ACCELEROVETERS AND METHODS OF FABRI CATI NG THERECF Cr oss- Reference To
Rel at ed Application [0001] This application clains the benefit of
priority of Singapore patent application No. 201203234-8 (filed on 2
May 2012), the contents of which being hereby incorporated by
reference inits entirety for all purposes. Technical Field [0002]
Enbodi ments rel ate generally to accel eroneters and net hods of
fabricating WistEREROPMEFTRSANDIMEGHODS G FABIACRANNAYHERMO#E! Y
used in accel eroneters due to the many advantages, such as hi gher
sensitivity, good dc response low drift, |low tenperature sensitivity,
| ow- power dissipation and sinplicity, over other nethods.
Differential sensing is desirable to mnimze the effect of comon
node noi se. Cl ose-| oop ofessatReferense Te Reldted Applieitionhi gher |inearity.
[0004] In the case of x- and y-axis accel eroneters, the proof nmass
noves in the plane of the wafer, and it is easy to place to conb

st ruct ur g9oef] Tlﬁ@aﬁﬁl@atﬁiﬁcﬁfalfr@ ‘hlbdnb e SPriofity SEHRLPDrATatdie la hplﬁe‘éﬁ(f»rpNGG

f eedback. Howeve in the case of z-axi s accel eroneters, r oof

mass rmve@lé@w&ffi (red om? Maypl0dRb therngmtsefsehichibeing bereby é@o@grated by
fabrlcatH@gu%kELpﬁ§ Qﬁggﬁgrlgﬂ g&pts Several different nethods have
been proposed to ac rential sensing for z-axis

accel eroneters. [0005] For exanple, in a capacitance z-axis

accel eroneter, a series of fixed ﬁng nnvgb'e rectangul ar plates were
stacked alternatively above one ! mng a highly sensitive,
differential capacitor array. However, fabrication of this structure

is rather conplicat ed.
[0002] Embodiments relate generally to accelerometers and methods of fabricating

thereof.

Background

[0003] Capacitive sensing is widely used in accelerometers due to the maﬁy advantages,
such as higher sensitivity, good dc response low drift, low temperature sensitivity, low-
power dissipation and simplicity, over other methods. Differential sensing is desirable to
minimize the effect of common mode noise. Close-loop operation is used to achieve
higher linearity.

[0004] In the case of x- and y-axis accelerometers, the proof mass moves in the plane of
the wafer, and it is easy to place to comb structures at the two ends for differential
sensing as well as force feedback. However, in the case of z-axis accelerometers, the
proof mass moves out of the wafer plane, which poses difficulties for fabricating
differential arrangements. Several different methods have been proposed to achieve
differential sensing for z-axis accelerometers.

[0005] For example, in a capacitance z-axis accelerometer, a series of fixed and movable

rectangular plates were stacked alternatively above one another, forming a highly



[ 0006] In other examples, two vertically offset conb structures were
proposed to achieve differential sensing. This requires two DRIE etch
st ages, which increases both wafer-towafer and across-wafer

vari ations. 100071 In one exanple, a proof nass suspended by flexures
such that only rotation about the y-axis (i.e. novenent al ong z-axis)
was proposed. Differential sensing was achi eved by etching through
the conb dehfifbe, tAffeR@] CapRP@F afAgl HOWBVer! FAbSatioMbdLCthid Str@ure is rather
unrel i able process. Another solution is to bond multiple wafers to

f abri cat ecomppicaind botton1e|ectrodes on elther si de of the proof mass.
However,

t hr ough b P}%‘?lﬁn%v\}u é#‘l’ ?%’ g“é(?g&% e ro %I(E-:-bgésm%\& ??Sﬁll&?ryo gec?% §E‘|drllleve
process. d&ffmhﬂnaidemﬁngd‘dnwrraquey twpmmget«zh stages, whieh tinetseslath wafer-to-

achi evin eci se roposed in an exanple. The sidewal
capacito?§£% ?ﬁ%ﬁ‘%@aﬁﬁFvﬁﬂﬁgnchs i nterconnect nmetal |ayers has al so
been usedjober) diché ekﬁﬂﬁtle 2 prdbSRhRGRRATISIBNEENGsATCIHIBICEIIP 8slatidh Rt
anot her exanple. In one exanple, a torsional z-axis capacitive
accel er onthe araxig (. Pn roveHant alapagiakis) Wam arcmomdeiaeﬁfe@wntwb sRasiE oves aghigyed
was descr r
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[ 0009] Curr nmet h bric t|n Iectr de di fferenti al
Capact t | CEBileTeiBer sl B BioSbivet By Sr et = AfiSlaf brerSHS Fhufilthe
Lar ge masdgedi@@éli daf deht ighhb&Hdlinee Setibit i @Rcts it @besinddd Sof Mihe hmeERAT g
100101 Thus, there is a need to provide a MEMS capacitive

accel er orREPEssS- h“ameﬂgdwé@e}ure@lweeqmgez fxg elegiieds and aghipyipg pracisglgaps was
sensi ng

resol uti n aq:sg(gfuer atl 0 iesgﬁﬁg?lﬂa&%ﬁprphgi%z@g@gdfgggl q\[{ﬁ‘g d(iivggg 1nterconnect
requi re mmétal layers das dombeamgused fondifferphteal BFﬂpEacsmagessnsmngrcﬁswbed in yet
addressin ﬁﬁ Iens menti oned above. Summary of the Invention
100111 Ac 8 fﬁ§m1 ‘an enbodi ment, an accel eroneter is provided. The

accel er onpes] Ihoat vgesple dlbbéﬁinaﬁi—ﬁhb@é@aﬁﬁlva atdelesém@BOwitle dicOmb aRghcaor
second end region opp05|te to the first end region; ﬂPIVOt coupled

to the pidrdta HPmralanodmpierhmasy #gedesrabedrels sean by diffsrent Gaest dieighty t
coupl ed t QbR Efferefithl R QBmEhL. Uaﬁlpgeeomsl@&@hlhgfaumtafmg 'w%s l%é/ t

arm a first capacitive sensor |ocated at the first end region o
pi vot arm@r&hdcausebnwamuaba@xmpmewSHnegwkmmuated at the second end

regi on of Q®lyvot arm.su rr ed b. tmee .t he
(st oar Qi Gl rRuaSiR ki lng SRaPhd ot RirBESRRRSpoRi SRl S
pr edef i ne@céta@tionalyng eheCOMis GtddE rdbAsITDNEe infhsk EHARES for thdshafdsolution, but
accel erati on f%_ al ong a predefined direction. The first capacitive
sensor arfisa e §%é@ﬁ@“&hpacitive sensor may be configured to

det er m nejog 6] THhS! BB i8h P RFHHLHAES MEMSecéﬁﬂabﬁOe 5&%&&&%&&&}% novel
accel eration force. [00121 According to an enbodi nent, a net of

f abri cat i swyctre theicelables diffasentiak Sqnsmgladédeedwm foe tlosllopp oberdtien fagrveiyng
on a devigce |la res ve tren Qr m.n first
and-a ceconurS4BheR e dIt Bl ERE I el it BBE BFF b nok el e

t her ebet vie@dingde padtiplé DRIB sfagéss themwadﬂess@mhb piobldnidemémdidpetibove.
trenches to formconb structures of electrodes of the first and the
second capacitor sensors, and the pivot; formng on the first
polysilicon and the device | ayer respective cavities to provide a gap
between the conb structures of electrodes fornmed by the first
polysilicon and interleaving conb structures of el ectrodes of the
first and the second capacitor sensors disposed on the device |ayer,
and to provide a spacing between the pivot and a pivot arm of the
accel eroneter such that the pivot arnqgs novabl e about the pivot;



[0014] FIG 1 shows a schenmatic diagram of a conceptual z-axis

accel eroneter, in accordance to various enbodi nents; [0015] FIG 2

shows a schematic diagram of an accel eroneter, in accordance to

vari ous enbodi ments; [0016] FIG 3A shows a plot illustrating the

rel ati onshi p between normali zed squeeze danping and the ratio of the

i nner annul ar dianmeter to the outer dianeter, in accordance to

various enbodi nments; [0017] Fgﬁ,n;;l?xghgygslnaﬂg}&t illustrating the

rel ati onshi p between danpi ng an eratio o e i nner annul ar

di anmeter to the outer dianeter, in accordance to various enbodi ments;

[ 0018] FI h i)l ratin he. rel ati opnship. bet ween

noi se and@%ﬁ%%&?dﬁ?%%a% %}rngg!ri]l(r:n %ﬁt’ (ﬁvazgf I 8Itolslleteeﬁﬁ%§l¥or¥ér$ slTRf GOTSTORIE

4 shows ainpladspepivoy emy hevih®h At axdaspbarayd aceedndr @dekgion dpPosite to the

accordancg to varjous enbodi ts, [0020] FIG 5A sho a perspective

vi ew of et ek BB pIPRY CalUe| by WABLEF anpanaug s RFRdeTRGs! s hswe a

enmbodi mentegiphéA0kH coﬁb@%t@ﬁe%ﬂﬁ"é’ﬁd FediSil SRS §écMﬁ‘c|1 Yideeieh of iR R ARhA Y
in

accel eroneter of FIG experiencing a -z acceleration force,

accor danclérst eapagitive yenseniesdiedeaitthe frg0ad] regio, ofethe Phiromsarm; pad spwecondse
vi ew of t [ el.ero e f _El A wth desir de .
shape of %ﬁ%c ﬁe%g%gﬁ?%fe%raéz%enﬁé% %@cfggl Olgr? fglc? or ¢ ér?%gﬁf%ﬁ%%%% SSOt 18
enbodi mendreginged BOR&kn Rh& firGBeaphdvise aeper upé cthe \wecotidevdpaditivdr@ensor. The

exenpl ary accel eroneter of FIG bBA at a "rocking” notion, i
2coor dandedengd Fagt way p o Lo PSR resepese 19 An SN fgy&s&&% %f

a ANSYS (ANRYRed itsctionUBle Sishtdpatiade SExs Bl ﬂ?blgﬁ@a?ﬁﬂﬁv@é&g& thibe

x-axis when an input of 1G acceleration is applied along the x-axXis
di r ect i orgonfigurgd tofetemene o diffeasntiolieaperitnes Faine which relates fo the acceleration

force.

[0012] According to an embodiment, a method of fabricating an accelerometer is
provided. The method includes forming on a device layer of a wafer respective trenches
for forming a first and a second capacitive sensors, and a pivot of the accelerator
therebetween; depositing a first polysilicon into the respective trenches to form comb
structures of electrodes of the first and the second capacitor sensors, and the pivot;
forming on the first polysilicon and the device layer respective cavities to provide a gap
between the comb structures of electrodes formed by the first polysilicon and interleaving
comb structures of electrodes of the first and the second capacitor sensors disposed on the
device layer, and to provide a spacing between the pivot and a pivot arm of the
accelerometer such that the pivot arm is movable about the pivot; depositing a second
polysilicon over the first polysilicon and the device layer to form a predefined mass and
the pivot arm, wherein the pivot arm is configured to couple respectively to the
predefined mass, the comb structures of electrodes and the pivot; patterning the second

polysilicon to obtain a structure of the accelerometer.



[0025] FIG 7B shows an exanple of a ANSYS (ANSYS, Inc., US)

si mul at ed maxi mum di spl acenent al ong the y-axis corresponding to FIG
7A, in accordance to various enbodi nents; [0026] FIG 7C shows an
exanpl e of a ANSYS (ANSYS, Inc., US) sinmulated nmaxi num di spl acenent
along the z-axis corresponding to FIG 7A, in accordance to various
enbodi nents; [0027] FIG 8 shows a schematic diagramof a closed | oop
system nodel , in accor danc@rief Desériiptich eénthe Birawitigs; [ 0028] FIG 9A
shows graph of (i) output differential nmeasurenent and (ii) input
accel eration, in accordance to various enbodi nents; [0029] FIG 9B
shows a pbisjah ﬁép@ﬁ@?r%svhﬁé’v r@ffere%!:@ch%tefs g&féfa@l&dﬁe@é}etowtﬁehsa\ﬁ?é’ RS
enbodi nents; [0030] FIG shows a flow di agram of a net hod

fabri cat |thg> Ladbel@fff@mett élﬁWSl T‘ﬁheaclm‘rldml@@ 16 nesessonly ookt m:amhms

[ 0031] FI |ewo chepati.c .dja i.]lustr
trench ariehy 2 aN ofpd yAfs B LpduPHETHE sl MR aslibhekbd?
[ 0032] FI ([&neﬂslﬁlsSdf(IhS vm@ertsaeeb/meeutsemwBe Edbﬁrarll}léxpahﬂe(ﬁ@m&ﬂﬁiﬁﬂcf&

to vari ou errbod 033] . FIG  11C hovvs anaot her perspective
View of FHEEYTA ”?fﬂ 0&6% Panien, SR icaire g iteh iy enifayorse deseribgd

12A showsyfhy %fg@nééltgmeqf)u@wﬁgla%hgscnpgx,ﬁigﬁam illustrating oxide
deposition, in accordance to various enbodi nents; [0035] FIG 12B

shows a pl@PLHETE: vie shaveswa ofchethatic diagrani of ac corcdpinglezevisvaretlowseter, in
enbodi Menf 2. dance to various embodiments;

[0015] FIG. 2 shows a schematic diagram of an accelerometer, in accordance to various
embodiments;

[0016] FIG. 3A shows a plot illustrating the relationship between normalized squeeze
damping and the ratio of the inner annular diameter to the outer diameter, in accordance
to various embodiments;

[0017] FIG. 3B shows a plot illustrating the relationship between damping and the ratio
of the inner annular diameter to the outer diameter, in accordance to various
embodiments;

[0018] FIG. 3C shows a plot illustrating the relationship between noise and scaling, in
accordance to various embodiments;

[0019] FIG. 4 shows a perspective view of an exemplary accelerometer, in accordance to
various embodiments;

[0020] FIG. 5A shows a perspective view of another exemplary accelerometer, in
accordance to various embodiments;

[0021] FIG. 5B shows a perspective view of the exemplary accelerometer of FIG. 5A
experiencing a —z acceleration force, in accordance to various embodiments;

