLIRERE BIESE .

44 ETFSEHAEBRANBEIESENRNSRIE

441 SEHERESEHILEMSEIHE

(a) (b

45 TEERBATEZHFHERGEEL—NMEAATHAZEMER, @ =
WRE—N, b)) SEFELEERRtERESHNSFaE—N.
Figure 4.5 The photographs of one chip unit on the prepared wafers before Au-Si bonding
processes. (a) The Cap wafer, and (b) the Device wafer with co-planar bonding structure

containing horizontal interconnections.
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BT REH %R MEMS =48/ 7 R R EORITA

4.5 (a) F (b) 43 Bl FTH) & M AR B e a5 R &7 T L Eg it
A SEHESERE Z AN — NS i B HRER A, KR BEEFEMTT
P &I E PR EEL M B H X, mRBRS aRIENE EEX. £
B 45 (b) o, HFl&MIEBEEMSHEMNMERK TR LERN: O A dD
XFMmESEBEEL, Uk (ID XBMENRELEL.

NT Y ST R A S I SEE AR, ATRI A WYKO NT-2000 ) =483 FR X
St &R A AT ATH & AT G E MM RTERITRENNE. B 4.6 (2
BRTHESHRAEZSARE EEHFRNRPE LEN - MER S SR
ERMAU=ZEFH. NBFTTUESR, ZHTREENESTHANER: ENES
HARRI PN B S AEANBREEHIRNR L G4, TXWMERFENE
HESEN YL TR NFE. AE 46 () T A-AWA, TUBHNELE
MM & R = ERESNIEHRSHIER 4.6 (b) F. B, AMEMHED
G RN 2 RN TEIRE S I 2 RE A — M BTy AR R (R T R B2, B
FrL Bl E R G4 DA B MR B BN T 224 B I 4 i
EEHABZHMEH H .

] Nk W NI b
Circle 180 19 hedits (BURE A X ADA 1
Bonding Ring b [ i
1.00 .05 ‘ =
€ ol
050 = R
c 0.0
°
000 §
S -05
050 = Lvi
5-1.0
e 400 ©
Bonding Pad : 150 -1.5
(Interconnection) ’ : s
-2.00 20 ey L
0 100 200 300 400 500 600 700 800 900
2,44 Lateral Distance (um)
(a) A (b)

B 4.6 (a) EERERAZH, RASAL—NEREEN (WE 45 (b) PRAEEL

EAREKE) M=ZERERE: (b)) AE (2) B AAAEURNEAEREZLENR.
Figure 4.6 (a) The 3-D surface profile of one co-planar bonding structure (the green

dashed-line box marked in the Figure 4.5 (b)) on the Device wafer before Au-Si bonding, and

(b) the graph of height variations on bonding surface observed from the view of A-A’ of (a).
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3t Disco DAD-341 ¥ &R &5 MR E X A AR A 7.9%x7.9x1.0 mm?
FMrEESRET, B 47 BERTHPH—IBECANERMERT.

B 47 SESEMNABHEP-AHEERRT (BF 94 BIREETLESH) K%
EUBRA .
Figure 4.7 The photograph of one packaged chip with 4x4 arrays of Si column

interconnection structures after dicing for bonded wafers.
nsulation Trench
Cap Cavity

Substra ¢ Glass wafer
. C,ap S1 (51 Lolymn)

Interconneetion

B 4.8 —AEESK LR REETESHNEE SEM Bh.
Figure 4.8 The cross-sectional SEM images for the one Si column interconnection structure

on the one of packaged chips.

AT ERME ST RSN LESNNREER, B 4.8 B
THEESHNEITE SEM BA, AT CUE B EES 4 B DRIE i
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HEFREFE B A MEMS =485 F R H SRR

HA SR 48 VR SE B T 5 s A R 2 18D ) P SRR 85, T ST Y REAE 45 M E R o LR
BRI ERA SRS ESINMSE. EEESMNERES A mL, S5
— MBI REN BT G5 05 5t AT IR 40 & B W R B T SR L Sl
B SRR MNESEESED, PRI RSN EEAR IR RS TR
EE 48 FHRAFEHTIXRNLZEHETHLRLENLNERESLEE
TEHWBHET SRAERXELTA—mEEAHNER. Lir b, TRRE
A RRX R R AITIX I, HRETErES REALKZREZIHBRIIER
M, XERSRARRNKHSRE. RN, BEEESETCIN SRS
R A MR AR .

442 SEAERA M LS EMETE

F 41 310 MREHLEEUREEE A AT He RIRHRR W RA B KRR
Table 4.1 The measured leak rate values of the 10 packaged chips in tests of He bombing &

leak detection.

No. 1 2 3 4 5

Leak Rate
1.4x108 7.0x107° 8.4x10” 1.2x108 7.8x107
(atm.cc/sec)

No. 6 7 8 9 10

Leak Rate
7.2x10° 8.0x10° 1.2x108 9.0x10° 6.6x10°°
(atm.cc/sec)

AT H—SRALTREEWERESBR NG R, FBEXNRIA G
EGH BTTHATASRIRER . SRIRIENTENE R RE R — A RITE, &
PR T SRR S BRI . SRR R IR B 100 A TR R AR E
(R IEIE T i —BURT 1], B E3E B 100 N IR AR BUE A, R B
FENERSES, RHRBRREHFE A N RAHENAEE. £ALEP,
HEE 10 RAETBA RS A R, FRANEF 5 PRRERRSIASNES
SRR 4N BEE, KX R R IR RN E, SPA RS
RN RhBIER 41 PREARBECH R THOMTEE. RI\EREFETTIRME
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MRSHMQF%W%%%,ﬁ%ﬁﬁ%&ﬁ%ﬁ%ﬁ%%%%ﬁ%%amwm
BB, LR 2R B (K T R BRARHEE 5x10f atm.ce/sec. AT ML, R 4.1 R
IRERBOE SR RE LT, %2 MIL-STD-883F MEHIE R, FE IR 4.2 B
s A KA TAE MR R E S R R 5 R4 R R E&H A LIl &
TREHAT T MR, A TR BT A G T Se T 335 B RIFIIS
#E, BHRMIRIREAX R B EBIRL.

