; e3eD2D. ./ $0(0026J2T2_e21 i ~~n~~~~m 10 MJILTI - LEVEL | NTEGRATED CI RCU T FOR
W DE- GAP SUBSTRATE BONDI NG FI ELD OF THE | NVENTI ON 15 The present invention
‘felates to mcro-fabrication of nethods for bonding substrates to form

wi de-gap spaci ng between the portions1of the substrate, and in particul ar,
to systens that take advantage of the w de-gap spacing. 20 BACKGROUND Many
applications use bonded substrates to integrate different functions that
are fabricated on separate substrates to take advantage of different
technol ogies or to save space. Such applications include mass storage

devi ces, display devices, and Zﬁmmmmﬂmﬂm cal systems (MEMs). Exenplary
MEMs are pressure transducers a J ters to nanme a couple. In
several of the applications that useidsmded substrates, a tightly
controlled gap or space is required between the bonded substrates for
thernag, el ectrical, or nmechanical separation. One conventional solution
sets a“gap by applying a spacer 30 material on at |east one substrate to a
desired thickness to provide the gap spaci ng. Conventional integrated
circuit (1C) fabrication techniques to apply the spacer material, such as
sputtering of netal filns, cannot deposit |arge thickness required for sone
applications. Because thicker sputtered netal filnms suffer fromstress and
fl aki ng, the MURIM.EMELt INTEGRATBEBCCIRG UITi FQR AWIDBAAR SHBSPRATESSES |1 S
limted to 35 thicknesses | ess thaBONDBIG m crons. nmanrr~a 2 However
sone applications require |arge gaps between the substrates, for exanple,
such as to provide for high voltage separation or isolation. To ensure
longtermreliability, preferably the space within the gap of the bonded
substrates i s evacuated of af iatai ned in the space over
the life of a product. Any 5k§%ig§?ag§%§ggﬁggﬁ#ﬁe stress or flaking of
sputtgged netal filns can result in a |eak, thus conprom sing the vacuum

and thereby ultimately causing the product to likely fail. Alternatively,
t hi ck gaps can The peesantdnyanyaa rélgtesrigdaictpyfabrlieation of picthads dordrontlingst

substrates to form wide-gap spacing between the portions of the substrate, and in

particular, to systems that take advantage of the wide-gap spacing.
20 BACKGROUND

Many applications use bonded substrates to integrate different functions that
are fabricated on separate substrates to take advantage of different technologies or to
save space. Such applications include mass storage devices, display devices, and

25  micro-mechanical systems (MEMs). Exemplary MEMs are pressure transducers and
accelerometers to name a couple.

In several of the applications that use bonded substrates, a tightly controlled
gap or space is required between the bonded substrates for thermal, electrical, or
mechanical separation. One conventional solution sets a gap by applying a spacer

30  material on at least one substrate to a desired thickness to provide the gap spacing.
Conventional integrated circuit (IC) fabrication techniques to apply the spacer
material, such as sputtering of metal ﬁlmé, cannot deposit large thickness required for
some applications. Because thicker sputtered metal films suffer from stress and

flaking, the amount of the gap spacing using conventional processes is limited to
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35 thicknesses less than a few microns.



one substrate to have a thick spacer material over the entire substrate.
The spacer material then is etched to | eave only the bondi ng spacer.

El owever, this etching of the 10 electro-plated | ayer can damage ot her
materials such as thin-filmlayers th have been previously applied to the
-substrate. Therefore, electro-plating“as not been an effective option.
When bonding the separate substrates together, it is preferable to have

i nterconnections that can carry signals and power between the bonded
substrates. By 15 addi ng spacer material, such as sputtered netal filns or
el ectro-plated Hweahssoxhé\@;iheatﬁmedqnﬁeudrgm?aparbew@eﬁfmecwbma&@ foeke as the
addi tional thickness of the spacer material nmust be conpensated for when
nmeki ng t hexamplersush atto provide fosdigy vritage sepatatian of olaigui sprg langrew et hod
of bondin r nol ogi es t hat
al | ow forgevﬁllMl ?éh%ﬁty’s a%%%) E‘éaﬁ z\[/vﬁ {l}nﬂﬁ%@?gﬁof)ﬁle% 8Irn'fia S%ét?a})e\?hq%e an air-tight
seal and pmﬁ‘ueueabr yir ahd ovaduom maihained mmhe tspaeB $)vhe:hwﬂﬁj‘bﬂah&o@Qﬂ dagy
substrates to be easily forned. SUVMMARY 25 An integrated circuit i1ncludes a