[0022] FIG. 6A shows a perspective view of the exemplary accelerometer of FIG. 5A
with desired mode shape of the fundamental resonance mode, in accordance to various

embodiments;



[0036] FIG 13A shows a side view of a schematic diagramillustrating
oxi de etchback, in accordance to various enbodi nents; [0037] FIG 13B
shows a partial top view of FIG 13A, in accordance to various

enbodi ments; [0038] FIG 13C shows another partial top view of FIG
13A, in accordance to various enbodi nents; [0039] FIG 14A shows a
side view of a schematic diagramillustrating refilling of

pol ysi|'i con23)iRI. 6B showsla f@Ppedfve Vidwas e XempRry & c¥ldfdnas of FIG. SA at a
enbodi ments; [0040] FIG 14B shows_a perspective view of FIG 14A in

3

accor dancé otk dretis IeAtBedrrRsie ¥ariqueembpdimegts; 15A shows a side view
of a schejgpid|riei 28rABWE b Blb At bY ARREAY @éhn%ﬁ@qﬂapugﬁéirggﬁﬁﬁ@p%uﬁi

the polysilicon, in accordance to various enbodi nents;

15B showsdisplpemspedongy thevi-exis othefrlatinpi Af 10nacaclemtida i gppliod abng olis x-
enbodi nment s; .;0943. Fl G 15q shows a ;rtirgﬁl. top view of FIG 15A, in
accor dancZi$ GreGUeT it &cQHaBH Hé’ﬁ?%‘j‘se[“é% G 16A shows a side view
of a schejoe2s|FIdi ABrsaows hi ebednipdd dNY ABISHS (ANSY S, Iha] USywigaWtdd @eximiuth
accordance to various enbodi nents; [0045] FIG 16B shows a .

per spect i Y¥laremgnoplopg dhe paEus jcqrrawendigarieelio {1 inoascoriper)itpramriqus
[0046] Fl&Gpolbfemows a partial top view of FIG 16A, in accordance
to various enbodi ments; [0047] FIG 17A shows a side view of a
schemat i cl0826dila@nVCishess amexamplosd o ANSSBOANS O3, In¢. N\USE siomubidaiceatioium

various ed}?p?gcierrﬂ%rqtt %fong the z-axis corresponding to FIG. 7A, in accordance to various
embodiments;
[0027] FIG. 8 shows a schematic diagram of a closed loop system model, in accordance
to various embodiments;
[0028] FIG. 9A shows graph of (i) output differential measurement and (ii) input
acceleration, in accordance to various embodiments;
[0029] FIG. 9B shows a partial expanded view of FIG. 9A, in accordance with various
embodiments;
[0030] FIG. 10 shows a flow diagram of a method of fabricating an accelerometer, in
accordance to various embodiments;
[0031] FIG. 11A shows a side view of a schematic diagram illustrating trench forming on
an SOI wafer, in accordance to various embodiments;
[0032] FIG. 11B shows a perspective view of FIG. 11A, in accordance to various
embodiments;
[0033] FIG. 11C shows another perspective view of FIG. 11A, in accordance to various
embodiments;
[0034] FIG. 12A shows a side view of a schematic diagram illustrating oxide deposition,
in accordance to various embodiments;
[0035] FIG. 12B shows a perspective view of FIG. 12A, in accordance to various

embodiments;



[0048] FIG 17B shows a perspective view of FIG 17A, in accordance
to various enbodi nents; [0049] FIG | 8A shows a side view of a
schematic diagramillustrating chem cal nechani cal polishing of the
deposited oxide, in accordance to various enbodi nents; [0050] FIG
18B shows a perspective view of FIG [8A, in accordance to various
enbodi nents; [0051] FIG 18C shows a partial top view of FIG 18A,

i n accor d@nse RIG. V3Aishoiss £5106 dtietsTtaSchehtdio Alaghdrillub QA irg g ciclibhéel€ in
view of a schematic diagram_jllustrating | ow pressure chem cal vapour
deposi t i oCHaRssItg SpMeUSGMBRAIENISH situ doping, in accordance to

yarious eboFrent s bRSh Fhal bARSROUS G DESRPEELEUFIHEE W Varibl>

19A, in accordance to various enbodi nents; [0054] FI G 20A shows
si de vi evendfodzmendsienat i ¢ di agramillustrating patterning of the

polysilic i rdance to various enbodi -~ [0055], FI 20B
Phove. & AAPRIACRICRARE Sl Rerdi 1 FITSOR ARG RAe B0 kPhos o Varous
enbodi nendmsbodiAéhg] FI G 20C shows a top view of FIG 20A, in
accordance tqQ various enbodi nents; [0057] FIG 20D shows a parti al

top |eft MR O PAG sk, aisiearicr hackhematifadingins disbefingerridling of
[0058] FI(31yRREn SNV shu BBihk,3h a&%wagg%{g] Véfiold GifbimfhG 204 1N

accordance to vari ous enbodi ments,; _ G 20F shows anot her
partial pl@P4HdIG VidBy bleowsof ferBectp@Ayiewnofadt@r déic e taocovdancous various
enbodi neng SﬁodEO QSO] FIG 21A shows a side view of a schematic diagram

illust ratﬁmﬁg rné??neasi ng the accel eroneter, in accordance to various

enbodi menf0841] FIG. 15A shows a side view of a schematic diagram illustrating chemical
mechanical polishing of the polysilicon, in accordance to various embodiments;
[0042] FIG. 15B shows a perspective view of FIG. 15A, in accordance to various
embodiments;
[0043] FIG. 15C shows a partial top view of FIG. 15A, in accordance to various
embodiments;
[0044] FIG. 16A shows a side view of a schematic diagram illustrating etching of
shallow cavities, in accordance to various embodiments;
[0045] FIG. 16B shows a perspective view of FIG. 16A, in accordance to various
embodiments;
[0046] FIG. 16C shows a partial top view of FIG. 16A, in accordance to various
embodiments;
[0047] FIG. 17A shows a side view of a schematic diagram illustrating oxide deposition,
in accordance to various embodiments;
[0048] FIG. 17B shows a perspective view of FIG. 17A, in accordance to various
embodiments;
[0049] FIG. 18A shows a side view of a schematic diagram illustrating chemical
mechanical polishing of the deposited oxide, in accordance to various embodiments;
[0050] FIG. 18B shows a perspective view of FIG. 18A, in accordance to various

embodiments;



[0061] FIG 21B shows a perspective view of FIG 21A, in accordance
to various enbodi nents; [0062] FIG 21C shows a partial perspective
view of FIG 21A, in accordance to various enbodi nents; [0063] FIG
21D shows a partial cross-sectional view as seen fromline A-A of
FIG 21C, in accordance to various enbodi mnents; [0064] FIG 21E shows
a cross-sectional view as seen fromline A-A" of FIG 21C, in

accor dancposn Ma. i 8¢S sksvodi }Bﬁi‘ﬂilsﬁoFaﬂéw[Qpﬁﬁ}‘. R84S ir2 hbcosi@es @ various

cross-sectional view as seen fromline B-B of FIG 21C, in
accor danc@nkadligeits;ous enbodi ments. Detail ed Description [0066] The

fol | ow ng ' e 1P] i - ' .

that _shout Uy Taes AACREMRE P, ik WS, Lche i, BEEARD Al B L bR
i n whi ch d¢hemi¢ahveprtur daposetionbe piwdicon edth fhsteelopimgo di mentdenar t© various
described in sufficient detail to enable those skilled in the art to
practi ce YAPHHGN i on. O her enbodiments may be utilized and

struct ur ajops3|ogicc aloB aiivse b Eferdpetitle GBANGE FIGRYIRE iNREGrMnkH A tvarious
departing fromthe scope of the invention. The various enbodi nments

are not n@ekasgmentsy nutual |y exclusive, as sone enbodi ments can be

combi ned (4&d) 1102 264 sHBEa AgBGke BPRUHIRALS afarakP L AEN BARGHITH e

[ 0067] Enbodi nment escri int context o
anal ogouspofysiladongdinfageordange vo cajouapubedimentser sa. [ 0068] I n the context

of variou ' t the articles "a", . “an" d."the" as ysed with
regard t oﬁggﬂgﬁgu ?@ﬁogho et SPerbeLYEY & F gf?'elz@&té“ 2ECOIECH MO NGFIQUL ¢
t he feat wmssodahed;enents. [0069] In the context of various

enbodi ments, the Ehr ase "at |east_substantiall y include

" ma
“oxact |y (058 ECr S Bhrat op rmapiids. pobTORCoslanse s Yeioes Ambadieents m
"and/or" |jopef ustes 29][3?1”12)% 2bArtifIOIP 1PRLIRN S #IG OPFC O dRERate thNBrious

associated listed i
embodiments;

[0058] FIG. 20E shows a partial perspective view of FIG. 20A, in accordance to various
embodiments;

[0059] FIG. 20F shows another partial perspective view of FIG. 20A, in accordance to
various embodiments;

[0060] FIG. 21A shows a side view of a schematic diagram illustrating releasing the
accelerometer, in accordance to various embodiments;

[0061] FIG. 21B shows a perspective view of FIG. 21A, in accordance to various
embodiments;

[0062] FIG. 21C shows a paﬁial perspective view of FIG. 21A, in accordance to various
embodiments;

[0063] FIG. 21D shows a partial cross-sectional view as seen from line A-A’ of FIG.
21C, in accordance to various embodiments;

[0064] FIG. 21E shows a cross-sectional view as seen from line A-A’ of FIG. 21C, in
accordance to various embodiments; and

[0065] FIG. 21F shows a cross-sectional view as seen from line B-B’ of FIG. 21C, in

accordance to various embodiments.



[ 0071] Various enbodi nents may provide a z-axis closed | oop

accel eroneter. [0072] The concept of a z-axis acceleroneter 100 is to
suspend a proof nmass 102 froma pivot arm 104 that has conb
structures 106 on either side, as shown in FIG 1. Fundanentally,
z-axis sensitivity requires out-of plane notion of the proof nass
102. If a non-conpliant pivot arm 104 is used (i.e. if it does not
bend), as the proof mass 102 nopefiled DeS&HtibRE t 0 z-axi s accel eration
(as denoted by a directional arrow 108), the two conb structures

whi ch provide differential sense/actuate electrodes will nove in

opposi te @ [0 Q%% o} . S l.o I I

sensi ng a@héxgﬁﬂeagﬁ]gi i tggttg]ll%ng?stc{l él}(%e r%gllgd%ﬁ{c g. X%S%l}%r{yﬁ{gg? I|ta('\))ﬁll§gs that
enbodi menthewabmway eftHiustvatioa, bpegificr desalsudnidomlebidirhertse it vhlchahp aviehiive
signal in_response t ccel erations (nano.G.rangg,.where G = 9.8
923 i n G oG P eed TRE ERTAT T b A Sy SIS A Ship cpfe those
exanpl e, sillednuihar arp i® @hacties $he HRBNERANDth&NémBINV@EntD be hitil¥ed and
springs and torsjion springs may be used to provide a differential
conb st r utRgElslegispl pudbelegrisal ghanges mag|bemmade gyithopbdepartingfrasm gherscepmt
t he i nventd : : i d L i .

ef fect, B(;aﬂrtglleclu aPQIg'rrggeg?%ie&réf ;é H%%P?&é%%wa%gg) (tzlglg%erslb%{ég ng{/n?a\?\};/y&g‘[uswe, as
exanpl es s engtodiments edn loneymbzangl with lone ef eoenctbet embdieménts) tr fsm new
[0075] FIG ﬁ.shngws a schematic bl ock di agram 200 of an accel eroneter
202, accoPdIYPEB vari ous enbodi ments. The accel eroneter 202 incl udes
a pivot aosHEmbalinegs dedcribsd i doR@x0bf anflethod ak0Rd0bEkly @glidfor a
opposite to the first end region; a pivot 206 coupled to the pivot
arm 204 . dexjeeaddiice Veedef i ned mass 208 having a peripheral part
coupl ed t9oggien the BonERbIBBLN eboditiEnts SHOAM; ?é‘;d‘af’,e%ﬁran@f«tﬂehgs R ¥P!
arm 204; a first capacitive sensor 210 locat ecf at the first en

regi on ofwitheegpidsota fzatme2@4]enaand ik lsles o mefersageaioi dnicwe npen ehihe ZdRures or

| ocat ed atletgnqs second end region of the pivot arm 204 such that the
pi vot 206 T8 & r anged between the first capacitive sensor 210 and the
second ca0ee69]tinvie semsar of2vatiousiemibedifhehRE tHer sidedel ‘e teasBsibstdRFally3 may

configured t& move in response to an acceleration force along a

pr edef i nédcly ‘Feeéf‘?tbh;anéﬁde ki YRriepes- f i rst capacitive sensor 210 and
the secongosdPRChidd\Rr&s B fterfnl Zardl > SR ded ldﬁan& QAL HiBfs 8f one or
differential capacitance value which relates to the acceleration
force. [ O0og®]of the agsdetatedlintefisitemshe accel eroneter 202 has the annul ar
predefin 2 I to the pivot arm 204 and when the

R G R e e

pr edef i n€@0T]rHetdontept bda zexamatderobrr 20@i6 16 sOiped b ipeddf nidle 100 f6i a

arm 204 raqtates ut the pivpt 206 such that the first end region_ of
3% t&‘ﬁ‘ogf‘%

the pi votPR¥¢niEd COMBSBENET 59G L8t cithicpriife e fodder Al 1
di rect i orpdrdiAgy, SeAAEnGERRARLTIR: o%ngf%@ﬂé 2Bt of 118 pRIoY Blas{ 03, RO
That is, the first end region’is not on the sane z-plane as the
second erfdnresgindiant Nvohamhil@4 is weedf(i-e.sif icdgraciot dendens dre Proof messsies
t he capacj V. fir e region and the seco

capaci tor&é\%ﬁﬁ%{%ﬁﬁ%@ rtr(g%'s? %frggagcetl ‘?{ééocn a(%gaig?rfogeﬁigb a%/%1 %%10%%1 Ry ﬁ‘é’nlg)géc%lﬁ%lméond
regi on. Tdenbditfubeirancdctbpiowkiedifféresial tenoe/aaage cleciraiRp adll dRe th MFlobies

i s eval uaf.ed .to provide sure of the acceleration force act on
the pred iresiens ol et 11900y allons %ﬁfhsr&n%érsswsmg et as Piirectional force

"accel er ogeiakk. refers to a device that determ nes an accel eration of
notion of a structure. 100781 The term"pivot arnf nmay refer to an

el ongat e 9073t Varraws cymbeidineentsy eimmto Phkieve pchigle gesohttiopf differenindl veapacitiva

204 may r . t ivot arm 204, or-~a paht at 4 ncl udes
the end o é‘l%ﬁéﬁ gelsgéilsgg?% ‘%ﬂﬂg%?g érrll |°n§ PRar rﬁl e’ieh(é _piB’\%cl)tné}(ﬁi}ﬁgidﬁﬁ Z8F

the pivot arm 204 but not i ncl uding th8e pi voted point, or a part that




100791 The term "capacitive sensor” refers to electrodes that create
one or nore capacitors, which are then connected to a circuit that
determ nes the capacitance value. In an enbodinent, a "circuit" may
be understood as any kind of a logic inplenenting entity, which may
be special purpose circuitry or a processor executing software stored
ina menory, firmmvare, or any conbination thereof Thus, in an

enbodi mendtructuralcestbrel nayheYophRiiRd Rdr@x¥nple tanl Dghlar flobfibds, Adn- éompllant
programeble logic circuit such as a programmabl e processor,

i cr opr ociEeidicams, Ik spangh#fgl tesiqmprings My e gead toprpiidet d(fiereseylg omb.