R 42 FELRFTIHRH He MR 2537 5 R SCMA LR

Table 4.2 The tested He leak rates in this work compared with another references.

Fan et al Xu et al Choi et al Yuet al
: This work
[128] [129] [130] [131]
Rk Cu-Cu Au-Au Au-Sn »Au-In-Sn Au-Si
et HEEE HERE ERS BErgs HLREs
IR
BENRE 300;
50 - 70 300
(um) R 3R
260,
= AR
0.0014 0.0010 0.0038 0.0090 0.0015
(cc, cm?)
AR
10x10 3x3 1x1 13x13 7.9%x7.9
(mm?)
He MiwHR
<1.7x10° ~4x107° <107 <5x108 ~9.2x107

(atm.cc/sec)

443 FEHEEESHVEFSFETE

i F oL A BT E R B SE M, T HW R B mARRE S S8R RE L]
f) FR 2 A ) R, TR R B A AT AU R A B B S B O RE
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B Hr o b, R IR & S A AR R EE AT .

| Device Wafer Cap Wafer

Insulation Layer Metal Layer Bonding Metal Layer

49 REHEEZWEENRERE, (a) M b SHRXELEHPRASRTFEHELE
KFEAERAWEN— SR EEEHERNRER, (2) M (b2) FHRFLEEHF
KGR E L ELBREREH/E N — N RS REURKERE
Figure 4.9 The test principle for the resistance of the Si column interconnection structure.
The one test pair of Si column interconnections before and after Au-Si bonding for co-planar
Au-Si bonding structure with the horizontal interconnections of the metal ((al) & (b1)), and

the horizontal interconnections of the bulk Si ((a2) & (b2)).

FEAY EOE S R BRALEL & 7 BEAE A 4 W B DA R FE A AR AR B THL AR AN e A0 7
REI4 B BERB A . B 4.9 RS 1 X RER: BS54 e PRI G R 2R
B, BhmE 49 (al) M (a2) Fin, EE&ERE LZEH, TUERST
T HES MR A SN — & ik mE I R A5 2
FUERFEAE, BB BRI RSN R, HA SR P (Rewobe) FIFIH

R (R - BEEME 49 (b1) A (b2) FiR, EE&EHBEZE, WLE
TAREE 7 TH0 4 8 B R A9 3% — 0o REAE FLE 45 1 2 [A) 8 I R AT I R4S B B
EREPEE, W BERE RS BEEIEA R, HEE XA EERR. &
EFERE (Rprose) AP EEHEF (R o AT ILAPE Ro R R, (B Ri-Ro) ZIAIZE
B BIAX — X kAR B S M PR, T BN B S M X R FEL BN 9 L RE Ro
MR ZER— (BIR-RY/2) -
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W, HTHREEESHNREEE T REAGEEN SR/ R
S A R, T EC R AR A s e R T LUB I B AREE A 1 P B R AT TH AR, BRI
o BN R ELE 5 e R L RE AR B RE. (B (Rj-Ry)/2-Rs) BN AT 1S BIFERERE A0 44
() TR A0 R BT R B 2 JB /2 SR BR AR A FE P (Reomaet) o

TESKIe R, BRI A SR E R TR BT A s R AR SRR RESR, B
BEESWERTTRE 4.10 PRELERER, X887 I KEEE (HEAN
H-h, E8Rr) M—ANNEEE EER R 2R . BRERNR, X
BRI NBUREFE (R rrer) ﬂ%’f%ﬁﬁi‘%?%ﬁ‘ﬁﬁﬁ‘]%ﬁﬁﬁﬁ% T /N[

FEIRMEE (B WRT SRR S ERRE.

410 EIRGERTFREMUHBANREEESHREE.
Figure 4.10 The sketch of the Si column interconnection structure marked with specific

dimensions.
HM, FEAEARLEME AT HE 4.10 fRERE-T B i e T,

. [H=h h
Rﬁcm=%x( 2 +—) CBY

2
h £

B B R 0 Pl R 2R S PR AR D D R AT IR T v AT R, 4909 0.017~0.019
Q-cm, MBS 3R URE B B RR AT 1E 0.018 Q-cm. BB BMEERE
SRR R (H=400 pm, A=30 pm, 7/=210 pm, r7=175 pm) , FEEREA{E
fEBE R (4.1 HHERBERIN 0.537 Q.
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# 43 ELREBATERERAEEIELH B EE TR # BB B B8 A fa
Rcontact Emﬁ °
Table 4.3 The measured resistances and extracted Rconuc values of test pairs for Si column

interconnection structures before and after Au-Si bonding processes.