subst r &t e dpkeet Gysedbyehe pesgs gnﬂ%‘%l&’eofaﬁﬁaﬁeae%@ﬁ@{ flmascag gesulide a lepkethts ched
f
surtace C%Er}rgmg oﬂﬁm Eh%wakmﬁﬁ Sgﬂfgksufpglgg?ﬁ? 9;18{3 gt gé(;&%{i&éﬁé ﬁﬁeg%?(?pt ains a

bondi ng su non-etc erm ned

hei ght fromt halehﬁheﬂy,ahfck@m cchbedbm\g:ntthy|metdeg>|y&netdo£plamglat ledétt h.

anot her substrate creates a w de-gap between the substrates that is

pr ef er abl praeubstaEiabay %W&krﬁé?‘i?éﬂaéeélal gves & @ire substraie Hie SpRSER| PTI ON OF

THE DRAW NGR T fheh @efsgﬁ ddap 1dave Qﬁ&ttgé b(ﬁrﬁﬂ%’ eTale S Y rtﬁfs%'fc‘ﬁﬂ% oftife t N

fol |l owi ng draw ngs. enents o W|ns are not necessarily to
scal e lbel ateictsre}pta@delaydn cad hmnage@ttmtﬂnmr;alsamhwuhm-ﬁm layexs tiea dlaveet®en pl aced

upon cl earl ust ng the invention. Furtherno | i ke reference
nuner al s B@g’i‘ Jé( &?4 etgf)éﬁqﬁ fratg: heggfpicy elﬁ%ltFOtEamEﬂ"uEﬁ}g‘Wt REN Wecessari |y

i denti cal ,eﬂgg[vgq)% ok.he several views. Fig. 1 is an exenplary enbodi nent of
an integrated cirfcuit that incorporates aspects of the invention. 10 Fig. 2

i s a cross-secWimn whdingeheescpapleanlstate oaficthentit isipoeferable téhgve 1. Fig. 3 is a
first exen lar%rm:goOd ment of a m cro-machined system.u t|-IeveI

n
| nt ogr at odIEIEP AR GG FBRALY S FOFE REsan the; bpnded subStzatess By,

exenpljary aaavihggbarsepﬁla@halasmca& SpuRFdA AQS MBS lof Ble¥ird-Blateindthif Lthe | evel
integrated circuits e nbodi ed using the invention. 15 Fig. 5is a third

exenpl ary impdsonhiestions and diffiqultcp anake e theadditipnal dhickyieshof the spacer material

must be compensated for when making the interconnections.
Accordingly, what is required is a new method of bonding various substrates
from the same or different technologies that allow for wide-gap spacing and which
20  can preferably provide an air-tight seal and preferably allow for interconnections

between the bonded substrates to be easily formed.
SUMMARY

25 An integrated circuit includes a substrate having an etched surface and a non-
etched surface. The etched surface contains circuit elements and the non-etched
surface contains a bonding surface. The non-etched surface is located at a
predetermined height from the etched surface. Bonding this integrated circuit withi
another substrate creates a wide-gap between the substrates that is preferably

30  evacuated and hermetically sealed.



mufti-level integrated circuits enbodied using the invention. Fig. 6 is a
fourth exenplary enbodi nent of a m cro-machi ned systemusing a nufti-|eve
integrated circuit enbodied by the invention to forma pressure sensor.
Fig. 7is afifth exenplary enbodi menty of a m cro-nmachi ned system using a
.20 mufti-level integrated circuit enbodied by the invention to forma
display device. Fig. 8 is a sixth exenplary enbodi nent of a m cro-nmachi ned
systemusing a nmufti-level integrated circuit enbodied by the invention to
forma nmass storage device. Figs. 9 - 17 are exenplary process steps used
to create a nufti-| evelBRIBFEUESTRIBTRIN OF THEt DRAMINGICOr por at es sever al
aspects of the invention. Fig. 18 is an exenplary process step of bondi ng
nmufti-level integrated circuits to forma w de space gap. Fig. 19 is an

exenpl ary fl ow . dj .of .t he invention.
30 "4 DETA LEB%E‘%‘%&%&F&(%&%S—@EE{O%@@ Erg %'&{%@‘ﬁ QIL‘SW ODI MENTS
Renovi ng stheddniing dfahediatings bRMothedegasly wrealotelithe 16 ulmtdtrires, preferably
by 5 etching, rather than by adding spacer material, solves the w de-gap

