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Abstract

In this thesis, the design considerations for capacitive-type accelerometer are
investigated. The normal type in-plane accelerometer on an SOI wafer is
implemented by way of device design, simulation and process development. The
typical measurement results are obtained by testing system. A novel capacitive-type
out-of-plane accelerometer is presented. This accelerometer contains special designed
gap-closing differential sensing electrodes. The present out-of-plane accelerometer
has: (1) proof-mass is increased by combining both device and handle silicon layers
of the SOI wafer, (2) the sensitivity is improved by gap-closing differential electrodes
design, (3) the electrical interconnection between the device and handle layers of the
SOI wafer is available by means of the metal-vias, and (4) the sensing gap thickness
is precisely defined by the buried-oxide layer of the SOI wafer. Furthermore,
according to design concept -of. the yout-of-plane accelerometer, the 3-axis
accelerometer with single proof-mass:is-presented. This 3-axis accelerometer contains
gap-closing differential sensing electrodes in all sensing direction. Except of the
merits in out-of-plane accelerometer, the present 3-axis accelerometer also has: (1)
the electrical interconnection between the device and handle layers of the SOI wafer
is available by means of the poly-Si refilled array instead of the metal-vias, and (2)
the gap-closing differential sensing electrodes are designed in all direction with single
proof-mass. Finally, the process for 3-axis accelerometer has batch fabrication
property, and typical measurement results demonstrate the feasibility of 3-axis

accelerometer.

Key words: SOI, gap-closing, differential capacitive electrodes and 3-axis

accelerometer
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Tm b BR324 S(D)FEH 2 7 SOl & ¥ 2 ~ itk (device layer) ™ 2 g2
% (handle layer) » F]pt &= & @ &3 R QBRI FRATFIZF§ B F &
I TARE R A H 43 (3)15 18 £ i d(metal-vias)SOI i & ~ i 11 & gL § oo
T (4)d R RITRDFFEL SOl & 7 ¢ g ik AT AT R RO FET
AR R A P AR RG] o S - Wt SRz BE M
e B R OB Z g e 2 BOR Lk AL e

FrRIBUEFT - FHFL A - HEFLSOI LY E- FRHL =
fhtvig B3 o R i@ B3hengFd S (DF &6 ¢ 7 SOl & 3 2 =~ % & (device
layer) 1 % 3% & (handle layer) » Flpt 2 FE @ &3 5k 5 QT Rl Ak
Fliof $FEDLAL TR PID B4 5 (BB 7 K vwEFITEHE SOl S 7~
R LR IR hR s (4)d YR RIR RO EER_SOI § B¢ ehf v
STILRRI N EET AR T A 0 2 3 K R WA ] o (5)FiE = dhR R
WHINER S B R AR AP e PR RPENLA TRITEER
PAE-FEARPIZ M AR AR c RS RN - WAET SE G
PEUBE- FRAC R R0 4 o

FHEHTE AT SRR B E A kL (Fo

e A SEBH Y 2R PR TRPFEHEE U REST LA
B3¢ o 12 JEDEC # pHR# 5 2 > BEAESEEFFF R E REF &R0 0 A
THRHAZDRFE AP BRFP Y R E R LT ARAHLS AT -

B A AP R ER LR AT S BT e R AR RWAR 2

BB G- 4 e h g oo

ﬂ



1500

1000
| I I

o

Market (MS)

=1
o

2007 2008 2008 2010 2011 2012 2013

B MEMS accelerometers MEMS gyroscopes

Global 2007-2013 market for MEMS accelerometers and gyroscopes

®l 1-1 Yole report 2008 & = 2013 & f |2 & B B3 B o & [1]

Signal Processing for
Automotive Applications

Bluetooth H:

iPod® connectivity @

Audio Systems @
"

ced Driver Assistance £

Crash Detection @

Electronic Stabilty Control &

Bl 12 HEERIEE Y T 52 % [2]



] ATAR862

| ®s | sm ’\:TI":I’ ED

[(2E || 31?’!3

[ s || RERSRD :

[Ve® | [wwm ]| [(=m | |
ATA5283 |

B 1-3 PR E 4k sz 2 E [3]

Bl 1-4 P RE I Bce XY e aor LB [3]

11




V55N, 122°1'06°W 1

Bl 1-5iphone GPS i s & 4eig B- 2 7 5 Rz [4]

! \ e N

& R
3 ) > R
. .’

At

.

i \ ]
f <

B1-6 == & Wil 2k fens e L DB &4 Ry~ 202 01k [5]

12



(@)

Bl 18 (a) %5 4 B2 A (D)l & 4 B3 2 Rl I [16]

13



lacceleration

e

Bl 1-10 &= cnie 45 ™ & b R A kg R T 5 gL [25]
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CMOS Device Area Micromechanical Device Area
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PE rliHdc
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Flrld Doroder

Hacanlde
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® 1-11 Sandia’s iIMEMS (MEMS-First) #l 42 [54]
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Bl 1-15 M A2 i N kgpd T 3 e hdeig B A% [35]

Top/Bottom Polysiii
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Electrode gtiffeners
Top View Proofmass
— Y Suspension
Beams

A-A Cross-Sectional View

SLURELE

ame M

Fr
Stiffened Polysilicon Proofmass Stiffened Polysilicon ~ Proofmass
Electrode Electrode

®1-16 o 2GR E L P Sed R~ [56]
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EE

{a) Shallow boron diffusion o define beams, proofmass, and
supporting rim.  Nitride depositon and definiton for elecrode
anchors and isolation dielectric undemeath electrode dimples.

o oo e e
i [l
(b) Trench etch for vertical electrode stuffener defimiion, o e e e

e g s om s 121 e o i e - (e) Proofmass and rim formation by etching in EDP.
- Final proofmass release by etching the sacrifical oxide.

{c) Trench refill using LPCVD sacrifical oxide and poly. [ P+ doped silicon
Poly patteming to form electrodes and damping holes. Poly is EEm LPCVD oxide
sealed by & top LPCVD oxide layer. Dimples inside poly

elecrode are created by partial etching of the sacrifical oxide

before poly deposition.