:/D]U % |j‘j //r—éq. RBefore Packaging RA {fter Packaging I tR I/'erticatl' ( (]ée]{oﬁgc/tz_
(Ra, ) R ) (R1-R)/2,Q) RS ot Q)
. RProbe+Rx+ RTop_C ontact R +
€ X RPifObeJ’_Rx 2 X Rrertical Rsi cotumn™ fop _Contact
Interconnection RBottom Contact Bottom_Contact
2.26 4.14 0.940 0.403
2.38 4.39 1.005 0.468
2.25 4.35 1.050 0.513
2.52 4.68 1.080 0.543
Ri=Ruy
2.47 436 0.945 0.408
2.41 4.46 1.025 0.488
2.44 4.16 0.860 0.323
2.56 4.62 1.030 0.493
ME
5.12 7.13 1.005 0.468
5.48 7.52 1.020 0.483
4.92 6.78 0.930 0.393
4.98 7.08 1.050 0.513
RxZRSi
4.82 6.89 1.035 0.498
5.26 7.43 1.085 0.548
5.18 7.18 -1.000 0.463
5.34 7.64 1.150 0.613
Ry=Ru 2.411 4.395 0.992 0.455
¥1E
R«=Rsi 5.138 7.206 1.034 0.497
o R:=Rum 0.112 0.193 0.072 0.072
PRI ZE
Rx=Rsi 0.223 0.303 0.065 0.065

FEsE3 A, B F FEAE #2181 Cascade 12742B-6 £ BRI & W E15
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B, TR AW S B EMEEN R EER AT I EER, 2730
BT AR, WK 43 . H, &BTFEIEGRMIZA Ry (BT HELE
BFE Re=Ru) » MEENFFIEEEHEMEICHN Ry (B Re=Rs) - FES, B 411 8
7R T R Ro A0 Ry HLFALAY X R Re=Ra A1 Ro=Rsi 1) I-V $5:tE, NEEEREHEH
R — B M -V #R T DUE BITE R B SM E F I & B/ i Em
2 RERIEE . T Re=RyH Re=Rs B A F PR LERNT, HEHTES
MR EEE 1 QFEA, XEHEEELESWERR LENH TAFEEAR
EEr I, R 1 Q77 e B 48 /N LR K S A T R
R, AR 439, BT Re=RuM R—=Rs &M, BAEEREELSH ETMHR
T B I RR A 2 A FELPELAE. Reomacr 397E 0.5 Q2 , HEMPMHZ R R (HEIARHE
ZEHEREE) 2508 15.80%F 13.01%. X Ui BA R Eefd s BAE 4R B
e G H PE B AR A — KT, BRI 24 B R SRR BB Ak LI B 5 T2 0
A A EARRT RN B BRI T R EE M B A B B B IER M.

~<—R for R =R | 2 50""
—»—R, for R =R é 40 4
—-‘—RaforRx=RSi '%‘ 30:
~¥—R, for R =R ‘;5- ]
O 204
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Bl 4.11 %43 B R=RuH R=Rs; WL T K RoF Ry BRI BLIK 1-V Redik B 2%
Figure 4.11 The I-V characteristics of two group data of Ryand R; for Rx=Ry and R.=Rs;

respectively in table 4.3.

4.5 INgg

AR MEMS [ &3 &R LB BE s RS A-EH”
SHMEBESFEE AR, AFRYT —METSENTHRGNEE DENRY
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R, FAHZIL RS ST TN R LEN 2 B4R TEFR-F I LER 8
R 6 AE . it He #iR AL, HERELEEGITETEIH REHT L
MIL-STD-883F #5ifEH1<5x10-8 atm.cc/sec IR FRMMIFERE R, Wit HREHA, B
SREAHEEIETSINEELEEHATA 1 QI amEsal (BEXELET
M BT B A RERR S AR R R, £ 0.5Q) o AT, FriRHMETE&tHeEs
FREAE B d 26 T AR AR R 5 B S 10 R SC U AEAL 45 M B IC PR AT B, IX SRR
R T A R MEMS SR A HR B E P RE AT,
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$HE ETRAEZEN MEMS RS =R ZETHRIA

ERE ETHETEN MEMS ERE=HEHFNEHERR

5.1 7l

il

MEMS R R % MEMS (£ RERRRER, R BB SRR ST
HAEHASEIE B O, FREERTEZEHEURT B (RREK Q) .
T FFE E TSR SSIUN MEMS 55 S pRE (B HEP. B
VO BN, ERIERRE. TERASERERHS) , HXMNUEREE
HER MEMS SRR AT I TEE 2 SREERHIE B AL R IR Pk,
AEETHRAFERE S T2 R KOH JEmRdRat. MigEmam 5
SRETRLER, HEETSRATR S M eI R AR b, N
MEMS 4758 59 8 p o 3 T-RERE TR ) = 4B 35 45 A kAT R FI IR AT

B4t MEMS R EHBEMGTRIT S & W5, WRAHENTE
MERTRIT (AESHES TN RS, SRBEATRERS) ; T
LR S B SRR MBS R AT, BISETF MEMS JEHREHEINR, — 7 A 28
AR BT B N 24 P AT 0T S IR, 53— 7 TR 8 2 ) 2 LS
SRR S A B RIETE 2 B R AR IO R R VT T MIRLRORAE s BUE XY
B O IR R T T A0, BB SRR T HE TR R
B E P 2 2 IS R e BT 280 O LB, AR BB A A B34 O 1R
PR e HO S |

5.2 EFREHEERN MEMS &R S 45 8git S5Hl&

52.1 MEMS igiReEE AR

MEMS &35 R s RE T HmE 5.1 R —%&3HE-RER-lLE R gt
FFRERI, HRI TR (5.1) BWoMEiwe R, RN x@R_RRERNMLE,
K. MFlc 4R 2—s#E RER-HERAZNERNE. SRREMEZEE
ARE, T FOMREMTFZREIER T,
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B 51 MEMS #RBAMK—LHE-RER-HRAGEHRE.