Processor oy %3‘39&%@9) RSt rdetlenSet Conputer (RISC) processor). A
"circuit" may a be a processor executing software, e.g., any Kkind

of conput @P74rlogrdamthat tig. mvcaltxom nlputberreqdnlggmd@rstued Ayl Eut\tp mtmhcam&bctne

d h tat f th
Faspoot | vk AT Py sty Bt of ame b barb! HeYBipiiay

al so be uﬁﬁﬁ&@i&ﬂﬂmﬂﬁt@ﬂwQHﬁﬁylt in accordance mnth an alternatlve
enbodinent 100801 The term "determ ne" gqrefer to "nmeasure"

"eval uat t00731ddfp dishows aschemagie block daprmn 206-pEan agcglerametere}Bnagearding
capaci t a”t‘aevan&?sf ShbdBmERE J&%&Eﬁo&r&%’ér 2@@‘?.?&5&9 ) éﬁ%tsa%sioﬁ%‘izfng’% Bt
at least two capacitance val ues, for exanple capaci t ance ue
measur ed dgd regien find 8 tseapaod régien spposios to2he fiamend k‘@lmpwcﬁ ane eoupiédje

measur ed b the sec capaC|t|ve 0082 n the con
of var | ouS RGeS ; SPRES oA Py TP dae PR A RS Pofe P
to a nmassthefirk saIegivRioy hie s(eaaﬁlséndtr&g%n bfhe ivot 4 104K @ figd: Capsakitive senlsble
ring-like structure may round or polygonal in shape For exanpl e,

t he annul &0 Igsaerbay theé‘lrmé regien Ahihe Vel ¢rmi294n#id 3 paspd ganagitize sensor

r ect angul gi»- i r

erbod e FARE st e Bool BIPIRIAT AL ryf A IROLR PR ne Bidl90g is
annul ar mrra@9¢<hbetp'p€défe| firstdcapasis vo senaor alrmmdaﬂle rseeond regpdcativepyesstef21@ed

mass. The nhul efi ned ss 208 may. be interchangeably referred
(o as an WP pRISFRALEES RO s Balelubiior ¥ FRESREIE Ruasf o

202 may bferdeMmZg aptalcAtaiediedcaomt 4id \ﬂtﬁk@elﬁfthé:ﬁﬁt cdpachtbie sex<d2l @ ,and hilge

pi vot arm 204 may refer tq the piyvot arm 104 of FIG 1, the pivot 206
may ref erseﬁeldt%ea%ﬁlwnﬂé1%13r¢<f0eﬁg&red %éeteﬁen% Aiffessntial opasijapesyvaless
208 may rgfieh rdifted B8hPIROEBS PordD2 Of FIG 1. For exanple, the first
capacitor sensor 210 may refer to the (right side) conb structure 106
of FI G 100Z¢]dnt ¢therswo dthﬁapep@ler@netslea@b ag 1 pangulareprsdefingdt mass( PQS t
side) co t 6, of 4 esal on of

2ccel er onReBit (5t Diilcerd 28 e el WE b atifod SRS 20k i, RBig on

total noi z&éelexfatublh ﬁarSQ/ﬁltthﬂpreHaﬁl‘ﬁddrfﬁreeol@mfdnG&ampl@{hélzﬂzﬁuﬂdﬂé‘cﬁb@,ﬁhd: pivot

sensing and bidirectjonal for C(%J(?é g her a limtation

on the a grBisTRb A e Bivoh vﬁteeqﬁldﬁglena therpdvad e 2R iy
be cl ass'ﬂdsﬁf@néd‘%@aﬁ%@@érﬁl&% {HAOpreGefRIRE dﬁle@t%nr 6@l thBQk&fd (GPfosite) end
sinplicity, the nmechanical noise is describ in this contex

Mechani cakegianios gheipivajarma2@f Thay mﬁméiretcbndye@mmoaﬂn thsi seme zfiane as the
Br owni an- n_of accel er rret e

gi ven by Jé%r%g Lr&iﬂ(e%ﬁog] '@ﬁl{?@{lé ﬁ% flr§ ca|p5|01 QSenS{)Barl]O jieagures g’ls acﬁan%en
absol ute \tadammrt}wtﬁrsteand@eg'lsn nﬁdethb o¢cdhd d@ﬂiblt(ﬁg;emdﬂ@mb&ut‘dﬁeh&hbﬁdﬁﬁm

tant. t I d | d
e r o0 VR HRE oM P HEEn A AT oF BEneRy BI® (DBS G PR ance

ai r danpingds AeEHREAIWBrGAMPLRCIN S STBRELNRANBE 16icé hétéa SRR IR AR
slide film d%n‘gl ng. The squeeze fil mdanping is given by
mass



C squeeze- duLw3 d3 where is is the viscosity of air, L and w are the
|l ength and width of the proof mass respectively, and d is the air
gap. The function fl(n) is a correction factor to account for the
shape of the shape, where n=w/L, and 0.4 <13(n) < 1. [0086] The slide
filmdanping is given by PA Cslide =7 (3) where A=Lw is the area of
the proof mass. For typical dinensions where w" d, the squeeze film

danpi ng i @O CAs LiddRkei OB aERH “4Qeletontbeer? irkfBsABMMiAGee hA08AEmERS an
proof mass (e.g. the annul ar predefi ned nmass 208) may be increased by

i ncr easi rﬁjcﬁflﬁ@tl@lhpf:mﬁwfavﬁtlﬂlﬁ@m af fecting squeeze fil m danping.
However, i KR S i “
Reacti ve- o Hc%ﬁ?%b%(l é&% Qﬁer%ﬁlwte?\/#ﬁ&l F glr‘}éyb e&z}il? e%ndof
t he proofrepmls’s oﬁﬂ&opm@tsartmmmmaylaeﬁeameah end obtlmi pivet zhingzmqr, oagsart that
Large areas nay, resul n. hi ghe ze fil as,  seen from
Equat i on I0OpAeAF EH TiohePct 8 e R ThE ot iy o0eBT FRe PEOLHER
of the NeERR Bt indt ﬂ@ﬁﬂﬁ%&ﬁ@p%teh%oh@&ﬁ'aﬁ&rﬁtﬂl@t i8N SAtelTuPSERARY @bard the
squeeze f|In1danp|n may reduce Thus a proof mass in the form of

one or mnd Phifs DiYa oW %‘M i sshewlyl brawepraciisdemddandsivied ek in some
squar e- shaped; @%ﬁ%ﬁl?&?&r ggipﬁgay genchEabe tﬁ@ﬁﬁ%qcm?ﬁ‘eé@xgm (ﬁqﬁ@{)lsotaaﬁgl

structure nmay asynmetri ragi
asymret r y20daymn bﬁhem\ﬁmhodhnerm the)lpmott@l pdsmt nmayriemocasd at rinooffiset dromu ltheer
ring. The rijn Lt her mrg@ ar or square shaped. Inits

annul ar  FB19RP lgéorh%ﬁw 8fhﬁlpbvc9f “Mhssmay be al | owed while maintaining
| ow squeepe7y]armei /gm( %apﬁé]ﬂ@@zs&isf)t’1 M@ BRLtrodes that create one or more

capacitors, which are then connected to a circuit that determines the capacitance value. In
an émbodiment, a “circuit” may be understood as any kind of a logic implementing
entity, which may be special purpose circuitry or a processor executing software stored in
a memory, firmware, or any combination thereof. Thus, in an embodiment, a “circuit”
may be a hard-wired logic circuit or a programmable logic circuit such as a
programmable processor, e.g., a microprocessor (e.g., a Complex Instruction Set
Computer (CISC) processor or a Reduced Instruction Set Computer (RISC) processor).
A “circuit” may also be a processor executing software, e.g., any kind of computer
program, e.g., a computer program using a virtual machine code such as e.g., Java. Any
other kind of implementation of the respective functions which will be described in more
detail below may also be understood as a “circuit” in accordance with an alternative
embodiment.

[0080] The term “determine” may refer to ‘“measure”, “evaluate”, ‘“compute”, or
“assess”.

[0081] The term “differential capacitance” refer to the mathematical operation of
substraction of at least two capacitance values, for example, the capacitance value
measured by the first capacitive sensor 210 and the capacitance value measured by the

second capacitive sensor 212.
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[ 0089] For exanple, in optimzing danping and size of the proof nass,
hi gher sensitivity and resolution require heavier proof mass. The
resol ution may be proportional to (total danping) 5 divided by nass
(i.e., Resolution a (total danping)"/mass)). Larger nmass increases
danping. hi the use of the annular proof mass, the
outer-radius:inner-radius ratio determ nes the squeeze danping. This
rati o may[ob82]madRe téhté RIf At GEL @hBodimdnds, thdefh Ze@ndule HedBihOUnRR? may
maxi m zes the resolution. The total structure nay be scal ed down til

squeeze dEMBItAG Massapbpown waight (maps) dhatghaspr migeike HoueuEs fldet ringlike

resol utio at | = i

Cqueese danoh iy B sARIIE nobGREU h oS RfmfIR i Ahiilr bhedctied mass
r el at i onsHi8pmbye bowbah isuetdenited fol anrattamgilag frame, othe squtd-Gramf or heciroukeer
annul ar dianmeter to the. outer dianeter, An FIG as the inner

i aneter BT dacRE SiRGn:dbe A SR Grrbgh sk 20 ne b deerbaseet an
FIG 3B si@ubr sir@ll@ipredtPided fiaiscdr ddthnbtilar feRtaakhlansdidrinke y8e Mhe@nular
squeeze and_slide darg)i ng, and the ratio of the i1nner annul ar

di anet er Rredafmed iase?08dnaia iaterchppgeably refeged fsasiananpaenrof et er
approach i SJ: i

door ease. LT RS, AR Rlero bl ARIRE B B PU! ASpRAREN00 of TG
bet ween nbiFeeexapgd¢, thd wrotaama 29¢ ahdyrgfer tanthEpGot @) 1@kofSKIE il e pivot 206
i ncreases, Noi.se crea € ntially. [,0091 n.vari

erbod mert® o i BEOG T Shdy a8 Ratertbr SR A® iy gefenian
I n other epeSf nabel @ FRIGAL MFo2 @darhSle Uhe Hlse cdpaciBeiensdr 21 BmaPtefer to the
flexible. [0092] The peri pheral 1:part of the predefined mass 208 nm

be coupl d@ighipsigqieompsiipcturegl Q6.fifdH- brandihe secertherpasitpr serob Al Hmay peier

pi vot ar %%&4&1&{ add HaPRbLAN. ©BNREEG0r . The conpliant connector nay
n

be a resilie material. [0093] This is in contrast to an annul ar
proof nasl§08H elhei nesalwtiani efnal acseldonfeterde.g., ithe geelesmugtersd0?) arayrherlémited
specifically, torsional node z-axis accel eroneters where the annul
roof  macd HishBl SRR AERL H QeReGRRIR B ke Bl Sodlipil
the ring Hidikectiomll farcepleedackibbione May batd Hixhtidro oh Whs bchibiablt hiecHahial
t he di spl acerTEetr\l,t of the conbs (e.g., the conb structures 106 of FIG
1, or a cWH WPuckhsreeithal he sysemraay &° tlawifisdr wio erghandenl awisst anche
pi vot  ar ngd@dcafndideGrog ﬁﬂﬁli&@?ttﬂgrm&ﬂ%caﬁt hIEd W QeddiBq iR hRCabMckat
the second end region of the pivot arm 204 of FIG 2). [0094] In one
enmbodi menYlechahisak oot iiargenerelin alomonatedapyi Brovadan opisera¥hé drawhiandnoise-
spring. | The term 1ink ring” generally refer to a spring
that "Sonnbered mechap kAol R o B SERERRY S cont ext . “the 11 nk
spring nmay connect the annul ar predefined mass 208 to the pivot arm
204. The link spring advant ageousg(y_a.l_lo t he annul ar predefi ned
mass 208 and the conbs of the cap ékﬂiﬁé/@ensors 210, 212 (which are
described in detail below) to'translatémvertically (in the z+axis
direction) while maintaining the rigidity of the pivot arm 204 for
differential nmeasurenment. That is to say, the link spring allows the
annul ar predef Bet SBSSmLRST {hfRYRd tethRraat deth HBRRal daRMineCnd U &
pi vot arm 204 tlo | 'ever about a torsion s rirang (e.g., tahe ‘;ﬁ)&g{/ngt 20%).
The | i nk thpBoltgmanrdcaenstant. diquiaiaen 6lprshenys drae adergeigmess and laveodampieg are
pi vot arm 2191§edtt8 (I:hegv%ral%nd tc?l coarl]trlosl r{,%ﬂe shapes and frequenci es.