B 1-17 % S wEH A G end T g g 4o id R R A2[56]

S lcon
% Proofimeass
p

Bl 1-18 v 2tz B S 4ok R~ 2 F 1B [56]
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Device \

In-plane
Devices

Polysilicon
Connectors

B 1-19 12 5 & v BT B S B2 ph b ek B R R4 B3 HE[5T]

Bl 1-20 = 3= g o 4o AR RIS 2% 419 1 FI[57]
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CMOS Movable microstructure

circuitry
YT TS, [ 7] F77]<+— metal-3
metal-2
@A d <
metal-1
@ 4 <——dielectric
B -
St

Figure 1: Cross-section of CMOS
micromachining process

Bl 1-21 CMOSMEMS 374 %] 5 #il 42 3 ji= [58]

Rotor Stator Rotor

O dielectric

Cross-section of a pair of comb fingers

+Vm : -Vm

Vs

Equivalent capacitive-bridge

B 1-22 12 CMOSMEMS #4245 B 5 ey T 6 4e i & B i8] % 4 [58]
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anchor, rigid frame
[] finger
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[] proof mass

Vm+

B 1-23 rphk AR R R R R P 2 i B3 [59)

Spring
Mass
Frame

Anchor

Rotor Comb

Stator Comb

W 1-24 5 f@ 2 s et 4 s [62]
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Z torsional beams

XY

X, Y fingers
N\

B 1-25H. Qu % 4 2 CMOSMEMS 2% 22 = fiteid B 2+~ ¢ [63]

Si substrate Si substrate

Passivation Al Electrode Si0, Via

Bl 1-26 CMOSMEMS i 18 7 ik 4 %] 4% & Jf e 1.5~ 1% 5548 %) ehis 41 [67]
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Substrate

Supporting

Proof-mass
frame A

Spring Top electrodes
Reinforced rib

Bottom
electrodes ____

Bl 1-27 s flarm il T e § %P &R RIT R 4ok B3 [67]

Y-axis

Circuit

EH!!!EHE - - -

B 1-28 12 Ra %] EARE & = fhiciE R R PRI 2 [64]
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Sensor capacitor

Movable Mass Movable Mass Beam

s e e S T
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[ . .
V. - L o _
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e ot i e e S e e R ke
.. h e (Anchor)
/ . A — =
. Aluminum Pad - T
- - i C o Silicon substrate
e e e
s S

e i IR s
s o e .

B 1-29 12 SOI flAzid & = h+eid B BRI 2 2 # [69]
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h Y
vl alal ok
Ca

& adad
LLLE B i AATE

[l : Movable : Fixed

Co

B 1-31 72 SOl & * ¥ A = $h> ¥ 1L A T K2 = fhicig B3 [75]

Seismic mass
AD a
“A '_/ Movable electrode

i?/f‘//‘ gy o - e _ﬁ. ;éNormal position
> Fixed electrode

Center pillar

(b} Z axis acceleration

B 1-32 T. Mineta 41 * $ie -3k 32 BT o = v 4vid R 3EL [76]

25



B 1-33 T. Mineta o 23 -7 B [76]
D2 Dz
PX-2 D1
(s00um"| D3
Anodically . D4 ; Seismic mass
bonded
Si-2 '
(zooumt)ﬁ Contact pad
Fusion
bonded Beam
Si-1 — Center pillar
t
(200um’) Sensing plate
Anodically Z
v bonded ; ¢ Q x
| PX-1 X+ X
(500um®) Qy Ny

Y
Y+ %Si-1 .2 : Silicon

PX-1,2 : Pyrex glass

B 1-34 Y. Watanabe % 4 2_k 24 [78]



@ : Connected to electrodes on Glass-

© : Connected to electrodes on Glass-

Outer electrodes

1
O : Connected to Si frame (Common GND)
(through the glass holes)

TO (for drive)

- 1 (Glass-1(t500#m) )
i 7z h Tk
P . Anodic bondig
Si frame —:/\-——F
Si proof mass : ; (SOI €100#m)
Si pillars = - / / NEG Anodic bondig
: £ pocket
B4 :
Z
Y
X

L J Glass-2(t500#m)

BO (for drive)
W 1-35S01 & # @ iFH - FEHT dnlf 128 R~ & 28 [79]
SOl-based process
In-plane Acc Out-of-plane Acc

1 mass 3-axis Acc
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Foaei R anE B {7 5 N e LR R SR E B TR
WREEM G PR R AR E - RAEZ TG F R R 6
£

21 ArRE
A - BAAHRE AT ACER AL R RERAT R R

Mo FREAFTTTRYRPIT TR ZETRIE LS ENE R A B
i\i%_m /” ﬁiﬁ

2-1-1 4B RIABERGF L
i Rl S HEEF RRBIFOTER ) ES E P Rer

Bd e B9 TRADTE L Mg S DERRILD kg £ vt H R iR B
B0 5 SLenE AR L TR ¥ Coq o 4] 2-1 9757 o F PIMPF LA (EH T b, A

BEE 7R ISE S A E RN K AT

Meg X+ Cog X + Koy X = F (1) (2-1)
Ho
F(t)=Fcosat (2-2)
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bat2 2 AR L EH D e i@ 250 X AR o f o R I
LIER LA AROTEAS A RS EEY A AL P RS > SER
Bl ARH A o A F R IRIE R AT KA g A o #(2-1) N B E R 2y

e > B S B A Sl WL E T

k
F = jojoXm,, +j—eq(ja)X)+Ceq(ja)X) (2-3)
®

1
m C.,.0

ﬁ(ja)):i 0" 414 S (2-4)
F Keq Keq Keg
bt R
k

€4 = a)oz (2-5)
meq

Q=—" (2-6)

— = Qa, (2-7)
C



(jw)= > (2-8)