Figure 5.1 The equivalent model of the one-dimensional spring-mass-damper system for

MEMS resonators.

M -x"(t)+c-x'(t)+K-x(t)=F () (5.1)

M B AT B 81% R G0 B BB RNE AR R ES 0, TR (5.2)F(5.3).

o _1 /K
I T oW (5:2)
B fo _\/KM
Q_Af_sds— ¢ G-
SEPR EXFES (5.1) #ATEEMAR, nRARSMNEERE, WX,
H(ja)):X(ja))_ 1 1/M 54

F(jo) (jo)' M+ joc+K ) (jo) + joo, /0 +o}
HAGAT IR S, HEIEE R R AMRET RIRAIERN, RYiEiE

R RR T (5.5, W RGN NMAERSHIZSIRIESE T 0 FH

UK, ATk O HERA—ER RS R 5HE PR EESE AT,

- - s

5.2.2 MEMS &R RBESEOTH

MEMS 4R 587 N 7E & F MEMS A% 88 . A& 43 3T hn 565 Bk
TR SE R A PR 2 MEMSS B4 B 23 RO oo B 4l 14, 0 B) AR5 -9 5k AR AS (“SE”
HAS) TH MEMS iB3R%, BFETFEAOGEN=4HEEMN®RIT. T2
AT Z2 T 7 TAR o
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B 52 (a) BRAZEFAMNMEMS #4RE, BEBHFSHEAISEXINE
AHB ), XERAE. TR 52 (b) M R Is A i £ 18 5l
1558 TAEE“SE A T IS IRIME A 37.6 kHz. iZ 18R 1A shas @it b T2
PO £ DDA S ST A R, SRR ROIEEN-R TR A T A s R e
TR R, E RGN E E FAEANE A T — A IR AR, i
5 o 8 T A T T T R B — S, TR RS 1 P A A
KR RS A B R E R BRI T L R
B | EIRE AR SR R AR A B0, SR e TE
T 7 ZEVEROR S, 7E R o W 7 2 A B 1 s 23 4
Bl RMIhE TR, FE S B R A T 1S B DU B R B RO ARIR

Syt
_ Sensing | b GOpEROTI N T GILE Im)
Flectrode :

—— |

b
5«

Driving _

Electrode™ "SE'" Mode

/  Electrode

B 52 (a) SHRRAK MEMS BREFEIREE, UR (b) ZiERFLENSE RS
iRER.
Figure 5.2 (a) The sketch of the MEMS resonator adopted in this work, and (b) its

corresponding motion mode simulation results for the “SE” mode.

AL, SHZIETR AT E S G R TS R B IR IR F AR A AR
HE AR S S O AR R TAR I e AR AL T T 3h 45 4 1 9 R Tl T BRI T
5| BRI B AMY, ISP R4 MEMS B A R332
S LIS PR B L, T S E BN R R AR R — 1R, X B —
ASERRH R B E BRI T T B H%ETE MEMS $3EH 05 5 &5 H i,

523 HFEHEERN MEMS =4i3T 8 4E#ngt
BT W T ot me s s LESH TR, FHBgxE 52+
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FEF R BIER MEMS =48R A S S EORTT R

FREIRBERNESEONESEE, FRITnRE 53 Fiaig AT MEMS
WIRRNE TRELENR A R =ZEHEEW.
(a) }?::::::]i;dg(b)I"%‘é‘ﬁﬁ%}?“" - Insulation . .

- : rench Wire
Driving ‘ et . ‘ Bonding
Electrod DESInG -

Eleetrede

urizonts |l

Anchor

Electrode Hesonant
Structure

“NDevice
Waler

Resonator

53 (a) ZRRHMAHERATRELWN MEMS ERSBRE, &HE (b) HNH
ETRATER MEMS RSB E =g REm=9rEE.

Figure 5.3 (a) The designed layout of the MEMS resonator with the co-planar Au-Si bonding

structures in this work, and (b) its corresponding 3D model of the 3D wafer-level packaging

structure based on Si column interconnecﬁons for the MEMS resonators.

R DESMMBREMHIRTEGE, ME 52 () PHIERSE
HATA R, SATERME 53 (a) PRiSshERmE, =485
SpARREEME 53 (b) FiaR. —J7iH, AL EESSHE R IR A N F AR
(IRl RS AR AR ER-EGBAR (Bonding Pad) SLHL T HHHIEER
EEEO, WwE 53 (b) Fiw, FERERE LM BT 4 4 E H 2 sk
YUY REAE FLEEEIE ML, B PR B M RTIAAE I 5 e (3R
Hip a3 1T2) BRENMNEST S ERMIREMERER E (0 PCBHO ;
H—H, TESCOUEERE THER RSB BRI H R REN, S MEETIES A
WHE - MEPENEREAEHI, FUILBRSIERNSMET (Device Wafer)
RV Z AR ER A (Substrate Wafer) BTSCHEMRY, BT S84
MA R EREBEHAMNZHRAMREZ I (Bonding Ring) # % HH 1  THAS 24K
A (Cap Wafer) MJRUAIERER SN,

ATETHEMEET SR EE S IS B ES MRS = ek 58 1M
H7A= B 5.4 BR T MEMS RS = 4E R MM R 2.
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Bondmg Bonding Resonant Interconnection
Pad Ring Structure Structure

Substrate Wafer
Insulation Layer Bonding Metal (e.g. Ti/Au)

B 54 &RATRELANETRAELE MEMS BRE=SHESMHNERER.
Figure 5.4 The cross-sectional sketch of the 3D packaging structure for MEMS resonators

based on Si column interconnections realized by co-planar Au-Si bonding structures.