[ 0096] Fquexarrpfie, e P RK %IBFl ﬁ’ﬁ Fréﬁ/ ave a node shape of a

f undament [8083]cHrnaRLAr datisingirhrled v @nGBaknts B4 ¢ SGueLS i IDIASpiIAE ST

t he predef| n%ij direction. o
slide film damping. The squeeze film damping is given by
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[0097] The term "nopde shape” refers to the link spring having a
predefi ned shape corresponding to the shape of one of the nodes of

vi bration the undefornmed link spring can take in response to a force.
[ 0098] For exanple, the node shape of the fundanental resonance node
may be the node of vibration at the | owest possible frequency the
undefornmed link spring can take in response to a force. [0099] In one
enbodi nent, the fundanental resonanﬁgwnnde may be of a predeterm ned
node separation from hi gh- or dég.... esonantS(mbdes. [00100] The term
"node separation” may refer to a frefuency separation bet weer2t wo

adj acent nodes. 1001011 In sone exanple, the predeterm ned node
separation may be, but not limted to, between about 50 Hz to about
1000 Hz. whare ex anthk eviscobiey pf ettel emdi mede thenktagib rendl widds ofi drcpronfiynake

1500 Hz and t he nex pde at 20 . In sone exanples, the
pr edet er rﬁeﬂ&aﬂmeanéégﬁﬁ'aﬁ g ﬁafhg@‘et}l_%n%ﬁ’f‘ A greomeRianolactop preov e
of abOUt1ﬁ9dﬁﬁgbggégﬁﬂ%bgggeuémwégﬁﬂbfggﬁgbzi%O about 700 Hz, or

about 500 Hz out Hz. For exanp e predeterm ned node
separ at i oj#086lyTHessliBe film dampinglis givereldy t o about 50 Hz, about 500 Hz,
about 750 Hz, or about 1000 Hz. [00102] In one enbodi nent, the
predeterm ned node separation may be 400Hz. In other enbodi nents, the
nmode separation may be higher or |ower,shan this value. [00103]1In
various enbodi ments, the predefifed.f 208 may be configured_ to
nove in response to a z-axis acceleration. [00104] The z-axis 3
acceleration may be in the direction as shown by the directional
arrow 108 of FIG 1. [00105]In various enbodi nents, the first

capaci t i vehgrepsdw Bltheqarea he theeproptimass. For typical dimensions where w » d, the

squeeze film damping is much larger compared to slide film damping.

[0087] The proof mass (e.g. the annular predefined mass 208) may be increased by
increasing its thickness, without affecting squeeze film damping. However, patterning of
thick proof mass may be limited by Deep Reactive-Ion Etching (DRIE) tool capabilities.
Therefore, the area of the proof mass also has to be increased to obtain a higher mass.
Large areas may result in higher squeeze film damping as seen from Equation (2), which
lowers the device resolution.

[0088] If the width of the mass w is decreased while keeping the area 4=Lw constant,
squeeze film damping may be reduced. Thus a proof mass in the form of one or more
long, narrow strips may have a lower damping than a square-shaped segment having an
identical mass. However, such a structure may be highly fragile and asymmetrical. The
fragility and asymmetry may be overcome by forming the narrow mass into an annular
ring. The ring may be either circular or square shaped. In its annular form, a heavier proof
mass may be allowed while maintaining low squeeze damping (or squeeze film
damping).

[0089] For example, in optimizing damping and size of the proof mass, higher sensitivity
and resolution require heavier proof mass. The resolution may be proportional to (total

damping)’” divided by mass (i.e., Resolution a (total damping)**/mass)). Larger mass
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capacitive sensor 212 may be positioned within an inner region

encl osed by the annul ar predefined mass 208. [00106] For exanple, the
first capacitive sensor 210 or the second capacitive sensor 212 may
be positioned along at |least a portion of the wall of the annul ar
predefined mass 208 facing the enclosed inner region. [00107]1n one
exanple, the first capacitive sensor 210 or the second capacitive
sensor 2Lidc/¥es empaigi Th eeaseNSRthe taABu1GOPRIOF Aidss, AAO BEEF-PAdiusdhndRhdus
specifically the |ink spring. [00108]In one exanple, the first

capaci t i VidtiQ ggisipings thepsqueers desgung Tdag Easiot g be appsigrto approFyyatply 1 to
coupled tQ:t [ & r S [ { '
cprno. [DBIBEs FATEhERE GONIRERDLs (RS RRENIEEL LS Ay bl Bleg

t he secondbvoaplhsqueexedswyisgis ddat Haymbeslplosiatiporgeditiaiuo affeainglresdition.
part of xterior regi.on of the annpul ar. predefined. mass 208, the
exteri or PaTeN B FoBERRERY be famPREd Y b et HTeiNg osed by t he
annul ar pegsfFiGed AreESy8:r@h BO@ depicehd e F@gioashipSefieceigubed @
the portion of the annul ar predefined nmass 208 that is not defined as
t he i nnerdaninsdind theoatipo)fithe inagmansplar diagsterite the auigs diamaterelnsidfs 84, 2510
or the s c oL g It t

o porti ortgfih SRR rARNS he Gher BRACE QRE BT OREE AT
ext eri or shegs ergraphr303rlepietiagrihk eglatiduship ibetteco dpaxiiitdze end divkalamping, and

t he second capacitive sensor 212 may osi t.i oned t,he ¢ | i ant
connectof£°6aﬁh8¢hw§ﬂg3ﬁwpggfﬁ?npﬁgt??ﬁiggﬁ??Wﬂ@ﬁ?hﬂgﬁ%iéﬁﬁﬁﬁ&g?“Fﬁé
first capigibteygpsRRBE thed@eOdiathbier, #Rs06kz6 ap@slidel dpERtReBlcast] RIGIRYL
be coupled to the coqEIiant connector, or nore specifically the |ink
spring. [0V F sAPl ALt depisinarthiirelatiorshin beweanaoitayesplutian aah geating. In
within thgd BECLs LA OHtcreases, noise decreases exponentially.

[0091] In various embodiments, the pivot arm 204 may include a non-compliant pivot

arm. In other words, the pivot arm 204 is unable to bend or is not flexible.

[0092] The peripheral part of the predefined mass 208 may be coupled to the first end
region or the second end region of the pivot arm 204 via a compliant connector. The
compliant connector may be a resilient material.

[0093] This is in contrast to an annular proof mass used in torsional mode (e.g., in
gyroscopes), or more specifically, torsional mode z-axis accelerometers where the
annular proof mass cannot be directly connected with a non-compliant beam as the ring
(or annular proof mass) may attempt to twist which limits the displacement of the combs
(e.g., the comb structures 106 of FIG. 1, or a comb structure that is located at the first end
region of the pivot arm 204 of FIG. 2 and another comb structure that is located at the
second end region of the pivot arm 204 of FIG. 2).

[0094] In one embodiment, the compliant connector may include or may be a link spring.
[0095] The term “link spring” may generally refer to a spring that connects or links two
parts together. In this context, the link spring may connect the annular predefined mass
208 to the pivot arm 204. The link spring advantageously allows the annular predefined

mass 208 and the combs of the capacitive sensors 210, 212 (which are described in detail
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encl osed by the annul ar predefined mass 208. [00112]1n anot her
enbodi ment, the pivot 206 may be arranged outside the inner region
encl osed by the annul ar predefined mass 208. For exanple, the pivot
206 may be arranged in the exterior region as described above.
[00113] I n various enbodi nents, the first capacitive sensor 210 and
the second capacitive sensor 212, each includes an upper conb

struct ur ebefwtb @h§ldeertRAy @n RWLLxi€ @itdLtishY WEildm@inRinifd B tigRHEf the
wherein the upper comb structure of electrodes interleaves with the

| ower coniveltapciQ forglifferential marpseremget Thakis ta sgy.sihe dinknipring fallpyrs dhe
bet ween t&ﬁPMgpFJdefr}lgéggngé%rz‘é‘éttH MEovii&! ae%hh&fj&ass? hﬂ%«% 8%@5%%?584 to

structure o ect eterm nes a capacitive’ val ue. n one
enbodi neneyertaheuted ®ediorostemgn@e., ke ponf ROM)r Ebe tiok priigt andntha kasign apring
pl ane parallgl. to the predefined di ti nﬁ#e. .. the z-axi

i rect | orfe FOEIESIY AUBHETE RSGT: HinCOS (HAopT Vit BoRTiR) ectuRretnd o
the pivotfr@uBacdé&4 in the sane plane as the pivot arm 204. For

exanpl e, the pivot arm 204 nay have a grooved part into which the

pi vot 20610261 Hes exaraplecthe Sink springamay hevey wede siope phy fundamenipl regonapce

t he pivot ' j ' he.same pl ane.
1001761 | oSS HerbrARARU a2 M TR IREE ey HREUOETT e

i ncl ude a0p97rEei teymofmgaievsitapelt neferswioethei lmkr emjpechiaviney pepregddiaed | shpger t

g]; ngg g;]c%gﬁ%%%)?lgﬁgggﬁea%ﬁpggsgéee& g ngoeclgg gf’ ;[/iib}/a%o}cl itﬂes&ndgpoclj'm[e(? %Inl(() gpl‘%g
can take in response to a force.
[0098] For example, the mode shape of the fundamental resonance mode may be the
mode of vibration at fhe lowest possible frequency the undeformed link spring can take in
response to a force.
[0099] In one embodiment, the fundamental resonance mode may be of a predetermined
mode separation from high-order resonant modes.
[00100] The term “mode separation” may refer to a frequency separation between two
adjacent modes.
[00101] In some example, the predetermined mode separation may be, but not limited
to, between about 50 Hz to about 1000 Hz. For example, the predetermined fundamental
resonance may be 1500 Hz and the next mode at 2000 Hz. In some examples, the
predetermined mode separation may be but is not limited to the range of about 50 Hz to
about 500 Hz, about 200 Hz to about 700 Hz, or about 500 Hz to about 1000 Hz. For
example, the predetermined mode separation may be but is not limited to about 50 Hz,
about 500 Hz, about 750 Hz, or about 1000 Hz.
[00102] In one embodiment, the predetermined mode separation may be 400Hz. In
other embodiments, the mode separation may be higher or lower than this value.
[00103] In various embodiments, the predefined mass 208 may be configured to

move in response to a z-axis acceleration.
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[00117] For exanple, each of the plurality of pivot arns may refer to
the pivot arm 204. [00118]In various enbodi nents, the pivot arns nay
be spaced apart along radial axes of the predefined nass. For
exanpl e, the pivot arns may be spaced or spanned equidistantly al ong
the radi al axes of the predefined mass. In other exanples, the pivot
arnms may be spaced or spanned non-equidistantly along the radial axes

of the prgggfgined nBeS-axidREd8Mation HAY b USthe ARedioXBR sBowh B@the directional
accel eroneter 202 may further include a plurality of first and second

capaci t i vasroseH¥0fFIGwher ei n each of the plurality of first capacitive

Sensors Z@ﬁ%ﬁm of, the bl EB’%JP%H I iRCRAPL.GRARRG! &by PONGOHR éé::%?rﬁie

| ocat ed respective firs regi on each pirvot arman
respect i wapsthenansn® 12 egayobe pdsitemet withitoin mneg regeapacisadebythe annular
100120] For >{.an£I e, %ch of the plurality of first capacitive sensors
may ref erpr?‘f? LA™Y S1° capaci ti ve sensor 210 and each of the

pl ural i t yjoefoetecondios aRamplel VIRe FEASQAPACIIRY sdnB86:€D10 Qr tthe sS®mANpacitive
capacitive sensor 212. 1001211l n various enbodi nents, the pivot 206

may i ncl ugesoa 318r siaynbes pesitiened 1gonp 24 lleasy ar pastisn extbibeli Welhtog, the ranular
accel er O%E&ﬁnﬁgﬁﬁwg%iggggkwﬁgﬁ imer%gg%gce a bidirectional force

f eedback ‘signa en the nass noves in response to the
accel er at[i06r07 or ce.In one example, the first capacitive sensor 210 or the second capacitive

sensor 212 may be positioned near the compliant connector, or more specifically the link
spring.

[00108] In one example, the first capacitive sensor 210 or the second capacitive
sensor 212 may be coup'led to the compliant connector, or more specifically the link
spring.

[00109] In other examples, the first capacitive sensor 210 or the second capacitive
sensor 212 may be positioned along at least part of an exterior region of the annular
predefined mass 208, the exterior region being opposite to the inner region enclosed by
the annular predefined mass 208 or the exterior region being defined as the portion of the
annular predefined mass 208 that is not defined as the inner region.

[00110] For example, the first capacitive sensor 210 or the second capacitive
sensor 212 may be positioned along at least a portion of the wall of the annular
predefined mass 208 facing the exterior region. In one example, the first capacitive sensor
210 or the second capacitive sensor 212 may be positioned near the compliant connector,
or more specifically the link spring. In one example, the first capacitive sensor 210 or the
second capacitive sensor 212 may be coupled to the compliant connector, or more
specifically the link spring.