ﬁﬁ*@ﬂ&aiéﬁ#%ﬁ&ﬁ’@ LR IES-E A ) X

i"ﬂ

F=k_ X (2-9)

WAL R R e RS B b RSN o St AR H R
LA b Rt i A 2 e B R FE LG R ES Q

SRS TSR o B0 e enff R 2 i RGN T B (Meg) TR 2

F=m,G (2-10)

30



X=—% (2-11)

dQﬂﬁP”@ﬂ’ﬁﬁﬁﬁilﬁiﬁﬁﬁﬁiéﬁ%ﬁﬁﬁﬁ’aﬁﬁﬁ
PR Y Mo T R R AR R o B R - B

ERTRCNCE Ltk

e B AUE T AR PIETACE 2-3 Ao o AeiE B 2 AAEE Y B H
Hood bR TR EEE R DEREL Gl T AR A B EANTERE
7 t&(differential capacitive electrodes) » #= 4R BRI M 5 90 RPBl® FF 5 A

AL RGB R R B AT % B(C) &

Co=e— (2-12)

Hd - B s ﬁﬁﬂ%mjﬂ’éﬁﬁﬁﬁ%@&ﬁ%o&ﬂ,gaﬁﬁﬂ

-

B rHR PR R T TAR P e %%{ﬂis?l T ar3) % sk H 5 (common mode

signal) o § % ek B BLEE L A e BT ELPF 0 A AT R D BT £ 5 4p



%%ﬁﬁsa#ﬁﬂ%ﬁ@iﬁﬁ*ﬁiﬁgﬁﬁv°ﬁ@%i’£9?$@
BB — BAFRE f F) i A sz ¥ H503 5L (common mode rejection) o
Flptodeid B E 1% LA T FRPIT RS B4 A ((1) i%ﬁ%é;%%{mﬂi%] dr
(2) W “,!rt Fork BUEL -

gﬂﬁﬁﬁ4‘¢ﬁégfaﬁgi—@fﬁaﬁﬁwiéﬁﬁw?ﬁﬁﬁ
BRPAEZFORRRE ) PR BT RE e B2 B R 3
dvo 2 BARBITIRT) G BRG] R F B2 R5

c _ (2-13)

LR R TR S R4 B

cA
g+Ag

C = (2-14)

HoAg R A B3 A e seg b4 oA 4 ehief o Fpt > ZHRRIT &
R EHET R L

aC, = A _EA_ A (2-15)

" g-Ag g Cg-Ag

B Arid R3- A2 972 42 B E R R BIRIBOFR > T 2B PR MK
REFPFr e RPALLRERTEREFRGE L5 3 2um > Foeh #riv2 gl
THREBEF A 4ume ) 3R AA 2 hicE R A A2 chie BBV U4k

Eig o R RITIRZ T F R AR T UFRL
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AC, =C, ; (2-16)

P LR PIT BRI BT

*37«}
,%r
\*"b
IS

ac =A__EA o A

= 2-17
T g g+Ag  Yg+Ag (&147)

Bk te Ryt~ 291 Ad 2 chin B R R RIT RO > o] BB DA KB

,—‘5
L
TAZOEHBET UL o L FRPIT RS

=h
N
44)
fln

F.
2

s

- 3
iy
e
W

Tl

\_.

!
i)

3
T
e

P

| %

AR ERT R

AC_ =C, 29 (2-18)

Bofd o g i @ d@ R AR AL - w THORHE S GEL SRR
g

=2|AC| (2-19)

total
2-1-3 23R Bl L B

AT DT FRBICS B LR FH MS3I0 T FRBITE
(MS3110 Universal Capacitive Readout IC, by Irvine Sensors Corporation, USA) i
ST LR BIBA AT R (245 R~ K23 B~ i (readout IC)[80] o

B LB P TR (supply voltage) 7 5 R o IS T R RIF Ao D B4 ERIE -

33



RERE - Se@ R~ 2B R UE EHBRRIES - IF L RIRE AL gt
AEL o BESF T RER S TR U AFERREATES hT i e gt
TH - BV R RI T g BRI B 5 4.0aF/rtHz -

TR AR 2-4 #7on o W o0 = H g R RI(single) 4 2 & 4 iRl (differential)

}

za&,

A TRy pEDI BT FT EL A4 E R F 7 fRar e (initial
differential adjustments) - # L A 3} 4o
(1) T % B pl 245 B 4aF/rtHz
(2) B RIAN& (1) Egg Rz (2) 24 &R
(3) 3 & (Gain) 1z 2 & i i /& 4 £5(DC offset trim)
(4) #%_500Hz 7] 8KHz =¥ 23 s\ 47 &
(G) L RBEL 5 REF
(6) &/J‘ﬁ;'] % ¥ = 250fF
(7) ¥ £ 16 EEPROM 3BT B2 K 2B
(8) % — 4& ¢ 16-pin SOIC £ %rk 3+
AT F R EETE AR CSLN M E CS2IN & g R B ik g
R BB 47 4 A 15 18 CS1 11 2 CS2 kT g2k 4o b ] B e CS1IN 12 2 CS2IN »
At R R EFIE AR g FH 7 feid = e R ik &R (DC offset) o H i

TRARBTEZRCZFAMAENT LA F 40T

¢._.