WA 5.4 BN, 3005 BRI &6 (R 35 BA — B R 10 2 R 45 4 LUR fHEHR
SREHN MRS B A T 0 b — B R R A A R, FERE EE A AL,
BT R R GEFELDENER, HLEEAERDIRNEEMTRRSH

(Bonding Ring) UARAEANEZEDIRERIE AL (Bonding Pad) RET—Z4
GEN—EE4eRENESII T HEREHUNHE (BERMYLTH
—E ), @A Ed A% ER Y T & B ENRIT LI SR AR 4%,
M4 Bikiail & B EEAGEZ M MM E DA G E R RN KAS H
BRRERIEE; BRE A EE TS RASELRREIOR, HESHR
ATEH, ERAASBHRANBEAXBELTSHAEESI T HRGREY

SR, MRS ERKIBEESHE S BN EI T A5 IR E3EE N
SERR T TESRIFIR b STk 2 ) RS A R e o
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] SOI & i 58 Ak A8 1l 12 o o FR S8R I3 1 38 5 SR F ek SRS L W] B A 45 1 O o
&, T A RS [ A B R U BT LURYE Cavity-SOI T2 BT U B R & T2k
PR, thinnt FRER IR A SR IR A oA R, X TR A SR A A AR
Ehr b, NTRBREESIANFEAS, NFHEAER MEMS R 6 ik
BETZEEEARBEAEARERTS, Tid, MEMS #4640 2RHIER4
R SCH MEMS 5 IC TEFRAMKE LM, F It Cavity-SOl TEHEFRHEER N
R A R B 5 SR A AR BB YR S5 BV R th R — MER S 1K JT 1] AR SCHESE
DB TR BN MEMS 18R & =45 v 2, FEHEEX Cavity-SOI T
SRR R B AR RS, FIfE MEMS 1B HRES H)iE R BERH TR
oAt AR A T B T AR

£ MEMS 3R 284)1% 1, Cavity-SOI T2 iR 2844 B A 5% 4 ¥5~F p B (100)
SOI &£ Jy, X -F 4 R A B¢ B 8 SOL fy H 2344 2 Device layer ££iKJZ Handle layer
A4 2 Buried oxide layer JEE 4518 60 um. 380 um 1 2 um; XF F4HE KA
BE I SOL L8 1F 2 . JERS 2 AR 42 51 52 . 430 pm A1 2 p;
AR X FIFl SOI 28442 B BE 2R 394 0.013 Q-cm. A JE B A TSR A 4 38~
Pyrex 338 (JEE 450 pm) 04 FE~THY 8 p 2 (100) FEH (JEE 400 pm, B
BHERZ) 0.015 Q-om) FFh, =gt T 29, HEBRRA 4 Ty 8p
#(100) EEF (JBE 400 pm, HEPHZEZ 0.015 Q-cm) o

B 5.5 BoR T S ELE MBS SN SRR FEAFRE.

(1) BeX &R AEE TS, RN HF BRT (42948 BE
BREOBARENEZ. FEG, EduEkl LZREHBE TZHRNEEERE
Ti/Au (50 nm/300 nm) JFUARB) AR A E KB Em L.

(2) MH@EAESRBEBEDCZMEM T EHATERAL, TSR SRESH
XA FI i EEX G FE, ZEETFHESRLTE—FE. R, RARK
B FZIh (DRIE) BAX &R HRMEAEITZIM, UERE
W2 E g G2 BERE L5 30 pim) .
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[y

B Cap Si Bonding Metal

B 55 ASRELESHHBREETZHE.
Figure 5.5 The fabrication processes of the Cap wafer carrying with Si column

interconnection structures.

5.6 (a) BN T Cavity-SOI T2 A4 JER T S8 O 1 iR ol Uit 2 o

(1) %Xt SO BE A BHATARETE B ALK 400 nm B EHIENZ
7E SOI Bt B 1 Device layer —{lXt &AL ZHE/TH 210 RIE ZIThLAEITEAL, BEER
F] KOH J& ¥ 7E SOI FEH i Device layer — {7 LR A 10 pm B2 fE45H o

(2) BN B 5% DA SRR SOL BE A BEATHRERS U
JE1E Karl Suss SB-6E HZ B AN BITRBBIIRES T2, MEHZRaE
(918 F- B F KOH J& ik o 22 & SO B Fr i) Handle layer LAZ 82 H SOI KB E R
s#— 35383t BOE JEUhiU SOI A1 2 pm VR £ BT+, BT SOI H i Device
layer, MBS EFHIAR T MREBIEE A TR AR SIS Cavity-SOI /1,
# Device layer Fl T il & &R .

(3) 7EFiT B i Cavity-SOI & £ Device layer —fill F| PECVD £ AR VTR
Si02/SisN#/Si0; (300 nm/300 nm/300 nm) LR, FHikATHZIA RIE 2|58
N ENERAL, ATIRRIBREHWITE NSRS AU EME .