[00111] In one embodiment, the pivot 206 may be arranged within the inner region

enclosed by the annular predefined mass 208.
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[ 00123) For exanpl e, when the predefined mass 208 noves in response to
the positive z-axis acceleration force, the bidirectional force

f eedback signal may provide but is not limted to provide a feedback
signal of positive polarity. In another exanple, when the predefined
mass 208 noves in response to the negative z-axis acceleration force,
the bidirectional force feedback signal may provide but is not
limted t@oprvi de Ia adhedebaskodmeantatheHivil @08 trhaiebPMraioed Yutside Al thhén
annul ar ring proof mass (e.g. the annul ar_predefined mass 208) in
accor danci8Siin ehclsad; by tge éﬂ‘ﬁg%ﬁpr‘f%dﬁf@e‘* B’lasso%&a 5Pt pragmple, st piget 306 mayebe
basi ¢ st ryehUELinBEkterHrtSof N U@ belilapG. MY have been widely used

i n devices having rotational notion, they have not been known to be
used in d@01ds haJdnngriowt embodinants, the dirs cappaitivd sensoi 2H) akd (e skcond

shows a perspective vj.ew of .an exenplary structure 40 avi ng.annul ar
oroor maogPaus ietfor 3 bRt ieaeY vt SRiatE of Sreliies A2 s
The pi votcoatbn@Ensdiide ohylefrfodeqaRpgh itnippeOcath siewturd iof ERE@sek Fhterleaves
notion. However, the non-conpljant or stjiff arm 404 nmay attenpt to

"twi st t¥iéh fiedevenrestd dustuheiceqtivdes sush Hial a displseemment fprgned detween the
insuffici L%EI) cdﬁﬁ§ﬁmﬁﬁ@§péle%ﬁe§ Qldttﬁg loWer EBmB rs@@étut%%% lebtrdis ﬂ%‘érmines

1001251For “exanpl e, the annular proof nmass 402 may refer to t

annul ar pregefitivedelvmss 208. 1001261For clarity, fixed digits of the
conb str s are_not sho in_Fl 4.. Under z-axis accel eration,
Che. pr oof ORBEE * 0> Tathe spPEshh dtre s Sitg PRE bs Salfe i mediop lghe »
arr ow 406lanelfaeallet @ahe pRAsinEaidiroctioput lgstht hexpi diRttic s 404,

attenpti &8 to rotate the gr 404 about_the hinges 408. This mag only

TS ) [ .
be possi P8I t he IpiopermaPdHnena theivqd 78 day eGPl i ihs pfvorags 2ahm
by a 1 exhblanhhiagens th phbEarkOACEE Qiipf, HeQi 08 nfE) i
prevented. 1001 7_1T?lsetr ef or e? spri ﬁgﬂs my&b{eﬁegjllgdéégngl o#??lhg@apgigg?ge
mass to atatontccwhish despivet 2lednex peslsitehsucicghatehanybe20@may éxicbided tonk
SPring ey, I%SPal%nOz(ﬁ;OlH%S%Leriahﬁing' Y 2heALTR if BielshSe {aoé’.f mass. Then, as
t he proof SS Noves 1n resp8 SE 10 acceleration, € link springs
bend, pull00TI®]t he [hwakioay BBIbOdimenBY thecadcBletmeian®aklay fuethér inethde &

as linkage arns). This allows .the proof nmass to nove vertjcally as. a
gui ded naxﬁgr.aflﬁynO%wPh?m PREFFRIIESPEFHNE E%%P?‘H@L P IHEe Reeletiogs Bomnéot
the pivotcoapRa td Rspddfvé NREENdHRBIBA of SecBnd erPrebidn bF achPNot afi2r €Xanpl e,
the proof mass may al so be connected to a rigid pivot arm using

flexi bl e BpHThgs. [Hoo exame. Gaclsel thtplngalidy pepizpicemp wmayvelentoghe pivot arm
exenpl ary,gccel erometer 500 in accordance with various enbodi nments.
For exanple, the accel eroneter 500 may refer to the accel eroneter 202
of FIG 200118 he stinwatiourseendddindnts s pidtot arms may be spaced apart along radial

axes of the predefined mass. For example, the pivot arms may be spaced or spanned
equidistantly along the radial axes of the predefined mass. In other examples, the pivot
arms may be spaced or spanned non-equidistantly along the radial axes of the predefined
mass.

[00119] In various embodiments, the accelerometer 202 may further include a
plurality of first and second capacitive sensors, wherein each of the plurality of first
capacitive sensors and each of the plurality of second capacitive sensors is located at the
respective first end region of each pivot arm and the respective second end region of each

pivot arm, respectively.
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1001291In FIG 5A, a set of conmb structures (outer conb 502 and inner
conb 504) is connected to an annul ar proof nmass 506. The proof nmass
506 is connected to the outer side of radial (non-conpliant) pivot
arms 508 by link springs 510. The inner sides of the pivot arnms 508
are connected to the inner conb structure 504 using link springs 510.
The pivot arns 508 are hinged by folded torsion springs 512. Such a
desi gn of [pohr0]accel RireRBhlE, &OR oflltheOMEralifr oefsi @badifle tenadrs Ahy feRWES
stresses at joints_and |arger response due to the | ow stiffness.
1001301 Fothe &k rppasitiversensan Al and ¢achof theedwrabye! segpnd spracitivs sepfers may
annul ar pr ?3ﬁ@%gco%%%agﬁﬁze%nsbf‘ﬂ?””m ar proof nmass 402, each or at
| east one of the pivot arns 508 may refer to the pivot arm 204 or the
pi vot ar ni0024] and Isaehowrendtodineas, themeva206 haytimlgleartospmi spgsg.512

may refer he pivot 206 or the pivot 410 of FlI 2 or, FIG .4
o pect s O GoR S Mot aBibgiitinty fhF pferheia S19 hagoniaieh
si gni fi cagtbddoera bidge@iodpeforePRedbdcRBighl when dRVireédefinkd @aass LD moves in

accel eronet er 500% The inclusion of |link springs 510 nay add nore
degrees oFsHMERWARS trcelsttivBforcerhe desi gn ensures that the findanental
osci | | atigpisgpde hag, themfes Wi #P ?ed%ﬂ?egie gahddhdvid | (& h
di scussedlgl aztygr on bél OW. 9[ 00132] 1 tgshou lz?l SO (Le ab’pr ec}r a?%néett%zite
i f the pipwsitivarzrxisd@delaragopfaee thedndiraspond] fpicy Etedbatk Gighkll iGay Bloyidetet e

may be high resses at..the joints. Such a.structure al so pe

71+ cul (o paTHRERT BBt Rl fenab ik vRlARL S8 Ty SE%RR e
by torsi ofie ppydefigsl mis? 208 indvee i1s AlRPort dtheasgdtiie ZPixvDiccalertion fort€ the
in FIG 5A). These torsion springs 512 maﬁ be fol ded to increase_the
| engt h, fRfirgstiensldpree desdbpckesignal mayHupvide Ag is gt tigpiteqd tsoprg e pdeedhpck

shows t he;i A6e 6f flafRd §larrPO Of FIG 5A noved in response to an upward
(+z) acceleration as indicated by a directional arrow 520. [00134]In

FI G 5B, 0ABR4dnnul ahn prodér rieg $radenisssemo vied anplamteddfioed mmss 208)vin

accordance with various embodiments for out-of-plane motion is the basic structure used.

While annular rings may have been widely used in devices having rotational motion, they
have not been known to be used in devices having out-of-plane translational motion. FIG.
4 shows a perspective view of an exemplary structure 400 having annular proof mass 402
that is suspended by multiple, radial pivot arms 404. The pivot arms 404 may be non-
compliant to achieve differential motion. However, the non-compliant or stiff arm 404
may attempt to “twist” the proof mass 402 which in turn may cause little (or insufficient)

displacement due to the stiff proof mass ring 402.

[00125] For example, the annular proof mass 402 may refer to the annular
predefined mass 208.
[00126] For clarity, fixed digits of the comb structures are not shown in FIG. 4.

Under z-axis acceleration, the proof mass 402 attempts to move along the z-axis
(directional arrow 406). The proof mass motion pulls the pivot arms 404, attempting to
rotate the arms 404 about the hinges 408. This may only be possible if the pivot arm 404
is connected to the proof mass 402 by a flexible hinge. If the connection is rigidly, the

motion may be prevented.
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504 has noved down. This way, a differential capacitance may be
determ ned based on the neasurenents (capacitance value) at the outer
conb 502 and the inner conb 504. [00135] The performance of the

accel eroneter (e.g., the acceleronmeter 202 of FIG 2 or the

accel eroneter 500 of FIGs. 5A and 5B) was eval uated through

si mul ati ons. The danpi ng, spring constant and displ acenent of the

conb strupbuzrg was HievdbRd sprfgORhdyTibéeflacdin@ldgOfe PrdoT HRALSItS | Midwy
was al so studi ed by applyl ng_accel erati on_al ong the x-axis and
measur i ngeonHEesiogsind capaiios. Berorrgmptena dlexiblsslinkswaingineay ysed & eqnaectithe
1 SSaTBNC FhFY Do AUSTREL BoBRHLAIPIL S 200 Sl Kol
3. 5nm Tot the limkisprifigs7hend;l pulBng theFpimataarent(al mRe donatecbarigsalily keferred to as
linkage arms). This allows the proof mass to move vertically as a guided mass. In a
similar manner, link springs may be used to connect the pivot arms to the inner combs
(e.g., as in FIG. 5A). For example, the proof mass may also be connected to a rigid pivot
arm using flexible springs.
[00128] FIG. 5A shows a perspective view of an exemplary accelerometer 500 in
accordance with various embodiments. For example, the accelerometer 500 may refer to
the accelerometer 202 of FIG. 2 or the structure 400 of FIG. 4.
[00129] In FIG. 5A, a set of comb structures (outer comb 502 and inner comb 504)
is connected to an annular proof mass 506. The proof mass 506 is connected to the outer
side of radial (non-compliant) pivot arms 508 by link springs 510. The inner sides of the
pivot arms 508 are connected to the inner comb structure 504 using link springs 510. The
pivot arms 508 are hinged by folded torsion springs 512. Such a design of the
accelerometer 500 allows for easier fabrication, lower stresses at joints and larger
response due to the low stiffness.
[00130] For example, the annular proof mass 506 may refer to the annular
predefined mass 208 or the annular proof mass 402, each or at least one of the pivot arms
508 may refer to the pivot arm 204 or the pivot arm 404, and each or at least one of the
torsion springs 512 may refer to the pivot 206 or the pivot 410 of FIG. 2 or FIG. 4,
respectively.
[00131] The design of the link springs 510 may also be significant for the proper
operation of the device (i.e., the accelerometer 500). The inclusion of link springs 510
may add more degrees of freedom of motion. The design ensures that the fundamental
oscillation mode has the desired mode shape and this will be discussed later on below.
[00132] It should also be appreciated that if the pivot arms 404 are placed on top of
pivots 410 (FIG. 3), there may be high stresses at the joints. Such a structure may also be
difficult to fabricate. Therefore, the pivot arms 508 may be hinged by torsion springs 512
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M ni nrum node separation 450 Hz Vacuum |l evel 7.5 Torr (1000Pa)
Browni an noi se 28 ng/ 4-1z Di spl acenent at 1G Approxi mately 50nm
Static capacitance Approxi mately 50pF Capacitance change

Approxi mately 251 F/ g (w o fringing effect)

in the same plane as the pivot arm 508 (e.g., in FIG. 5A). These torsion springs 512 may
be folded to increase the length, for greater response or higher sensitivity.

[00133] FIG. 5B shows the accelerometer 500 of FIG. SA moved in response to an
upward (+z) acceleration as indicated by a directional arrow 520.

[00134] In FIG. 5B, the annular proof mass 506 has moved up and the inner comb
504 has moved down. This way, a differential capacitance may be determined based on
the measurements (capacitance value) at the outer comb 502 and the inner comb 504.
[00135] The performance of the accelerometer (e.g., the accelerometer 202 of FIG.
2 or the accelerometer 500 of FIGs. SA and 5B) was evaluated through simulations. The
damping, spring constant and displacement of the comb structure was studied and
optimized. The cross axis sensitivity was also studied by applying acceleration along the
x-axis and measuring the displacements along other axes (see with reference to, for

example, FIG. 5B). A summary of measurements are given in Table 1.

[00136] Table 1

Parameter Simulated result
Device size 3.5mm x 3.5mm
Total mass 0.75x 10° kg
Fundamental Resonance 1520 Hz
Minimum mode separation 450 Hz
Vacuum level 7.5 Torr (1000Pa)
Brownian noise 28 ng/AHz
Displacement at 1G Approximately 50nm
Static capacitance Approximately 50pF
Capacitance change Approximately 25fF/g (w/o fringing effect)
Dynamic range +2G
Cross axis sensitivity X: -28dB (3.6%)

Y: -20dB (9.2%)

Z: -46dB (0.46%)

19



Dynamic range 2 G Cross axis sensitivity X2 -28dB (3.6% Y: -20dB
(9.2% Z: -46dB (0.46% 1001371The design of the link springs was

al so studi ed though sinulations. FIG 6A shows a perspective
schematic view of the acceleroneter 500 with the desired node shape
of the fundanental resonance node (i.e., the desired | owest node
shape), where the proof mass 506 has a vertical (harmonic) notion. If

the |'ink @p13mgs 5Ihealesigh®atehd Bl PiRIgs (was Qlso selREddeBELgTsiblRitions. FIG.
torsion spring constants) the fundanmental nopde shﬁg)e beconmes a

rocking it RS RBETSRESHKE PahemAls Vi, ofdhe ol eFeRatey Oriwith B desiyed mode
provi e ddskbPhe MIRMEHIRPESn AR el QUL He JRAES lowkdt ol Shpkf Kuhere

springs 510 nay have to be design In a manner to ensure

f undanentth¢ pmmcﬂendsa§06 ﬂnes ds@rtroeb(hmd@ns)hapwn d$ thedllink mmga\‘iil@lgraamade
sufficient freq enc élonfromthe hl%? 58 % des lhﬁ@F
ot her wor§&% 1£§e CIE AOFSI9B B0 SAPSIHTN ﬁi“g}“ mensf Jqds

the link &p@m&gs rodia,&g fhetibg s showhde FIEPEB asidhna efckHaOhigtinemad phdveded
t hrough sinulations. Wth possible desi %gégﬁwl m sation, a |arger node

separ at i OROGH#RE 7BO&thaPFtas| e Iqverst 5BTESH ki spgnghel & mgy s locbe
sensi ti V'&e\ﬁ;lgnéd"lri DR 8 tolGAsRCCRE %Iﬁltafngﬂtal’vﬁ'r%d@ﬂgg H'fe‘:dde@irapﬁloh ShabedXd S

direction. The measured outputs (i.e., maxi num di spl acement's) al ohg
t he maj orwekashaxmg aotuffadiensdreneney tskprasiom fram therhiglieagrsemmit #0des. 1O8thend

Fespect i vEngs: Ghfredl sOuTR k) mekh SeSfuath By B aBiGp Ly phglipfaies s10
design. A mode separation of 400Hz was achieved through simulations. With possible
design optimisation, a larger mode separation may be obtainable.