CS2, —CSL;)

V@t:GA”QxV2P25x114x( +Veer (2-20)

F

H? GAIN Z TR FE > &= 28 4;V2P25 5 2.25; CS21 5 CS2IN ¢ ¢
CS2;CS1t 5 CS1IN 4c + CS1-CF 7 7 B.enw 27 % (feedback capacitance) » #*
R ffiieﬁ] TR B EE

TEEE R Y RRITER VUKL e R TAL T R R N8

SRR B A TR P 0 KPR A el Rl
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2-1-4 4ok R3-A 1 H F in A2 H

@ B3R A R AT E R AR 2-6 4 WY R G 2 B E
®EE2 Fa é’:’&_f‘;{??]d%ﬁg\l?}%tﬁq,rg,ri;ﬁ?@ﬁ%ﬂ

A}Vv']p“ f{\; Iﬁi;}’ﬂ

WELL P G e F - B E AR Y B A S BB LM GNP

SRR T S BREREAT  F BRI AR ERPAEAS &
BEOEEAL RN BE B BTEL ST FR T 2N(2-19) 4 T
Bofd- B ERBEA AR RITE - BT F IR R S R S

(C-V convertor) o

2.2 hERIP-AEHA L

1. =~ & % a7 & (sensitivity)

,L

LR E B R AROGAR IFE TS LFRTE S R RT AR

\"1-

?’Eﬂiﬁﬂ:%‘f“ i H 25 mVIGoe
2. L4 4 (nonlinearity)
R G e R A R ARRIFERPN o P BRI FARMEAE D

3. je 4 % (noise floor)
e R RO A R d 3 BIRA T A[57] o (D) BHRF 9E

& eh % e g B 22t TENA(total noise equivalent acceleration, m/s’rtHz) » #

d T e g k4 A

TENA = /% (2-21)
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NEFRAFILE Q FHEHFF > HE =k GltHz o QR B 7 B 7k B eng +
SRR PR RRSUR A S BTN B H i AR R TR B S RS
T e kA
I\Ielectronic_ (2_22)
SystemGain

H P Neectronic 7 H = 5 VIrtHz » SystemGain =08 i+ 5 V/G » %5 (2-22) 7% & &
Bk s oltHz o B f2 Bk seerdt ioeniesa 2 (Input Referred Noise
Density, IRND)#-(2-21) 22 (2-22) % i ;% + 322 42 ¢

2
N _
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Amplitude ratio:M
w

0 1 1 1 :
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0 02 04 06 08 1 1.2
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Spring

Sensing;electrade Self-test electrode

- Sensing electrode

Bl 2-7 T 5 4eid Bt 22 B0
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B 2-8(a) T & 4o ik &+t 2 B - HA (L13KHZ) ~ (b) ¥ = 4= 4 14 (3.5kH2) 12

2 (C) T & = % % = Hik (3.8kH2)
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Present 3-axis accelerometer

Readout circuit o
Function generator power supply Readout circuit

Oscilloscope

Spectrum




Voltage output (mV)

125
| » X-axis : 6.36 mV/G
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[ 4 Z-axis : 6.67 mV/G
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50t
251
OFf M
'25 1 1 L 1 1 L ,
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21 A % (noise floor) & 0.76MG/HZY? - ¥4 4fa4m & chiF £ Bl B BT 6 4o
R RS EEM ML A X e U E Y 3 e A u s 1.94%17 2 1.32% o
BRGNS FAH T nEESM N T G e B R s i o B 3-12(b) € &
- HERIPFAEEIEC)ERIEL IOMG d AT 2 B R SR S L]
i BB R 04 fR4T R L 10MG > R AR > Bt s B RIF])
10mMG 5 o Hois B ipleni % vk 3-3 87 o P AP RS SEHRFEITL LT
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3031 AT DT G bk B A 2E Y 2 SOl & ¢ AL

The specifications of the SOI wafer

Device layer thickness 18 um
Device layer resistivity 0.001-0.004 ohm-cm
Handle layer thickness 400 um
Handle layer resistivity 0.001-0.004 ochm-cm
Buried-oxide thickness 2 um

% 32 FAIAE DT g deig R EEY 2R RE

The detailed specifications of a typical accelerometer design

Chip size 5mm x 5 mm
Mass 0.4 ng
Spring constant 36.6 N/m
Sensing gap 2 um
Initial sense capacitance 442 fF
Sensitivity 48 fF/G
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4 3-3 TG4 BAh BRI S

The characteristics of the present Z-axis SOI accelerometer

Measurement range +1G
Bandwidth 100 Hz
Sensitivity 196.3 mV/G

Non-linearity 2%
Resolution 001G
Cross-axis sensitivity X 1.94%
Cross-axis sensitivity Y 1.32%
Noise floor 0.76 mG/Hz"?
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Stationary upper electrode

(a) Movable electrode C with bonding pads

and proof-mass x,

Spring

Bond pad for stationary Metal vi
etal via

lower electrode

Bond pad for
movable electrode

Front-side view

C’

(b) Movable electrode
and proof-mass

Supporting structure for

Stationary lower electrode stationary upper electrode

Back-side view

B 3-1 ArAlie T o 4vid R3H(@)~ & FARREI M % (b)~ (2 4R B]
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(@) Stationary lower electrode (C;,;)

Movable upper electrode (GND)
Metal via Spri
pring
NS /

Supporting structure

(b)

Stationary upper electrode (C, ) Movable logveI: electrode (GND)
pring

il E /

Supporting structure

B 3-2 #7Al i TG 4eid B3 A 22 () AC 26 2 2 (b)BC 2%
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(b)

B 3-3(a) Av ~ k22 5 - BOAL 0 35KHzZ ~ (b) A R 2R 8- R

7.67kHz ~ 1212 (C) 4= ~ 2232 % = $£4 © 8.79 kHz



(b)

(d)

Si Nitride  Oxide PR Silver paste

Bl 3-4 4= 4 % 2kt 2 HAEH
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a
( ) Stationary lower electrode

Stationary upper electrode Surrounding mesa

¥4ESBBrm PTHU MDL

Spring Via hole Proof -mass Proof -mass

(©) (d)

Movable electrodes  gtationary upper electrode 2um Sensing gap

Stationary lower electrode

Bl 3-5 7|4 B3P 2 T 7 Bicdi(a) B~ (0)ic4LB ~ (C)d P H T2

BT 2 A TR F], & (d) BRI 2 B 284
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Glass substrate
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E 120} Non-linearity : 2%
[«B]
<
= 80r
o
>
§- 40r X couple = 7.5 mV/G
3 Y couple = 2.2 mV/G
OF a2 e o a a2 82—
<
02 04 06 08 10
Acceleration (G)
(b)
100
§8m
é |
o 60F
(@2}
S L
= N
>40
=
2 20+
-
O L
0 . : . ) . o
0.0 0.1 0.2 0.3 0.4