(4) 7E Device layer — BTN T ZVIREHREAMTHRESRER
TiW/Au (80 nm/600 nm) B, JFRETHAFAERNEBEM T ZLARE SR
EIERAL, HhEZIZIMOS%EE DR ST RS R/ A Sk,
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5.6 (b) FBRT Cavity-SOI L& 4 K P BI TR 25 1 &R AE o
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B— it BOE JEMBCK: SOI /) 2 pm 3842 5 T4%, ® T SOI /i Device
layer, MhAYEFHIR T FRERESEA AT BB I 45/ Cavity-SOI f, Hrp
Device layer F Tl &8 IRE M o

(3) fEiZ% Cavity-SOI A L8k g #E 44K 900 nm BEE A MEEE, IFE
1LY ZIAN RIE 2T B4 2% 2 1 BT AL LATE BT 7 B < B /-~ ks 2 1

(4) 7£ Device layer — I lf S TR SHBEMENREERERE
TiW/Au (80 nm/600 nm) M, FHATRZFMMENKGREER T ZXIREER
ZHRMAL, HPEZ B2 4R% )2 6 DY RETEIT & e 8/ S iRl
HEREFLFR—FEMNEEGH5REBRKENeEImRE S5,

(5) FEJETE Device layer — 6% H &R 28 AT BN 4510 1K) BITE , I I I B
BFZh (DRIE) STGZIJEFIREA AT 2, T8 aas fF ROREA BT i B 4S
W R ATEhEEM . HESERL T MEMS #HRE: 45 M 1) % .
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¥1)

¥2)

¥2)

¥3)

¥3)

Substrate Glass SOI Wafer - Cap Si i SOI Wafer - Cap Si

Bonding Metal Bonding Metal

() (b)

B 5.6 T Cavity-SOI T3 MEMS #IREHZ R, (a) Cavity-SOI HIAER
gy, R (b) Cavity-SOI KA ERARR .

Insulation Layer

Figure 5.6 The fabrication processes of the MEMS resonator realized by Cavity-SOI

processes. Adopting the substrate wafer with (a) the Glass, and (b) the Si.
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57 MEMS $RB=ZHAFFHRETEZHLHELEELEEMNERIZRE, ()
MEMS EiRERHRXAEHF, Uk (b) MEMS EiRBHAERARER .
Figure 5.7 The fabrication processes of the 3D wafer-level packaging structure for the
MEMS resonators and the realizations of Si column interconnections. Adopting the substrate

wafer with (a) the Glass, and (b) the Si for the MEMS resonators.

Bl 5.7 Bas T B v s 38 T2 R SEil R i S M AT lId 72
(1) W2 0 10 26 4R 48 [ (AR D9 A EL R S A 1) AN 23 RIE A 2 Karl
Suss MA-6B JEZINLBEAT S& Tt #E, FifiJ57E Karl Suss SB-6E RS EHLH#HAT
GRIREETZE. ERhH& 7 1A RRRARRA K MEMS 344 &7 LUK 2

120



BES ETRATEN MEMS ERESHRAFZATHERT

FOTECRFRE A 0 MEMS B4R R, F9FIRM T FANGRRRETE,
HTESHNTE 5.1 Hm, TEMKHETHRTE (Outgasing) SR
B, HAESTERATEH, 400°C AR 30 min R T HRBLH
P4 8 BRI AL

# 51 AF MEMS 24 RE=88% P RANTRASEARRETESH.
Table 5.1 The different Au-Si bonding process parameters in 3D wafer-level packaging for

~ the different MEMS device wafers.

‘ BEVL BARILE BETE
=R BAE N

‘ \ BHE ‘ e \ Frae
ERA B . BE LR BE \
. = &7 A 1]

Py JEEH °C) (min) °C)
(mbar) (mbar) (min)
No.1 R 300 30 2500 400 30
No2  BEEEE <1x10% 320 60 2500 400 30
No.3 A 320 100 2500 400 30

(2) fELHEEEE, EERSRRERBN T 2R —ZEE 50 nm/500
nm {0 TVAu B, LM RBEM#ITERENERA. BEXARRNE
BT (DRIE) X #MHTALMMIOZIE, YRS IR T4 .

(3) S TFHERARES 84, EREEESHBRIUE, NT RIS
AR AR, 42 RIE ¥ Cavity-SOI F B4t E— 5% & M B AL it B 21 Tt
T, FOBIIRS T EHR— B ERA 50 nm/500 nm ) Ti/Au MK, BE/EiET
350°C T 30 min {8 K TEREINEE SREA 2 18] R 4F B RRIS AL . 2 RN 58
T MEMS 1758 10 S 428 e FTA T 2R

53 BUHETZHWRFIE

531 S|/EHEIZHEERATIZMNERE
T AR R S g i R Bt SRt R A T 2SI, T & eI R 2=
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B 5.8 MEMS 844+=4%H% 5 RMEERE T EXERER &R O iR LA
(a) # (b) WASEHGERF .
Figure 5.8 The IR micro-photographs of the Au-Si bonding alignment marks located on the

both sides of the center for the 3D packaged wafer of MEMS devices.
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Au-Si Bonding Ring
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Figure 5.9 The cross-sectional SEM images for the one 3D packaged MEMS device as the

individual chip after dicing.
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SAM R A i A PR X 38 LA K BEAE EESS M I & R DO 2L A R A
&, BERGERNFE. —REEN SAM KRG BN ARG HIER
HRsG, TTREREEE SAM B A BR T E#E&ZIRMEE, HEFRIES
MINEERE, KBTS HESAMAT BN EH KR

B 510 MEMS B4=#8%5F8TH SAM B, () REFRR, ) BHEK.
Figure 5.10 The SAM images for the one 3D packaged MEMS device as the individual chip.