[00138] In determining the cross-axis serisitivity, an input of 1G acceleration was
applied along the x-axis direction. The measured outputs (i.e., maximum displacements)
along the major axes are obtained from the simulation diagrams 700, 702 and 704 of
FIGs. 7A (for X-axis), 7B (for Y-axis) and 7C (for Z-axis), respectively, and are

summarized as follow:

o X-axis: 1.8 nm
e Y-axis: 4.6 nm

e Z-axis: 0.23 nm

[00139] The z-axis sensitivity was 50nm/G. The Z-axis displacement is differential
and may be minimized or eliminated by a readout circuit.

[00140] The closed loop operation of the device was studied through system level
modeling using Matlab (The Mathworks, Inc., US). A second order feedback system was
used for the application-specific integrated circuit (ASIC), which may be inherently
stable. The system level model 800 of the closed loop accelerometer (e.g., the
accelerometer 500 of FIGs. 5A and 5B) is shown in FIG. 8. In FIG. 8, the system level

model 800 includes a sine wave 802 or a ramp 804 input to simulate the input
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Y-axis: 4.6 nm Z-axis: 0.23 nm[00139] The z-axis sensitivity was
50nm G The Z-axis displacenent is differential and may be m nim zed
or elimnated by a readout circuit. [00140] The cl osed | oop operation
of the device was studied through system | evel nodeling using Matl ab
(The Mat hworks, Inc., US). A second order feedback system was used
for the application-specific integrated circuit (ASIC), which may be
i nher ent | y¢celtabbe. THHAc&YSbRBet B0 is TR6RIISU Bividhe ebatiedrdeP Mnsfer
accel eroneter (e.g., the acceleroneter 500 of FIGs. 5A and 5B) is
shown in fapetion®f |'n FIG 8, the system!level nmodel 800 includes a
sine wave 802 or a ranp 804 input to sinulate the input

accel eration. The accel eroneter 808 is nodelled as having a second
order transfer function of 9.81 (4) 592.8tb/ ns+k/ m @

s’+b/m-s+k/m

where b is the damping coefficient, m is the mass, and k is the spring stiffness and based
on 1G acceleration. The system is modelled to operate in a closed-loop with force
feedback applied to the accelerometer. ‘

[00141] For example, the accelerometer 808 may refer to the accelerometer 202 of
FIG. 2 or the accelerometer 500 of FIGs. SA and 5B. The measurement made by the
accelerometer 808 is fed to a modulator 810 which applies a saturation function on the
measurement to provide limitations on the maximum displacement value to be input to a
capacitive sensor unit 812 that translates the displacement value (X) to a corresponding
capacitive values (C+ and C-). For example, the capacitive sensor unit 812 may refer to
the first capacitive sensor 210 and the second capacitive sensor 212 of FIG. 2. For
example, the capacitive sensor 812 may be provided by the outer comb 502 and the inner
comb 504 of FIG. SA. The capacitive values (C+ and C-) are fed to a converter 814
which converts these values to voltage levels (V+ and V-) which are conditioned by a
buffer 816. The difference between the conditioned voltage levels (Vcomp+ and Vcomp-)
are evaluated by the differential amplifier 818 and can be obsérved using a scope 820.
The input acceleration 802, 804 may also be fed into the scope 820 as a reference. The
difference output from the differential amplifier 818 is fed as a force feedback signal 820
into a comparator 806 for the second order closed loop system level model 800.

[00142] FIG. 9A shows (i) the output pulse width modulated (PWM) signal and
(i) the input acceleration from the scope 820. It can be observed that saturation of the
output PWM signal occurs when the input sine wave acceleration reaches its maximum
and minimum peaks. FIG. 9B shows an expanded view of a marked area 902.

[00143] Using the device parameters, it was observed that the closed loop

accelerometer 808 may operate in a dynamic range of £2 G without saturation.
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where b is the danping coefficient, mis the mass, and k is the
spring stiffness and based on 1G accel eration. The systemis nodelled
to operate in a closed-loop with force feedback applied to the

accel eroneter. [00141] For exanple, the accel eroneter 808 may refer to
the accel eronmeter 202 of FIG 2 or the acceleronmeter 500 of FIGs. 5A
and 5B. The neasurenent nmade by the acceleroneter 808 is fed to a
modul at or [08184]whi ¢ THepapdceRFonget&ainu hddotdafcd it vaTbud Nenibdim&aAsS Yé. 8RR
to provide Iinitationsogn t he gﬁXiﬁUﬁ]disglacenent val ue to be I nput

to a capadStliPPEEndYr otirilb- 812h¢ RagelerParer at8sok KECHi ¥piaden@nper the
val ue (X),d0eRnfcr's88 BRI NY aﬁ@e[?@fg'e&ﬁs‘l'gp%@id'é @13 (@ffeﬁﬂgalgh%acitmrsensing
exanpl e, the capacitive sensor unit 812 nmay ref'er to the Tirst

capaci t i vandasastabust pgocentds itrecrisiselaqrademcigraes deseabekbelor. RIsRclnh dBdigh of.

cont 502 SeaeEhETARES bt GRSt QT Ral Bl (BT Ve Gefi Hhe,

and C) adtaicfuesimag edisc and diffesnti@ll dapabittbescoBy @bt be ideasal VEldi@aert €©omb
vol tage | evel s V+1$nd V-) ich are conditioned by a buffer 816. The
G of enceBRtYisetn RéTEE ARt PBheb TSI Yageay ke pioyidedpdtan ths depeyeesien )
are eval gt aftaP¥ndidied B fthehdiidr FrodFRAsk 5060 §16s, 3N arfPSB PELLOSLHMESH
using a scope 820. The'input accel eration 802, 804 nay al so be fed
into the dwewéc B2 aml its lnaifativanmey alsh be déttfuneheesomatpd by sinpiatione.

di fferenty mplifiher 818 is fed as a force.feedback .si.gnal 820 into
2 compar 0143006 1 o ditefucr®l, B RupBL e SIS ErRiTR PR i
800. [ 00dbé@trohiefer B shAWS. (2, )thd heceddrbipueter FODSES WIGK. hsAnad! SB.edr the
(PWW signal, and (ij) t input acceleratiop fromthe scope 820. It
can be ob¥EFFEEd aé(}gsaFﬁﬂlét %_},r{nagfmgwglai@pgﬂqabﬁm rgT&ImPie dlir ¥4heh
the inputy8iddGoNauE RE&EPIREA ir{g‘?EIPHﬁ? dI{S ORI ARG (s e BhifHE high
peaks. FIG 9B shows an expanded view of a marked area 902.

[ 00143] Ustieprdutiane3-arey peseleprroanenséies, it was observed that the closed

| oop acce ter 8 ate_|] ic ran f,. 2 i £ hout
sat ar at | QORTC0 T Ao B AR S pisPrtnt O, Gl B8 Yidnfd 4T
enbodi mendcsel¢@ngter 202 ofidd6l € ahetaeceldORetef IDGof PIGY oA amdebBy ofreher

500 of FIGs., 5A an B,. or the accel eroneter 808 of FIG _8)

advant agebeUPPSTERORctr G P art B GHRIFHET BRI 110 00 el 5%
robust pregRESAY hRrddd ithad SIOANETEEASeR andl EbrichRRIMBE IR WevERp&H &
a design of the accel eroneter, a nunber of resonant nodes due to

mul ti pl e Wegheuag pringiples dunichling plethstdevice aneé aphigviag 38tnGpegolution (1G =
di fferentd A i i tical. The inner conb
structuréi?t?g.?&%E%ﬁpﬁﬁé¥ﬂ%%ﬁ%gégﬁﬁ%%gg?G. 5A) may be provided

wi t hi n t h®014%her r egbl florwsar paformandeo@tpaliyort beewesnniht acceferanéternsdss

i mi Cati G916y 5] SBSEUEP R eDh BULPRRTE B el at i ons.

1001451 The accel eronmeter in accordance wi th vari ous enbodi nents
(e.g., the acceleroneter 202 of FIG 2, the accel eroneter 500 of

FI Gs. 5A and 5B, or the acceleronmeter 808 of FIG 8) has industrial
applicability, for exanple, in areas of navigation and geographi cal
mapping. It nmay al so be used in projects requiring high resolution
3-axi s accel eration sensing. 1001461The accel eroneter in accordance
wi th various enbodinments (e.g., the accel eroneter 202 of FIG 2, the
accel eroneter 500 of FIGs. 5A and 5B, or the accel eroneter 808 of
FIG 8) may be inplenented as a cl osed | oop feedback system design
and integrated with ASIC. Key nodul es and fabrication may be

devel oped in establishing principles for scaling of the device and
achieving 30 nGresolution (1G = 9.81 ns-1 acceleration) and 2 G
dynam ¢ range.
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100147] Tabl e 2 shows a performance conpari son between the
accel eroneter 808 of FIG 8 and other acceleroneters currently

available in the market.

[00148] Tabl e 2

[00149] It can be seen

from Table 2 that the accel eroneter 808 provides a conparative high
resol ution of about 30 ng (or nQ.
sensitivity of 25fF/ g as conpared to that of the product from Kyoto
Uni ver si t 00148)0150]Tdbleshoul d be appreci ated that instead of |ink

springs (e g

be used.

It al so provides a higher

the llnk_spr[ngs 510 of FI Gs. 5A andeB)

_hlnges nay

to have s o . ) arity. - IVE -
Lon >

currently in the artofhe sstructural f ﬁfUrésmeﬁthe%“m
accel er oneteer-1808.0RYy be eaS|IgﬂﬁdenL4f|ed by reverse epgineeLi-ng
(SEM FI B i nagi g ekG) thereby frOVIdlng traceablllty LOOlﬁl]There
A « STMLTS344AL £2,36 X4x1.5 VS=3.3V
is also inprove pewﬁor h hi'Gh restfuti on¥ bei ng™achi'eved

ADI ADXL337 c::";csm": 36 tunable +/-0.3% +/-1% 3x3x1.5 - V=3V

Bosch BMA zeme 35’38/?2 0.25mg 2015% *1.75% 3x3x09  VOD:2.4/18V

;:::;‘z:a ; i:;i:c\?me *2,%4, 18 S:ﬁf//gl ¢ 1% % 3x5x1 Digitat

s * Thermal 5 1150 0.5 mg 0.5% +5% s

NTU-Taiwan e 3.9{xy) 1.06% (x,y} 1~3%{x,y) E éMOSMEMS,

- 1.9{z) 1.81%(z) 5~8% (z) l‘fEMS’OS

Kyoto U : 1fF/g :.22mm2 Transducer’Q7

TR, Taiwan +/5 ~300 168its <035% <102 2009

U. Michigan XN 450 {xy) ug tevel R IMEMS05

960 (2} i
Accelerb- | SOt z-axis +/-2 25F/g 30ng 0.46% (-464dB)
meter 808 : ;
[00149] It can be seen from Table 2 that the accelerometer 808 provides a

comparative high resolution of about 30 ng (or nG). It also provides a higher sensitivity
of 25{F/g as compared to that of the product from Kyoto University. .

[00150] It should be appreciated that instead of link springs (e.g., the link springs
510 of FIGs. 5A and 5B), hinges may be used. However, microelectromechanical
systems (MEMS) hinges tend to have space for movement or have a “play”. Perfect
MEMS hinges are currently not known in the art. The structural features of the
accelerometer 808 may be easily identified by reverse engineering (SEM/FIB imaging

etc), thereby providing traceability.

[00151] There is also improved performance with high resolutions being achieved
without requiring high-vacuum packaging.
[00152] FIG. 10 shows a flow diagram of a method of fabricating an accelerometer

1000, according to various embodiments. At 1002, respective trenches for forming a first
and a second capacitive sensors, and a pivot of the accelerator therebetween may be
formed on a device layer of a wafer. At 1004, a first polysilicon may be deposited into the

respective trenches to form comb structures of electrodes of the first and the second
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wi t hout requiring high-vacuum packagi ng. [00152]FIG 10 shows a fl ow
di agram of a nethod of fabricating an accel eroneter 1000, according
to various enbodi nents. At 1002, respective trenches for formng a
first and a second capacitive sensors, and a pivot of the accel erator
t her ebetween may be fornmed on a device |ayer of a wafer. At 1004, a
first polysilicon may be deposited into the respective trenches to

f or m conxaphdite berses, aid Bk eitot.0aler08f respertilé Esfitiadntayt befor@E@ A the first
capacitor sensors, and the pivot. At 1006, respective cavities may be

formed orPalYrdligopr and gis) gevieq dayer dnPrevde degarc Betwggr the somboviiuglires ghp
bet ween t : r ‘rg?\gd- '

pol ysili c%ﬁcnggigj@foﬁgngﬁeﬁgpécg%ﬁﬁnr%gﬁ Etregg£5 %ﬂ%%ﬁgggﬁ 0 el?%%)des
first andofithefiscasitlc sapad taparitasasorssligiosgbaetlie devithlayeeamidde prawdra
and to provi.de a spagin etween the pjiyot and a pivof .armof the .
Secel or brbbet bRty flsbhyat andbR poet i bl 68 hedkinBeBhagh o Befivacim jg
1008, a s@ewbit fuy el picainAragohe sdeqspdlilidmahayt bedépokisdd over the first
polysilicon and the device |ayer to forma predefined mass and the

pi vot ar rRelysHisoriapd theedeyics dayehtonform g perdelinest massrapd theives @pnewherein the
respectiv, r i DB

el ectr ode@/%tn%ﬂlt Itﬁjgﬂ])’?vcg? ﬁéﬁArtQ &?0010, ?[ ﬁéeSB gcélg’gl O;%% ég%d}éﬁ’ge?n‘%ms?yt eecomb
pat t er nedstiugtupdstodictectrodesrandtthe pivof. AtHO1@abe kaoodrpolysilicdrONaF B pattatder
wor ds, the t hod of fapricating the accel erometer 1000 invol ves
form ng ttf’é’ﬁgaﬁ’e gm‘f{u(feﬂﬁ{hgﬁc‘ﬁlr%g‘ftﬁ'con may be deposited to form

st ruct ur e@oDs3] Whi CHn o8hér frioeds, thieendti@lNoff fabrica€ng thelicOdlédmefed 1 0@PRRSOIOES
spaci ng between the under|yjng polysilicon and a next coat of )
deposi t ed©pBINg<TPFRGHNOawpIch RPLEHiRPMEayrhe dpetifeditadorsppyastire oh whigh
used her el Ritiel Nfe tREM fofh&N ¢ GovilB Yof _Péag§ drOs 'h}!fngsl'?'etwk&o Jthrk4]uh&'erlying
various enbodi nents, the first polysilicon ma)}o be“of the sane

mat er i al pedysilivensaslondngxol opsi lof alsnosifed opdBiiliqent aad quttcmxts dfe veerlyings

enbodi nent he term,iaccel.er.oneter” hgsg)f%b%gﬁes def i ned above. For

3 t
exanpl e, @Pésﬂécgg'e‘i&selrls@f cl)lreref%g}eitga etclienﬁy t BEYFRER S0 Y160 i n accor dance

W th var i [@0s54¢nbodilneaticusiemybokd@hdeits, il fillepdeskdoarmiyobe d0Be edmdinGateridl

[ 00156] The ‘tler ms "first capacitive sensor", "second capacitive
sensor " asﬁ q,%:f:m}d polysilicon.
[00155] In the context of various embodiments, the term “accelerometer” may be

as defined above. For example, the accelerator fabricated by the method 100 in
accordance with various embodiments may refer to the accelerator 202 of FIG. 2.