E ubfst [) at e-“iﬁ’gﬁﬂi ﬁ@%ﬁlébﬁ%ﬁte%@qn@lﬁ%ﬁm@@% lllmtm@fher@\‘eylltlp@r ge gap?] to

e fabric Ut - ogra

wth pref ?ﬁ‘g‘g ?no?ﬁelﬁ(gg %: *éeggﬁ M‘ffé‘g S‘%@%ﬁgﬁ (gog'}eggorneb%ﬁllfl%rrp%éﬁg rtgh‘?@ gl eﬁe%t S
and pr ef emabhgcetdadlylidaitichie throwgditbnsgrenalvidwng an interface to the mating

substrate. Further, the gap spaci is set, before other 10 processes, such
as | C fabricatiféh,! 1§28 5P l%‘?’r?gg’oaﬁnqnﬁéf%‘hwaé?de@r%éhqt RIS al | ows
substrat es, S0 RORIEHioW th W de-gaps rangi ng between about 2 mcrons to
about 400 rsﬁgcrons, {/(bni&gﬁ i's substantially beyond the abilities of

conveni onal sUligtY aherdsonelitiog of tetamemples. enfoglirecaishgwn ohuFign t he renoval
of the substrate materjial, the interface hetween the etched | evel and the
non- et ched | gveﬁ‘g'i%‘S@J}rﬁé'ée‘ﬁwa%e“éb‘@ﬂr&%@ ajnyetorpehingg PV UEPRG for a

gr adual 'Qﬁ&lhﬂ?‘velﬁuég‘sﬁ?ﬂedi@i}&%n%dfeﬁrdﬂngghé @R/Sfdoﬁye! connections is enabl ed
thus allowmng for easSier interconnection of electrical signals and power
bet ween t he borRigdt subsstondtersmpliagy/ @nboetichent véh nticoneashired Systénevitr  nor e

et chi ng steps, preferabl tilizing the etching step used to renove
substrate tﬁ‘&t"é‘?lﬁé?vefﬁlt%gé te‘rﬁé"“&éﬁ“’gﬁéﬁ‘fﬂﬁn%g‘ﬁ‘ YHehal |y create the gradual
incling. Prefergplsyisa third exemplary embodiment of a micro-machined system with two

\

multi-level integrated circuits embodied using the invention.

Fig. 6 is a fourth exemplary embodiment of a micro-machined system using a
multi-level integrated circuit embodied by the invention to form a pressure sensor.

Fig. 7 is a fifth exemplary embodiment of a micro-machined system using a

20  multi-level integrated circuit embodied by the invention to form a display device.

Fig. 8 is a sixth exemplary embodiment of a micro-machined system using a
multi-level integrated circuit embodied by the invention to form a mass storage
device.

Figs. 9 — 17 are exemplary process steps used to create a multi-level integrated

25  circuit that incorporates several aspects of the invention.

Fig. 18 is an exemplary process step of bonding multi-level integrated circuits
to form a wide space gap.

Fig. 19 is an exemplary flow chart of a process to create embodiments of the
invention.

30



20 the gap setting etch renmoves material fromthe substrate everywhere
except for the interconnect and bondi ng zones, which are preferably | ocated
near the periphery of the substrate. The etched depth (preferably

determ ned by just neasuring the etchytinme) and any additionally added
-metal thickness on the substrates required to forminterconnecti ons between
the substrates determ nes the w de-gap spacing. 25 The sem conduct or

devi ces of the present invention are.applicable to a broad range of

sem conduct or devi ces technol ogi es and can be fabricated froma variety of
sen conduct or DEAELER| BESGRETION | QkMvTHE PRECERRED iV ACTERNATEG er al
presently preferred enbodi nents onduct or devi ces of the present
invention as inplenented in Si|lg%ﬂé§§8§§$§§ since the majority of
currently avail able 30 sem conduct or devi ces are fabricated in silicon
substrates and the nost comonly encountered applications of the present