(a) The reflection mode and (b) the transmission mode for SAM observations.
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Figure 5.11 The SEM images for the one 3D packaged MEMS chip linked with the PCB

interface circuit board by the Wire Bonding process.
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Substrate Glass IDevice Si B Cap Si Device Si B Cap Si
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) T )

B 512 MEMS ERBESEHEFERMERSHINZ AHTFEBEME, (a)
MEMS &iRBIHERATERA, UE (b) MEMS BRBHHERHARS

Figure 5.12 The parasitic capacitance network between the driving and sensing ports for the
3D packaged MEMS device as the individual chip. Adopting the substrate wafer with (a) the

Glass, and (b) the Si for the MEMS resonators.
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Figure 5.13 (a) The equivalent circuit model between the driving and sensing ports for the
3D packaged MEMS resonator as the individual chip. (b) The parasitic capacitance network

model resulted from the 3D packaged MEMS device between the driving and sensing ports.
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Figure 5.14 The schematic of the circuit-level capacitance compensation method to eliminate
the another spuriously parasitic capacitance except the parasitic capacitance caused by the

packaged device itself in resonance characteristic tests.
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Figure 5.15 The diagram of the resonance characteristic test circuit containing the

capacitance compensation circuit.
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Figure 5.16 The measured amplitude-frequency characteristics for the 3D packaged MEMS
resonators with different ground connection cases. Adopting the substrate wafer with (a) the

Glass, and (b) the Si for the MEMS resonators.
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Table 5.2 The measured parasitic capacitance levels for the 3D packaged MEMS resonators

with substrate Glass at different ground connection cases.

B0 O i BRI AR G/ (pF)
BAR AR 6.7489

0=239, Freq.=37.62 kHz
B 0.0384
BRI 8.6227

0=1430, Freq.=37.60 kHz
AR 0.0451
AR AR 8.5770

0=1452, Freq.=37.66 kHz
AR 0.0432

R 53 WERARK K MEMS EiR8 =485 AN FZEMER TR FERFKT.
Table 5.3 The measured parasitic capacitance levels for the 3D packaged MEMS resonators

with substrate Si at different ground connection cases.

B O B REIRME TR A Cr(pF)
ANFeh 17.1128
&L &S 5.7966

0=389, Freq.=38.06kHz
X Fe SR He b 1.7162
AR AN AT A 0.0070
ANz 18.1874
N EM 6.0301

0=382, Freq.=38.05kHz
X Fe JEE e kb 1.8413
AR AN A JEE AR B 3 0.0076
b 18.0664
R e AR i 6.2532

0=1783, Freq.=38.06kHz
N Fe R He b 1.8408

AR A} R B b 0.0072
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Figure 5.17 The wafer qualification rate statistics for the 3D wafer-level packaged MEMS

devices with substrate Si wafer (Adopting the No.1 bonding recipe in the Table 5.1).
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Figure 5.18 The wafer qualification rate statistics for the 3D wafer-level packaged MEMS

devices with substrate Glass wafer (Adopting the No.2 bonding recipe in the Table 5.1).
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Figure 5.19 The wafer qualification rate statistics for the 3D wafer-level packaged MEMS

devices with substrate Glass wafer (Adopting the No.3 bonding recipe in the Table 5.1).
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Figure 5.20 The optical photographs of the Au-Si alloy squeezing out observed from the

substrate Glass side for the 3D packaged MEMS devices.
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Figure 5.21 The measured amplitude-frequency characteristics for the 3D packaged MEMS
resonators with hermetic packaging and not hermetic packaging. Adopting the substrate

wafer with (a) the Glass, and (b) the Si for the MEMS resonators.
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Figure 5.22 The measured Q-P curves for the 3D packaged MEMS resonators without
hermetic packaging (i.e. the leakage for packaging). Adopting the substrate wafer with (a)

the Glass, and (b) the Si for the MEMS resonators.
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Figure 5.23 The normalized Q values stability varied with time for the 3D packaged MEMS

resonators with substrate Glasses after hermetic packaging.
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Figure 5.24 The frequency statistics on the measured Q values for the 3D packaged MEMS
resonators with substrate Glasses after hermetic packaging (Adopting the No.2 and No.3

bonding recipe in the Table S.1).
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Figure 5.25 The curve of the function Wi, caviry varied with the cavity depth for the 3D

packaged MEMS resonators.
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Figure 5.26 The finite element analysis model for the single pair of the comb structure in the

3D packaging structure of packaged MEMS resonators.
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Figure 5.27 The half-period velocity distributions for the single pair of the comb structure in
the 3D packaging structure of packaged MEMS resonators (the Cap and Substrate cavity
depths: 50 pm). (a) The half-period velocity distribution along the x axis on the xy cross
section of the simulation model, and (b) the half-period velocity distribution along the x axis

on the xz cross section of the simulation model.
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Figure 5.28 The simulated air damping force values for the single pair of the comb structure
in the 3D packaged MEMS resonators at different Substrate cavity depths (the Cap cavity

depths remained on 50 pm).
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Table 5.4 The summaries on the measured resonator Q values in air and the simulated air
damping force values for the single pair of the comb structure in the 3D packaged MEMS

resonators (without hermetic packaging) under different Cap and Substrate cavity depths.
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Figure 5.29 The curve of the normalized resonator Q values (Quormaiized) and the normalized

air damping coefficient values (Cuormatized) under different packaging structure cavity depths

for the 3D packaged MEMS resonators.
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Figure 5.30 The measured Q-P curves for the 3D packaged MEMS resonators (without

hermetic packaging) under different Cap and Substrate cavity depths.
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Figure 5.31 The relationship between the amplitude-frequency characteristics and the varied

ambient temperature for the 3D packaged MEMS resonators with hermetic packaging. (a)