3% [13 39 13

[00156] The terms “first capacitive sensor”, “second capacitive sensor”, “pivot”,
“comb structure”, “pivot arm”, and “predefined mass” may be as defined above. For
example, the first capacitive sensor may refer to the first capacitive sensor 210, the
second capacitive sensor may refer to the second capacitive sensor 212, the pivot arm
may refer to the pivot arm 204, and the predefined mass may refer to the annular
predefined mass 208 of FIG. 2.

[00157] As used herein, the term “polysilicon” may interchangeably be referred to
as “polycrystalline silicon” composed of a number of smaller crystals of silicon. It should

be appreciated and understood that polysilicon differs from single-crystal silicon,
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"conb structure", "pivot arnt, and "predefined nass" may be as
defined above. For exanple, the first capacitive sensor may refer to
the first capacitive sensor 210, the second capacitive sensor nay
refer to the second capacitive sensor 212, the pivot armmay refer to
the pivot arm 204, and the predefined mass nay refer to the annul ar
predefi ned mass 208 of FIG 2. [00157] As used herein, the term

" pol ysi | itggidally@kd iféxt @ERANE aaPkilab& 11k a8 atnBrpSus ARENHC 'E))f)ﬁaﬁ%' hk&e

silicon" conposed of a nunmber of smaller crystals of silicon.
shoul d befortpr Blen devaers andselarrellst ood that pol ysilicon differs from

singl e- ngﬁ#% si | iﬂ%r}erm t‘%?ﬁe?%'n@’ b?%e\gaffeﬁoﬁseﬁlir? g%‘ﬁggf}&k%ho?%ﬁféﬁﬁ{nng

cells, a m anor phous sil1con; typically use
devi ces diful esohgle, thehater nfa@®z28]lithe waér or 4 wiitex-On-imsylabe (SOWafafer. used

in semc or nuf acturi.ng. For exanple, the waf may .b .
G115 oon PR of DIENRRGH Gt 45URn Seersien |0pDTYIae using
various efsep@ded¥aid-fon étehiik TORIMEOA HRNEARES: RlerlOOthe WRifer. TRIBAR 418{gAG,
deep reactive-ion etching (DRIE) on the device |layer of the wafer.

DRI E i s aDHogRPly ciehipsesepopicd tagretie deaparensirativadsteay-sideddrotes gad grenches in
penetrati = Sl | e g ip .
typicallygaf?ﬁﬁﬁﬁgﬁgh g@®9f§§?o§§l%%%ggnﬁégdﬂih sgﬁﬁégg??%éﬁ%é%ng
devi ces. de®R&60] I n vari ous enbodi nents, prior to depositing the first

pol ysi | i 1004, the nmethad 1000 may incl.ude form ng axide | rs
Vet “vial 10D e b SHERCTBRAm R, GFIor  SEHGORE (hrohhBolygtbar (00

pol ysi | i GROnRthodA@80 nidyaneTRd RRmHHIUXidBMydrs 64 tdRalls Ot MhdGerRkbs @nd BY&Y S
over the cavities of the first polysilicon; anﬂgpatternlng t he second

pol ysi | i dedeRasitinghe seagnd pelysiligon; s d PQf ehermaerbed HY Oy inglude farmyng axidey

rel ease tlg'ﬁr§ bEAGhAESiRds JtRe BEE %B@%ﬁi@gﬁ;earnd patterning the second polysilicon at
1010 may further include removing the oxide layers to release the structure of the
accelerometer.
[00161] An indicative process flow to fabricate the accelerator may be as follow.
The process (e.g., the method 1000 of FIG. 10) starts with an SOI wafer 1102 (with the
insulator or oxide layer 1106) as seen in a side view schematic diagram 1100 of FIG.
11A. First, trenches 1104 are formed on the silicon device layer of the wafer 1102, using
DRIE. FIG. 11B shows a perspective view 1110 of FIG. 11A. FIG. 11C shows a top
view 1112 of FIG. 11A. For example, the side view schematic diagram 1100 may be
obtained from forming trenches on a device layer of a wafer at 1002 of FIG. 10.
[00162] FIG. 12A shows a side view schematic diagram 1200 depicting a thin
conformal oxide layer 1202 deposited using low-pressure chemical vapor deposition
(LPCVD). FIG. 12B shows a perspective view 1210 of FIG. 12A.
[00163] FIG. 13A shows a side view schematic diagram 1300 depicting the oxide
layer 1202 being then etched back to remove the top surface 1302, leaving oxide 1202
only at the sidewalls 1304. FIG. 13B shows a partial top view 1310 of FIG. 13A
depicting the area illustrating the pivot arm structure 1312, the pivot structure 1314, and a
part of the annular predefined mass structure 1316. FIG. 13C shows another partial top

25



[ 00161] An i ndicative process flowto fabricate the accel erator may be
as follow The process (e.g., the nethod 1000 of FIG 10) starts with
an SOT wafer 1102 (with the insulator or oxide |ayer 1106) as seen in
a side view schematic diagram 1100 of FIG 11A. First, trenches 1104
are formed on the silicon device |layer of the wafer 1102, using DRIE
FIG 11B shows a perspective view 1110 of FIG 11A. FIG 11C shows a

top view vlidd2300 off IFEG. 1340\ defiotinghempdaeillutthing it pivbexynd shemEE 11812, the
di agram 1100 may be obtained fromform ng trenches on a device | ayer
of a waf el?lV%Itsﬂileme bil4rped 2 part of o povylan Rredefimad epmsnatructuse dd16 asevell as

schemat i ¢, diagk ashi lRadeRs£ting a thin conformal oxide |ayer 1202
deposited using | ow pressure chem cal vapor deposition (LPCVD). FIG

12B . Zhovvsloalﬁﬁr sped’cIGvelM elmvmbOSdz G, scjz@Aath @EE8) F1480 dpictmigoas
i 130
bei gt hent G Ereptie” e84 By 25 R piift ot 65 apRhE! gLk e

1202 onl ytréichéshEl 0di HEWAl4BSshb36 4. perdpeetivk3Eev h ZPWS oﬁFIGirlMlAa IFof exanipl& the

1310 of FI.G 13A depicting the area illustrating the pivot arm
st ruct ur eSidsYisW %CH@nﬁch@@grgw %0 pey b phtaingd drog depasiting 3 Hest apksifigen

predef i nedi s fes GéécEHSErHﬁ&eéﬁ%MEfﬁG 48C shows another partial top
vi ew 1320 of FI 13A depicting the area illustrating the pivot arm

st ruct ur el08B6}, t h&'lpi \/1(5'@4 showsc auside 1@@4 schanghtiz élagltanoflSQmeiepmmg dlne

predefin S.Str. cture 13 as . as. the inner c st.ruct.ure
3597 [ oot By eSS el *itar BeE, oSl et e SRRy s
depi ct | Ngpadishib PQEMMO rI‘hSItbp GorfadeayR LPA¥OP polgxilicdieiaygr deqposs ieﬂd)vw tvila
in-situ do isag to refill the trenche 1104. FI G . 14B shows

per spect i foofy QYR angthe LEC VI polypfipors laxer,| 492 is REDsregwingd dyythe filled

schemat i cyQicRA @I 1489, MRYsHBGs AeRbB&H e MM SORAFIG! [‘QAGFI@ §¢ shows a
polysilicon into the respective trenches at 1004 of FIG .

[ 00165] Flr@rtial 5gp gigpnk>28 ofiFde. Vi wepictigrieiaccadilngirating 1®Q®vdeqmmcatnungre
the LPCVQSEQ' glpll\} ?gtl?u t@r)éeiSZQ‘ 40@%& tﬂ%ﬁ li)z!reCtdeh ed r?1|a¥ Ssltx:w_.lis%({);rg)l526 and

chem cal Tméchanic Sir'Pece?d
pol ysili cthmﬂnayﬁrmhlstﬁvzturslﬁmmved Vi a poI yS| licon CVMP and the LPCVD

Frc " 15n AR5 pdACo bl PEn mcfersie wshemmits digeam’ e Cpiing nbAlsva

partial tQpitéh eMg02588n ngetdﬁleﬁ onl Bft YBRLE 608 dnldCd&iRd pards Ut fiidt LPQVthe
pi vot arm structure 1 the pivot structure 1524, a part of the

annul ar probedlidondeyerad@. 16 UL showssDIBETsReaidv e Hiew 1@ pf Elﬁ?ﬂ%t H@tlﬁce
1528. shows a partial top view 1620 of FIG. 16A depicting the shallow cavities 1602. For

example, the side view schematic diagram 1600 may be obtained from forming cavities at
1006 of FIG. 10.

[00167] FIG. 17A shows a side view schematic diagram 1700 depicting an oxide
deposition 1702. FIG. 17B shows a perspective view 1710 of FIG. 17A.

[00168] FIG. 18A shows a side view schematic diagram 1800 depicting
planarization (or etch back) of the deposited oxide 1702 to form a plane with the silicon
1802. FIG. 18B shows a perspective view 1810 of FIG. 18A. FIG. 18C shows a partial
top view 1820 of FIG. 18A depicting the deposited oxide 1702 filled in the shallow
cavities 1602.
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[00166] FI G 16A shows a side view schematic diagram 1600 depicting
shal | ow cavities 1602 being etched on the silicon 1604 and desired
parts of the LPCVD polysilicon |ayer 1402. FIG 16B shows a
perspective view 1610 of FIG 16A. FIG 16C shows a partial top view
1620 of FIG 16A depicting the shallow cavities 1602. For exanple,
the side view schematic diagram 1600 nay be obtained fromform ng
cavities @014906 OfFIGl B9ALéhowlsOP 3¢ [Vidva scHefthti® NiiEram BioUedepiceive that a

schemati c di agram 1700 depicting an oxide deposition 1702. FIG 17B
shows a p@P%‘h‘gBQlYS&]éC(\?i laygr 1799 igtherdepostedusing) bRE¥Pryith i g depings FAG.
side vie t] j IcCtiigRY ' L Q; .
back) of W![% epods {%gé%ﬁg%&?gg%gtﬁgfqg'?% aﬂ%lpr)l%g%gﬁ%ﬁal?hgl{aﬁg%& ﬁhgoﬁtlc
1802. FI GliagralB $H¥Wwmay trepbipimed i fren \deposith@1 @ sstordfd @olydiidon by theSfst

shows a partial t j 820 of FIG 18A depicting the deposited
ot do 17081y Foad® P8 SHIGAER) Ow cavi tiee 1602, 100160171 & 10

shows a sjode70Ji ew SUGeOBAIshoWh aid@WVitRORhEBRICAibHGmt TO0 ®pRE6E MLt the
polysilicon | ayer 1902 is then deposited using LPCVD with in-situ
dopi ng. Falysiioop lapend 9% pe thepepatiomedy iFoyy exampleg pattyraing 1may ipyplve the

exanpl e, {he,si gdeqyi ﬁY‘{iSﬁﬁBil? MRfek G oflh a9 rsﬁg%g%qn rQ?MﬁrQQd IR A0S dFc,

depositing a second polysilicon over t irst polysilicon at 1008 of
FIG 10. sho®$ aQkrp&tivR0vics ROWS of FiG.d2)A/ilG. 3¢ ehmvs e tai wigwal2000FIG.

depictin hat, -t polysilicon |layer. 1902 i.s the t

ol e S o PARRRGYS i sEPee HERERRY S i RefERs Bl R RG-30m
1902 as sdmows d Partial paspdctlvediar 4@ WIFIGHIZBA AGTctElpons FatleAisPOE tthe/ e
view 2010 of FI.G .20A. FIG 20C shows a top.view 2020 of FIG 20A