Acceleration (G)

B 3-12 4v:i# ??ﬁﬁmﬁ%@ﬁ»ﬁﬂgﬁﬁﬂ?@i%ﬁ’iwiwﬂﬁ

Bz B £RlE

65



Out-of-plane Accelerometer In-plane Accelerometer
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Cyl’ = Cyl — AC, Cyr’ = Cyr + AC (4-3)
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3041 Zphteid BY TR R LSS (i fF)

Exp Exn Eyp Eyn
Initial
_ 380.168 377.462 366.861 365.745
capacitance
X-1G 372.382 385.554 366.952 365.780
Y-1G 380.362 377.308 374.050 359.102
Z-1G 390.789 387.866 356.589 355.734
* 42 = ghtcik R RACR RS S (H = fF)
AC(X-direction) AC(Y-direction) AC(Z-direction)
X-1G 15.877 0.125 0.251
Y-1G 0.347 13.831 0.506
Z-1G 0.218 0.261 41.308
% 4-3 = phicid K3R48 6 RS %
Cross-axis(X) Cross-axis(Y) Cross-axis(Z)
X-1G 100% 0.787% 1.578%
Y-1G 2.51% 100% 3.658%
Z-1G 0.527% 0.633% 100%
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F 4-4 = pheid REF 2 SOl & 7 ARFE

The specifications of

the SOI wafer

Device layer thickness

10 um

Device layer resistivity

0.005-0.015 ohm-cm

Handle layer thickness

400 pm

Handle layer resistivity

0.005-0.015 ohm-cm

Buried-oxide thickness

2 um

% 4-5 4= = dhteid BRI

3-axis accelerometer measurement results
Bandwidth (Hz) 400
Operation range (G) 2
X-axis Sensitivity (mV/G) 9.56
Y-axis Sensitivity (mV/G) 6.96
Z-axis Sensitivity (mV/G) 1451
Noise floor (mG / rtHz) <1.221
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@) Movable electrode and

proof-mass C Stationary upper electrode with

bonding pads

Bond pad for stationary

lower electrode Spring Metal

via array

»B’

B4

Bond pad for . Front-side view
movable electrode . o
Damping holes
b Movable electrode and
(b)
proof-mass

Support structure
Stationary lower electrode

Anchor of movable
electrode

Bl 4-1 HFEH = hicid R~ 22835 1E (@) AR 2 (b) S AR R



(b)

12 () AR2]

5 B2 2 (D)BB’ 3] 5 B

Stationary upper electrode (C,,)

Poly via Stationary lower electrode (C,,,)

Movable electrode (COM)

B 4-3 = phécig B2 AB % T & B
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(a)

(b)

Bl 44 = doteid B2 6 R Rl 7 2 F2 () AN 25 Bl 2 (0)BB’ 2 6 W)

Ba45 iy Ry~ @@ DL o T2 T F R



Lower electrode
Pendulum proof-mass

Upper electrode Spring

Upper electrode

Lower electrode

Bl 4-6 = #h4ceid B 2= i 2 Coventorware 3D #-3)
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placement Mag:  00E+00 2 S0EO1 SE-M 10E+00

COVENTOR

B5E- 1AE+00

COVENTOR

placement Mag:  00E+00 SELM SE-MM 10E+00

174271 Ha COVENTOR

= AR, (a) Z #hiis ik (1.645kHz),(b) X sib i

% ()Y bk (1.742kHz)
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(a) - (6) _

(d)

Si SiO, Poly-Si

B 4-8 = phteid B 3+ 2 B4
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(a) Proof-mass Spring Stationary lower electrode

Anchor

Movable lower

electrode Stationary upper
electrode
Movable upper |
electrode
Damping holes
Electrical isolation trench
(b) Proof-mass

Supporting frame

Supporting structure

Stationary lower electrode

Bl 4-9 = fhicid B 352 T 5 MACH(Q) T AL L % ()75 AL R
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(a)

(b)

(©)

Released holes  Spring

X188 186mm MDE=Pao

Refilled Poly-Si array

Movable upper electrode

SkuU X188 188mm rDL—Pao

Stationary lower electrode

Movable lower electrode

X188 188mm ». MDL-F ao

2um Sensing gap
Stationary upper electrode

TRES A S HLN TG T
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B 4-11 = et B3 A DT RH T AL AR L %

BNC connector SMA/BNC connector

SMA connector

W 4-12 = pideid B3 BT 2 B BERAR K
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L-shape holder

B 4-13 = gnbeid BR3P BRIT 6 2 v R

Piezoelectric reference
Present 3-axis accelerometer

BNC connection (shielding)

Bl 4-14 = fhicd B R RN T 5 = 5 R
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Shielding ground pad
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Voltage output (mV)

Voltage output (mV)

B 4-17 = fhteid R3- X % b chf4e & £ R)% %
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o w o ©
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T

T

T

| o X-axis : 9.56 mV/G
30+

= Y-axis : 6.96 mV/G
Z-axis - 14.51 mV/G P

100 125 150 1.75 2.00
Acceleration (G)

Bl 4-16 4~ = dhde i@ K R RIGLEL

X-axis

rm X-axis . 9.56 mV/G
__o Y-axis : 0.83 mV/G

A

- 471 mVIG

e o © o © o o o o &°
1 "

100 125 150 1.75 2.00
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Y-axis
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(b)
98.9 um

X198 . 188w

HXEBD 1CEB8Mm

(c) ()
' 1 83 [

X2 @@ 1 BB M S X2BE 168 mm MDL-Pao ¢
F420X > o@=zgTEE O+ ETHRETRERRY () T2 ()
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1