The packaged device with the ~1 kPa packaging pressure, and (b) the packaged device with

the ~30 kPa packaging pressure.
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Figure 5.32 The relationship between the resonator Q value deviations with varied ambient
temperatures for the 3D packaged MEMS resonators at different packaging cases (i.e. the

hermetic packaging with different packaging vacuum degrees, and not hermetic packaging).
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RS AR R 0 ARG MR 5SS/ R0 N R EREHH
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oy, REEREAMARE T4 E T RERNIRERSERLSET
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B SR N O 5B E T HHRERIEL, 5SE PR M1, 11
TRIR, N ks NBUREZEL.
P kT
B Vitean ~ 7{\/3——],3 Q< P
FeRlR, 4 MEMS RS FHER, WESBEESERETE, B4
2B BN Qu G 2T 5IRE T TR ERR LRI RIO 4, anF 5,

J__ J__ 775 (5.17)

P nk,T

E, ~ (5.16)

Lhr b, ERES Qiﬁﬂ‘]ﬁ%ﬁﬁﬂiy{?iiﬁﬂﬁ EEFEECILIEA, @A
BT O HIEE Ry SRS O [HREEE T 2 RIRRBAT HIRI 4, IR =K,
XEEEHANRERE TRRANRRAAZEFREBE K .

QT (5.18)

EREHESERAST, QENEERSEYH-05, QHERERLEER
SETABHIEN, EETT, QO ENEE R3S (Mt THEASEE
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BT ERatr, K 5.32 hlRE B A R H BN T RSN O [HRER
FEALK I, B RREHE (P BRERERHEMSCIRNFRE K |
BEIANEEEBEAT QENEE Ry, MFX 5.5 R, &5 H-1 WNEHER
Z 1 kPa il &3 2R E R EpAXHMER K (BINMREERKRT O HilEE Ry
R FHE-0.5) , MEEHREFTEWTE (s HI-H3) , HARIANEER
B HEEHTR /DS, WA, FEEHSASENRA, RSN O EMEETL
(2 RR BN ZIR R R T H 3 E 2 F R HMER =S e 7k 8
REEFERUT FHLE T FE, AR IR SRR E TR L E IS I, B #ARIEFE
BRI E R s S PE BB E R E R,

Ay =!
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A
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R 5.5 ARAHEBRLT MEMS BR[G0S 55 ¥ 0 EREEEZ L ML BETTFR
BHMAWLER.
Table 5.5 The power-exponent fitting results for the measure curves of the relationship
between the resonator O value deviations with varied ambient temperatures for the 3D

packaged MEMS resonators at different packaging cases.

wFEERE  WEAUEN  UeRERH
HEERERS SMF5

25°C I Q 1H =g R?
H-1 1246 -0.992 0.9984
v ‘
‘ H-2 513 -0.804 0.9998
(BA—Z2EBTE)
H-3 394 -0.79 0.9998
NH-1 358 -0.573 0.9868
R
‘ NH-2 362 -0.653 0.9922
(35 MR
NH-3 353 -0.684 0.9979

X T ARA HESE M IERE = EH G 18 O HEEEE LR
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5.6 INGE
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HEAAFHESEENIEIRSE 0-P 122 , EREZHHIEESEHMTE 1 kPa
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FELERWT:

(1) HETZHMBRSR RS O BN
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MEF B A0 TR, fEEE T2 X DUSCHL A 25 B4 A B 2408 238 0 2= s
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6.1 MRABTEDLE
6.1.1 &= TAEEm

6.1.1.1 SEEA5 KOHUEEEMTEREMMER

REESSHMEREARN T HEECHRAERLZHLE, K KOH EH
AR AR SR AR N TR B . AR REERR S KOHE
P T S MR AT, IR T Aubulk Si I Awo-Si 8445
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1) F ] KOH *f 3 BRI & 1 S G ol 4S8, WBMES A E ST
Awbulk Si B4 45H7E KOH i Mg IR (IS5 E=RET 333 pm/h)
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6.1.13 ETERAMBANEHEEEHEEAMRR
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FH O IR ERREER, FEMNISFEEM B R AR AFENE BRI .

6.1.2 R ETSEIRYE A
£ 6.1 AT/EEHEERIESHMATREEETERANIEER TSV HARLIL
MEMS =% i R R A
Table 6.1 The comparisons on the packaging performances for this work compared with the
unconventional TSV-form MEMS 3D wafer-level packaging with Si column

interconnections.

BTt ERARE
45 TSV 1) MEMS =4k HEAETSE
HEFA

AT A AR S RERE R (R
BIEEAR) KEEERE

0.1~10 Pa (Getter)
Torunbalci M MI66-67] FT, 100x600% pm?, ~50 Q
0.1~2.5 kPa (No Getter)
Lee S-HI®8! 0.7~3 Pa (Getter) T, 700x600% pm?, ~2 Q
K&, BRBSAER B, 50x1502x3.14 pm?

TF1E He 1835 | R0 5T, 0.75%(0.4x1) mm?, -

Muratal?* 61
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Silex[71-721 ~0.1 Pa (Getter) FH, 400x50% um?, ~1 Q
DALSA[3-74 ~1 Pa (Getter) [F7E, 100x40% x3.14 um?, -
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1) #H¥E TR FEL

FiiR i P FREAE EER) MEMS =4 5 FH 25450, SRERNFRA
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