FI G 20D dmewsdarideaortican faver 1802 e ippiopted in) thyicagirdeheres 0@ EIGoHE
FI G 20E $\enatnfiadridnBhioR OF 3RBRd Bersydane A0 . 308 meRkahbiag
the patterning of the deposited oxide polysilicon |ayer 1902 as

i ndi cat edthg sideheicensshewhied digean 2002 may1 & opRimedhipow pattotineg the second
orientation of a i erspective view 2050 of FIG 20E. For
exanpl e, R%S%éﬁoaép\%ltgﬁ%?éﬁe@ti c diagram 2000 may be obtained from
patterni n@o111§ secd@iG. poAwhows acideatievi Qdkknoiic [didgran 2100 A6PidtinkFth& findll A

shows a Ssitgpeofvrieleé\:\e/lvsiggc t % e&rljcg u(sjiing%ggorphggﬁ%%uggg Iacclzl i(\r}lgIFg.hf?y lfeilere]lgilrlg, all oxide
layers are removed to provide the gaps 2102 to form the accelerometer structure. FIG.
21B shows a perspective view 2110 of FIG. 21A. FIG. 21C shows a partial top view 2120
of FIG. 21A depicting the area illustrating the pivot arm structure 2122, the pivot
structure 2124, a part of the annular predefined mass structure 2126, the inner comb
structure 2128, and the link spring 2130. FIG. 21D shows a partial cross-sectional view
2140 as seen from line A-A’ of FIG. 21C. FIG. 21E shows a cross-sectional view 2150 as
seen from line A-A’ of FIG. 21C. FIG. 21F shows a cross-sectional view 2160 as seen
from line B-B’ of FIG. 21C, which is at an offset from line A-A’.
[00172] In accordance with various embodiments, a novel design for a z-axis
accelerometer has been proposed. The performance of this device has been evaluated
through simulations. The proposed structure is capable of fully differential capacitive

sensing and force feedback close-loop operation, using robust processes. High

mechanical resolutions may be achieved with this device, with 30ng/+Hz achieved in an
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step of releasing the device using vapor hydrofluoric acid (VHF). By
rel easing, all oxide layers are renoved to provide the gaps 2102 to
formthe accel eroneter structure. FIG 21B shows a perspective view
2110 of FIG 21A FIG 21C shows a partial top view 2120 of FIG 21A
depicting the area illustrating the pivot armstructure 2122, the

pi vot structure 2124, a part of the annul ar predefined nmass structure
2126, t heindicagve d@di@fh &t bl Gimbiént 2%dBum aBeb] tdTe1000RK, BP6ihE woid) prédided
21D shows_ a parti a&l cross-sectional view 2140 as seen fromline A-A
of FIG 2rsugh snuloenssHintovs Vasuyas agbicnt: orhgl aceFlenmeies gn ascardase fign
line A-A I F E t 1

scon from T ke Bog P EYB RURRIES, JOCRIRE, bR MRY, &R
A-A . 100dnﬁ’12n$1®nsaarc dr:ﬂmdc@ilw tobustaroeess High ockiomtionhs arezachievaile, deidi tprw
for a z- axalcs accel er.ome as be hﬁu g sed. tT e perf rmanc this
devi ce haS BEEnPE A st t eﬂ%‘gﬁ PP AR PSS THhe 25195 8§%dw r‘ﬁ‘E‘PEﬁe
i s capabl @ntfdirhedts yrodidet arsealhblaland goaeic tdevign $€ feSink 9f 9 fa@tbﬁ &esolution,

f eedback cl gse-1oop operation, using robust processes. High

mechani cafursbilityy uifl?%ﬁgn%ymeef mens o0 e agcelsramsler Wedgcemlangg wigh various
30ng/ 4- | ZepedaiRuRd id ﬁbe@-nn tx‘aﬁ'sqla\tﬁ)ﬁgl' M@tl&?%tﬁrhn!krb AR n%@dnn\é@t@d’ 1vot

| evel of 1000Pa, in other words, predicted thrg %1 I 'ati ons

| ow vacumna@blpe‘mt-beﬂfh)ewabmb@rmmt@d mnﬁra@mbsdahméemrt of tharlm@wnngs

enbodi neng [0 |ven ss,..far reliabili htY.as
critical adlﬁwrrgﬁssg%sﬁrg ar e d u3|°r611§ o8 é(fnspz}ngctgg S%]'h( girsien ac hieles
resol uti cxmslrarlaer%lna@ea&}eds WI th | ow vacuum packagi ng. The desi gn of
t he accellﬁﬂﬁnégt er cor dance wi th various enbodi nents_ provides a

scal abl e enerl §]i‘eghn‘feﬁtl?‘erhﬁ% bsen frgrticiaglyt growny g dgicribpd with
dur abi | i tyferdieg t@%fé@ifﬁren%ﬁﬁﬁen@ﬁ%h&hd rbeen@&&%@s}om%ge%hméa lﬁ%@a{rﬂaﬁpe
with various enbodinents is used in translational” notion with |ink
springs berings conaescinderm andpdeait may he (node ievain witheutjdepartihg fowahe st
and i nner nk_springs. ac j eves d iLred node
shapes andﬁ%gpops 1 Osfgg%lrng |lc§’%rsL sgn%ﬁet%ﬁog the & ePlde es?lén i ac hieve O g&vean
per f or mans dldsem{chbaed bt agpankied elahqlmeandrmemfangm which &mmwmahtthd:mbaﬁﬂg/
shown and descri ed with refer nce to cific enmbadinents, it should
be under s"’t“gd@%’)? ERY¥eny; E%Iﬂgds ‘i"ﬁ"st"j‘f‘f'ethﬁtrlll‘)3 org pugndgd i W@fﬁ%ﬂges in
formand detail may be nmade therein wi thout departing fromthe spirit
and scope of the invention as defined by the appended cl ains. The
scope of the invention is thus indicated by the appended cl ai ns and
al | changes which come within the neaning and range of equival ency of
the clains are therefore intended to be enbraced. CLAIMS 1. An
accel eroneter conpri sing: a pivot armhaving a first end region
and a second end regi on opposite to the first end region; a pivot
coupled to the pivot arm
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an annul ar predefined mass having a peripheral part coupled to the
first end region or the second end region of the pivot arm a first
capacitive sensor located at the first end region of the pivot arm
and a second capacitive sensor |ocated at the second end region
of the pivot armsuch that the pivot is arranged between the first
capacitive sensor and the second capacitive sensor,

wher ei n t@eAPMESdef i ned mass is configured to nove in response to an
acceleration force along a predefined direction; and

wherein the first capacitive sensor and the second capacitive sensor
are configured to determne a differential capacitance val ue which
rel ates tﬁ th%M?Qﬁ@Eﬁﬁﬁé&Qﬁngﬂkﬁg 2. The acceleronmeter of claim1l
wherein the pivot arm conpri non- conpl i ant pivot arm and wherein
t he peri pher ala paottarofhaying apfiredeidiragidn med s sécond enbfegntappodie tH ithesfirst
end reglondor .t he second end region of the pivot armvia a conpliant
connect or™ ™% he accel eroneter of claim2, wherein the conpl i ant
connect or conpipis@<oapled khépivongm; 4. The accel eroneter of claim 3,
wherein the link spring has_a node shape of a fundanental resonance
node where t hean;ﬁ%ﬁ@f prﬁf&d" nee s apsipgerahrarirosaled g fartead ragim
5. The aqg%@geg%‘g{d r9§10195§{h€g’5vot¥&4ﬁ?r ein the fundanental resonance
node is a predeternm ned e separation from hi gh-order resonant
nodes. 6. The mwpm@mesormcawﬂat ﬁme51rstwhé region ofithe pweMeand ned

node separatloqwls(ﬁ Hz.. rﬁ% g%gg er one oglag 1(n cl ai
1 to 6, whereih™tHE FPEAEYT ??8%0 & %?F?‘Eﬁ?“gd %8 p% FES S8Hse
to a z-axh& the pblotlisirraiged between the first capacitive sensor and the second capacitive
sensor,
wherein the predefined mass is configured to move in response to an
acceleration force along a predefined direction; and
wherein the first capacitive sensor and the second capacitive sensor are
configured to determine a differential capacitance value which relates to the acceleration

force.

2. The accelerometer of claim 1, wherein the pivot arm comprises a non-compliant
pivot arm and wherein the peripheral part of the predefined mass is coupled to the first

end region or the second end region of the pivot arm via a compliant connector.

3. The accelerometer of claim 2, wherein the compliant connector comprises a link
spring.
4. The accelerometer of claim 3, wherein the link spring has a mode shape of a

fundamental resonance mode where the predefined mass moves along the predefined

direction.
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8. The accel eroneter of any one of clains 1 to 7, wherein the first
capacitive sensor or the second capacitive sensor is positioned
within an inner region enclosed by the annul ar predefined mass. 9.
The accel eroneter of any one of clains 1 to 8, wherein the first
capacitive sensor and the second capacitive sensor, each conprises an
upper conb structure of electrodes and a | ower conb structure of

el ectrodes, WiHfeeicheltfomewp parclainm) veiterdis thy findimeltgckiddas mode is of a
interleaves with the?flétower conrr}gos ructure of electrodes such that a
di spl acenRR{etsrBlRRddnesiesRRERIQ rﬁﬁi rordespsogentiiqdsse of el ectrodes
and the lower conb structure of el ectrodes determ nes a capacitive
value. 10. The accel eroneter of claim9, wherein the electrodes are
confi gur ed t o Pwsaaceleronaitanef elaiph Snevhsegimlthe predetetrhived mendlef separdtion is
directiony, 1. The accel erometer of any one of claims 1 to 10,
wherein t‘he pivot is coupled to the pivot armin the sanme plane as
the pivot arm 12. The accel eroneter of any one of clains 1 to 11,
wherein the accel eraoneter further c? rises a plurality of pivot .
arns, whefei n Yhesgsaelprometes et iaphapg ol glims drtotG hsrean el Rredeiingd gnass is
coupl ed tQnfieeREed ¥ flrbHon&NY 2RI CRcQEraf&EONd end region of each
pi vot arm 13. The acceleroneter of claim 12, wherein the pivot
arnms are spaced apart along radi al axes of the predefined nmass. 14.
The accelgro r ima2 or 13 - further c [ Si a pluralit
of first ggndﬁglteh%oaﬁggl%rglﬁ%telr { %%y 6 nogc?%aérfls \t}\ﬁ%?e‘lvgé%géﬁe g%t t ﬂ%m 7 F%S%{Ii y
of first aathacketdndecapadigns serdtdisepwitiontd twithiplatiriahdringgioh eaclosyddby the
capacitive sensors.is |located at the respective first end region of
each pi vAURRPEAfineAmastspect i ve second end regi on of each pivot
arm respectively. 15. The accel eroneter of any one of clains 1 to
14, wherein the pivot conprises a torsion spring. 16. The

accel er orfet er Ot ageglerometen pf anyaenesof tlaims 130 Suivbereinrthe fist eanseitize sensorer
is configur diregti f k Si I n
the. pr cdep ey ol CAERE o6, L5 Lale; L SEe EPIBRIGR A L 108,
The accelaadantewerconib strugtueef déctridad, Mhefei the Lippervdoatbestinctubeofasiettlodes
predefined ss coppri ses an annul ar cjrcul ar predefined nmass or an
D nut ar BELERGEP by e el hsere Sl RiE R r Fpitroa g
accel er ontwden tHeeuppRl NREhLC QIS Helectrodes and the lower comb structure of

electrodes determines a capacitive value.

10.  The accelerometer of claim 9, wherein the electrodes are configured to position

along a plane parallel to the predefined direction.

11. The accelerometer of any one of claims 1 to 10, wherein the pivot is coupled to

the pivot arm in the same plane as the pivot arm.
12.  The accelerometer of any one of claims 1 to 11, wherein the accelerometer further

comprises a plurality of pivot arms, wherein respective peripheral part of the predefined

mass is coupled to respective first end region or second end region of each pivot arm.
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form ng on a device |layer of a wafer respective trenches for formng
a first and a second capacitive sensors, and a pivot of the

accel erator therebetween ; depositing a first polysilicon into
the respective trenches to formconb structures of el ectrodes of the
first and the second capacitor sensors, and the pivot; form ng

on the first polysilicon and the device |ayer respective cavities to
provi de alygap et seeldrdnittercsfdlaiat 12iCkhdreia thé plot airhodrSspheddshriyloddre
first ponS|L|con and |nterleaV|ng conb structures of el ectrodes of
the first2diataxenef YePudalieedaesst or sensors di sposed on the device

| ayer, and to provide a spacing between the pivot and a pivot arm of
the accel eroneter such that the pivot armis novabl e about the pivot;
deposi ti nft-a sﬂmomlelp@hmrldf@dnﬁnokﬂeor t hdufthersompokipgial plumlit}amﬂﬁltstr@nd
device layer to redef i nd, t WOt ar wher e

o vor - ar riererd SrrfliR SRbS Rhisee PRI Puatgy B e B b G ot
mass, thecachr tisd pluedlity 66 setbneé |cagdcithdasnsndist Iveatgd ¥Othe et @refiRgehide
second polysilicon tg obtain a structure of the accel ergneter, 19.
The met hd@Bigr <l each pixot e read he semesiyer teeond snd Frsion GfsAl @ivol siRg
deep reaqkh*gﬁﬁgf etching (DRI B) on the device |ayer of the wafer.

20. The nethod claim18 or 19, wherein prior to depositing the
first polysilicon, the nethod conprises formng oxide |ayers over
wal | s of et ench ereln r positing the se

pol ysi | i co§; ? s et "08’69“ DrfEes® Cr%‘%tlg% ﬂgewﬁ‘ﬁ%} @‘ed’\} Yok °PH18“SCS a
cavrtlesrﬁﬁuhh@nﬁgrst ponerrcon and wherein patterning the second
pol ysilicon further conprises renoving the oxide |ayers to rel ease
the structure of the accel eroneter.

16. The accelerometer of any one of claims 1 to 15, wherein the accelerometer is
configured to produce a bidirectional force feedback signal when the predefined mass

moves in response to the acceleration force.

17.  The accelerometer of any one of claims 1 to 16, wherein the annular predefined
mass comprises an annular circular predefined mass or an annular rectangular predefined

mass.

18. A method of fabricating an accelerometer, the method comprising:

forming on a device layer of a wafer respective trenches for forming a first and a
second capacitive sensors, and a pivot of the accelerator therebetween ;

depositing a first polysilicon into the respective trenches to form comb structures
of electrodes of the first and the second capacitor sensors, and the pivot;

forming on the first polysilicon and the device layer respective cavities to provide
a gap between the comb structures of electrodes formed by the first polysilicon and
interleaving comb structures of electrodes of the first and the second capacitor sensors
disposed on the device layer, and to provide a spacing between the pivot and a pivot arm

of the accelerometer such that the pivot arm is movable about the pivot;
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depositing a second polysilicon over the first polysilicon and the device layer to
form a predefined mass and the pivot arm, wherein the pivot arm is configured to couple
respectively to the predefined mass, the comb structures of electrodes and the pivot;

patterning the second polysilicon to obtain a structure of the accelerometer.

19.  The method of claim 18, wherein forming the trenches comprises using deep

reactive-ion etching (DRIE) on the device layer of the wafer.

20.  The method of claim 18 or 19, wherein prior to depositing the first polysilicon,
the method comprises forming oxide layers over walls of the trenches; and wherein prior
to depositing the second polysilicon, the method comprises forming oxide layers over the
cavities of the first polysilicon; and wherein patterning the second polysilicon further

comprises removing the oxide layers to release the structure of the accelerometer.
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