Handling wafer Self-test electrode

Bl 5-1 = fhdeid B 3-2 WAReTie
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Integrate with ASIC
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4o A-1(a) %77+ 5 ADXL330 F * 4vig B 3 enfir i 4 R4 0 4B A-1(b)#1o7
5 LIS331AL 78 # 4vif R enfirdf 4 48 o AR T LR D A e i sk et

e e % 10,0009 > fe B Aol ¥R FREFR F 5 29 B 490 AT E R fE
B A R ¢ & 4 10,0009 s 4o
SR RS D a4 A R - RS 2R B pd TR
Boe oo L HE R AT L E RS o B L
V=,2g5=v2x98x%x1=443m/s (A-1)
BRARSHFMEFE EPFT 2 0.2ms B F4de M orE Plehdeig B 5 0
= =2 = 22,150 (A-2)

d bifz BT VBRI HRE £ b ATk 0 10,0009 7 2R ? T EL o
AP EEE T PP BT BB el R P RRARR

2ALE AT 2R GEE BREF DL ERAROR A A2 L AEY
BOH beiE B2 AR Y. 0 ADXL330 4eiE B2 &AcA 5 300 mV/g+10% -
LIS331AL 4vi# B 2+ 2 & A7 4785 mV/gt5% - Bl A-2 5 BriF 2ok 9 1R > 3

PR RS S R 4 Ao A-3(a) 1 2 (D) TR B RS TR k2 R
4 B - B 3(a) > ##% 4 10,000g - @& pF [ 0.1ms ; B 3(b) & ¥ 4 10,0009 - i+
FPEERF 0.2ms > P ins ERE TR 2 B B4 o

d 3 d p3tEans o) 7 o ADXL330 #8578 <+ % 4mm x 4mm> LIS331AL

109



FHE R 1 5Z3mm X 3mm o 3T K- E F Y PCB 7 0 e A4 Aror o B
PCB = A a3t irE T o+ > Bikd PRI~ 25, Bd X35 Y 2
wl R Z 2 iR Ao B AD T o 3 E_ 4% ADXL330 ¥ - =t i iR sk
AU BRBIBLIATHY  FFEE LB L (DX tY S W27 Gk
=4 10,0009 ¥ pF 5 0.2ms># B > w» & @ % 7 =0 ;(2) +X > » @ 10,0009°
W PERY S 0.2ms > @8 7 = 5 (3) +Z = w 7% 10,0009 0 & pFRF 5 0.2ms o F
FI X o4 A6 1 0 FEFRHRTE S L GRAERIEE c SE =
A E RS > P EH BRI AT GAREN > B AT 7 o BRIES
BT AR T F 5 0FFRREM L A7~ B 7 K% 10,0009 o v
Rl EF A A A3 SRS GAAREREEEE -
o fker s & 4443 LIS33IAL i fbrff ipled » AR 3 &2 ADXL330 7 e > 3
| PR S 0.0ms o A A B RIGEY o 4 10,0009 EEE T 0 A BREE
B 0.1ms 1 2 0.2ms o ¥ F gk w {s nF AR €8 % 4rB A-8 11 2 B A9
ST SR ER AR T KL 10,0009 e 19 AL 5 g i g o 4
A-4 % R 1 G AR BRI T

—l\

A2

i I RS e BRI R B H ¥ boid B3 ADXL330 2 2 LIS331AL
2R TR ARKF LB R RR AT - P9 A EFARST TR
%R i 30,0009 #REE 4 T BT AR o ST AL (T2
beid B3t @ 5 0 10,0009 e 4 pliE e I & i iE eniE i 0 E 4 B o )]*u'v

FRF AR OEE > H A B ARG R - ) hig e o
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# A-1 el i iE

ADXL330 LIS331AL
10,000g, 0.1ms Vv Vv
10,000g, 0.2ms Vv
2 A2 B BT RAAERR
ADXL330 LIS331AL
Sensitivity (mV/g) 300 478.5
Variation 10% 5%

# A-3 ADXL330 i w0 {& AR £ BB %

X(mV/g) Y(mV/g) Z(mV/g)
condition1-before 297.76 309.20 308.44
condition2-before 297.18 311.03 304.42
condition3-before 294.9 311.28 301.45
conditionl-after 291.04 308.03 306.01
condition2-after 291.3 306.75 304.69
condition3-after 289.78 306.81 302.72
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# A-4 LIS331AL e o s ac R £ RS %

X(mV/g) Y (mV/g) Z(mVIg)
10,000q,
471.13 485.88 471.33
0.1ms-before
10,000q,
481.51 478.52 486.89
0.1ms-after
10,000q,
478.55 467.10 473.86
0.2ms-before
10,000q,
481.13 465.76 495.23
0.2ms-after
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(@) Parameter Rating
Acceleration (Any Axis, Unpowered) | 10,000 g
Acceleration (Any Axis, Powered) 10,000¢
Vs -03Vto+7.0V
All Other Pins (COM-03V)to (Vs+0.3V)
Output Short-Circuit Duration Indefinite
(Any Pin to Common)
Temperature Range (Powered) —55°Cto +125°C
Temperature Range (Storage) —65°Cto +150°C
0)  fomee | Raee Maximum value | Unit
Vdd Supply voltage -0.3t06 A%
Vin Input voltage on any control pin (ST,PD) -0.3 to Vdd +0.3 A%

3000g for 0.5 ms
10000g for 0.1 ms
3000g for 0.5 ms
10000g for 0.1 ms

Apow | Acceleration (any axis, powered, Vdd=3.3V)

Aunp | Acceleration (any axis, not powered)

4.0 (HBM) kv
ESD |Electrostatic discharge protection 1.5 (CDM) kv

400 (MM) \
Tstg | Storage temperature range -40to +125

Fl A-1 (2)ADXL330 % (b)LIS33IAL 7 * +c it A 3 rff 4L+

Bl A-2 #r8 2% (7 #H4H)
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B AS@X > % ~ ()Y 3512 (C)Z % w2 BiRl%#H

115



Voltage output (mV) Voltage output (mV)

Voltage output (mV)
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~
o
o

o]
o
o

n
o
o

N
o
o

w
o
o

N
o
o

a
a
o

a
o
o

D
]
o

N
o
o

w
a
o

w
o
o

N
6]
o

[¢)]
a1
o

[
o
o

N
al
o

N
o
o

w
a1
o

w
o
o

N
a
o

116

m  X-axis : 308.44 mV/g
| ® Y-axis ' 297.76 mV/g A
A Z-axis - 309.20 mV/g A/
08 1.0 12 14 16 18 20 22
Acceleration (g)
(1,2) before shock testing
= Xaxis : 297.18 mV/g
e Y-axis : 311.03 mV/g
[ 4 Zaxis :30442mVig %
08 10 12 14 16 18 20
Acceeleration (g)
(1,3) before shock testing
r = X-axis : 294.90 mV/g
® Y-axis : 311.28 mV/g
4 Z-axis : 301.45 mV/g
08 10 12 14 16 18 20
Acceleration (g)
B A-6 % x5k ADXL330 ~ itz Atk £



(1,1) After Shock testing
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Voltage output (mV)
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[ ]
[ ]
A

X-axis - 291.04 mV/g
Y-axis - 308.03 mV/g
Z-axis - 306.01 mV/g

0.8

1.0 1.2 1.4 1.6

Acceleration (g)

(1,2) after shock testing
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X-axis : 304.69 mV/g
Y-axis : 291.30 mV/g
Z-axis - 306.75 mV/g
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Acceleration (g)

(1,3) after shock testing
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Voltage output (mV)
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[ ]
A

X-axis - 289.78 mV/g
Y-axis : 306.81 mV/g
Z-axis : 302.72 mV/g

0.8 1.0 1.2 1.4

Acceleration (g)

B A-7 75 5% t& ADXL330 ~ 2 2. & &
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900
(a) X-axis : 471.13 mVi/g
e Y-axis : 485.88 mV/g
< 800 a z-axis : 471.33mV/g
E
+« 700}
-]
s
-]
O 600}
)
(@)]
£ 500
= N
>
400 1 1 1 1 1 1
08 10 12 14 16 18 20
Acceleration (g)
(b) 1000
| = X-axis : 481.51 mV/g
gooL ©® Y-axis - 478.52 mV/g
< A Z-axis : 486.89 mV/g
£ 800}
"5' L
8 700t
-]
3 i
©  600F
(@)]
E L
© 500f
> i
400 l n

08 10 12 14 16 18 20
Acceleration (g)

B A-9 10,0009 st T &£ fiu pE BF 0.1ms » (a) 8 sk sk o 14 & (D) 8 k5 1

118



900
(a) | = Xeaxis : 478.55 mV/g
e Y-axis : 467.10 mV/g
<> 800 a Z-axis : 473.86 mV/g
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+« 700}
>
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>
© 600¢Ff
()
o
S 500
= L
>
400 1 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0
Acceleration (g)
(b) 1000 .
= X-axis : 481.13 mV/g
000l © Y-axis :465.76 mVig
< A Z-axis : 495.23 mV/g
£ soo}
5
S 700t
>
o
@ 600
o
g L
© 500}
> I
400 L L

08 10 12 14 16 18 20
Acceleration (g)

Bl A-10 10,0009 chit#F = £ fup5 ¥ 0.2ms » (2) Brif 225w 14 & (D) Brok 225 1
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B E e R AR

EERFEDE R~ E P > 7 L Analog Device, Inc. (ADI)# & MEMS
AEARBIS AN > FZALESEY G HT I X 2P TR RIEE > Aok
EX 2 SN %%;,Z‘s BREE ATH {E-HFE I PR TARBFLE[2] -
ADI #74 JE ch= 2 Jh»2 H 7 1 (monolithic) s 41 » Frficdd & 512 CMOS R 7]
TRAALF- BRATEE K P R g3 1993 & 3% 0 eh IMEMS #4204 2
2005 # # 111 SOl IMEMS 5 i - IMEMS @ 47 4c @] B-1 #771 » B jcid 3 ~ i eh
#4227 CMOS R P 7 B 4258 £ = & (mixed) » 4-B) B-1(b)*77+ » &8 7 B4z
RAETL G HF RS i B A SR BIB1C) R E BT RO B
B B-1(d) 1 #2485 - K& fena i 5 ADXL202 > 5 356 IMEMS 2 4l
B Ak ez dhdeid B2 A% o SOl IMEMS @ #2408 B-2 #771 » @l e 8 § L4
T CMOS g Bl 7 83 SOl & 5 1+ 4Bl B-2(b)#r7+ > BB & B = = 183 B B-2(c)
AR R R TR D R BERBRRHERE B B2(d) o c BERIS AR
N BEH R TN LA e ea FIE RN _'rﬁﬁig?lt". ’
L ARKE RN ;’i@_&ﬁﬂf@]ﬂ: o P T ARTER R Wil ¢ A1 ek B2 04 E_ADI
AT b B3R o

H =t % STMicroelectronics (ST) » f4ci R3F~ 212 p 7B % 5 THLMA &
oo P ¢ 5 & & & %4 ~ ©# (Thick Epipoly Layer for Microactuators and
Accelerometer, THELMA)[26] - & @l #2 Bl 48] B-3 #7771 » & & & i%?ﬁ%? it
R IE G p’}# #wAk o 4Bl B-3(b)#r7 ° 4o B-3(c) 4 & F(d) T T FH T
el B %; Wk o B FAE G d HATASE 15um e S LR TS SR o B
4oB] B-3(e) 2 2 B B-3(f) » *¢ 5 fop F T/ RIS 0 BT B LR A Y]
g B R R RSB “*%24““%1 MR 4o B B-3(f)#rom ot b ST
B endeid B2 0 2 3t ADI enE 7 L 22t 5 & £ CMOS BB 3 B 27 4eig B 2t
AREA RS > BEERGRE AL ERPITERASNGE o 2 2
2R & 1 (hybrid) o gt b > RIRIIRA 222 ADL ARk > BT B SR RIS o
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Freescale[27-31] #7F 2§ cre i R: ~ 2 @Ar R4 78 2 2 BIEE - I
P2 S G D 1 AT S R RS 2 Pis B - WAZRIA-F B-4
‘T 0 BiEA K PSG F MR A =t B e s R PR AT
MEFNA BEHIRE? PR -7 Fa @I Ta 3wt shrqF
THL R oB] B4 (D o FLE BB 2 @ s BHRemR e - 7 R
TR 2 Z e R %0 B At b Freescale £ 4E >

# & & s(airbag) 2 § F 48 44 & s (electronic stability control) B 3§

N

1
A A

HARMEMS(High Aspect Ratio Micro-electromechanical Systems technology) 4 it o
4B B-5 #7537 > i i HARMEMS $tie 1 glid 41 25um B & ehdeid B3t 0 5

NG A Mt AR DS B P ERE YL 3um o VL BIEE R SR SR
t EICE BRI R A R e

(over-damped mechanical response) » 14 3% =% > 5
T B RNT R AR

2o % HARMEMS 5 5277 ¥ e ik g 3 48
i B M iRAFE S g o

A 1994 #%4 B 3 4 >Bosch “fH g sbe i R it B B Y g - BB o
2 ST Ap 58 B o SPBLIARE § R B T8 5 4 id B3 ePR RIS HE o 2 WAzde B
B-6 #777 » &8 fau HATT SUASE E) Llpm 2 B R 0 4o Bl B-7 Yo 5 Bt
Bopear & LR R B F R B[59] o 4o B-8 477 0 g K VT fteid B
FRF P BB RS TR R R BETRITRERIDT R
RFZh= o Bulenieid B> WARKNES = 2P T ZL4206D MEMS
Processing)[33-37] -

p A~ DENSO B2 1 SOl fy # (T 5 v B3~ endy > N5 & - Fic4 %]
Frmdriza o Abps M feipfedt b BB HARLF LR FE ML Ao
HEIZ S i ofdivgizi® SOl & 5175 ~ ikt & ¥ [38-40] - #
Az 5 4oB] B-9 7m0 548 SOl & B2 &k I kBRI T ALK o P B g
AR 41T SOl g ¥ R HABT ~ P Ap g b f T TR AT RF 20
B RORBREAT Y H LKL

MEMSIC 41* CMOSMEMS Hjtr» f#* B 7 it e & K3 U R B
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N K 1 R ek B UEE[A1] o Wl Ao B-10 AT o 4eid B VR GBI R % 2 RN E R
% 46 CMOS 1538 iz k7 > £ F 4837 *F 16 WAz s BdcF] B-10(D)# 7 » 11 ic 4
N TR REREY RS L R F SISy F RN T
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v

[42-45] » R B]> 54 A W 5 R B
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2B-1 P ERE g g R B2 Wi B BRI HI M2 2 i) i

Accelerometer

Process Sensing principle Geometry
Company
ADI IMEMS Capacitive Monolithic
ADI SOl IMEMS Capacitive Monolithic
MEMSIC CMOSMEMS Thermal flow Monolithic
Freescale Poly-Si/HARMEMS Capacitive Hybrid
VTI 3D MEMS Capacitive Hybrid
BOSCH Epi-Poly Capacitive Hybrid
ST THELMA Capacitive Hybrid
DENSO SOl Capacitive Hybrid
WACOH 3D MEMS Capacitive/Piezoelectric Hybrid
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(a) Circuit formation

NMOS Sensor
LED™ T e
[T Eminer

Nwszll bass HNSD

{b) Sensor
7

el

BPEG  Nitide

{e) Circuit completion
Paszsivation Meital

(d) Sensor release =

B B-1ADI #+4% 2 ¢h iIMEMS #l4z. [2]

{h T
()
W4
Ih 3\
~‘\;“['/)‘; U“ 2

(a) Define sensor area and form isolatad silicon islands

(b)) Add circuitry (CMOS)

{c) DRIE etch machanical structure Etch to BOX

Beleasad Sacrificial

{d) BOX etch to release oxide releass

structure
I

E

B B-2 ADI #7# % 2. SOl IMEMS %42 [2]
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(a) b) e (c) ,
Silicon dioxide Etching holes
deposition for anchors

Silicon substrate

(d) )

Growth of 15 um
epitaxial poly-Si

Removing the

Deep silicon etching sacrificial layer

B B-3 STMicroelectronics #t# % 7 THLMA % 4% [26]

(a) #
Poly-1 PSG-1

(D] e ——

Release holes Anchor
(o) A o B e
|_C,| (f:l = - e E :":"_':"? " ]
h = 7 = i -

B B-4 Freescale 12 % § & #7184 = P s g4 [27]
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Poly-Si MEMS Technology HARMEMS Technology Movable
Finger cross section Movable Finger cross section with
with slight squeeze film . E - squeeze film damping
damping
Fixed Fixed

HARMEMS technology has a 25 um movable element thickness designed to attenuate
sensor resonant frequency for robust accuracy in automotive safety applications

(a)

(b)

(c)

i8] B-5 Freescale #7# 2 7 HARMEMS #jis [27]

Poly-Si  Oxide Photoresist
(d)

Silicon substrate Oxide

) Comb fingers
Aluminum {long and narrow)
(e} l
Epitaxial poly-Si =

Anchor Reference capacitor for
Z-axis sensing

] B-6 Bosch “7F 4 ch% & Hitrl 42 [32]
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Bl B-7 12 Bosch % & 4z #r47  er o] B [32]

B B-8 VTl B % ch= apcid T @4 [33]
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ea18. 25KV T K2a@P8 18¢m

] B-9 DENSO =+ % ¢ SOl #l42.%% % [38]

CMOS
region  Microstructura

(a)

(b}
= 7 lﬁ ‘TN

® B-10 MEMSIC #7® % e CMOSMEMS # 4z [41]
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RO v FEIY v T HE
Windows Media Player h'iI 5
EAiD, BBNEEENET,

Bl B-11 WACOH *7 B 48 2_ -5\ = $h4eid B 3 [42]
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