i nvention will Removing suhistritec ortesiabfomat east one Df Nepysubstiatdse preferatifie bpr esent

i nvention al sp adva ously be & | oyed ,in II|u

ger mani Sﬁm tg%ag, 1 ﬁ‘&? %%ﬁ?’gg‘ﬁ %?r TP ngrii I ﬂ}fcvé’o (ﬁaﬁé\l ra?hé’“g‘?‘%sent
invention p&bRAL Subk @m@tﬁﬂhqﬁ@alwd fomvé@darF@ gh;m@aaeotﬁumeea TRO rioadtegd i N
silicon sem conductor materials, i'ncl ude those devices fabricated

in one or suhstatefembodipea mukfi-lexdl tepownhmnmm@rabbaﬂheuetca%leaml@l t echnol ogi es
avai lable to those sk e a m-transistor (TFT)
t echnol ogyprogldhné 1;9&#?5 %E)Crlllﬂonenbelnass eggrfll?lé'\tst%esune Cthed ﬁ%‘?ndpngdet ed t hat
the draw n@suﬁd’r&icémithbrm&mg@umaﬂeeFurﬁlét‘ ttheap spating issepbefote éthert he circuit
el enents have not been _drawn to scale, Certain djnensions have 10 been

exaggett eBroressese pughias ACtabrisatien. ag prefosmemhen the sypsigte. (The Jpvsuiiene a cl ear er
| | ustrat I d
Ll though 1 PO SUBHAAETS beBAE vilh S oBECaRbhy IVEEE At 2 oM 00

Vi ews wit habak 4o midregs, ohichhiasibegniidiytieyanttheabititics oftcoatxantiotalbe cl early
under stood that these reg{yons are illustrations of only a portion of a

devi ce t hasubs@atg Houding, tachriquest Prefegably, deriag Swapmgvafh?&t'aﬁr gibstrte or di ngl vy,
t hese reqgi t 1 and
dept h, Wheﬁlra a flmc?al &Y %en&g‘ﬁgegg{luapﬁgg%é%#&ﬁ}o;ﬁgg\gg#&\%%m wﬁl%%yesent
i nvent ton b grddudlustlinat Byl pmmcMgefoelar@aﬂuelmbcidiermntw naithicelcafefdrmiag ci r cui t

elenents, it is not intended t qese |IIustrat|ons be a lLimtation on
the scope BYerigyp SORBESIPRT & b ft‘ upplidng fqr g PiSHonRgetlipy opglectitglended

that the Clipfill hndfodilr Rt bdnlfd AILSRAN arld SRR cBifhelfidlls! Of bt he
physi cal structure Iustrated. These structures are Included to
denonst r at enokdé@chihg btepsy peeficdtatdp plifiziag the rtchingt dip pee sermavaventrten t o

presently preferred enbodi nents. The sjnpl est enbqdinent o fti-level
ot ched sUbSEHRARE; st EPR FRAGI§158R OpYigRa Yfreeﬁeésw gﬁﬁ%@éﬁlﬁwyﬁs&@x i con,

havi ngyd heﬂfétg‘ip%&nﬁgEtfcﬁ?&n&feé’ﬁﬁ%?ﬁﬂfr%% st 5atd SverANEHE EQLpt B3F firef 1 | M8 and
doping matericals to formcircuit el ements, active or passiVve, such as
t ransi st or stercasiesttand donding aaies,ovlgch am @cﬂfmablg located gieamthe periphesr of, thphot on

emtters and diodes t w., . This enbpdi nent has the n et.ched

Surf ace ar Sopsiegelte gl PR dpi T P B AL et itnt e BRITRG by ¢ he
depth of mah@hidydddaionhipidaed setal THigkne@meathe Basdirses featited ® Bngvat ed
(non-orientation specific) fromthe etched surface 30 through preferably a
gr adual |nmtﬁ:rﬁ@neetmsépwwtl@fsubﬁ@te@rdewwr@esa&hgwée g#utPasing. creat ed during

t he etghing of t

separ a?g 6 et E‘E@%%Fié eps caéw%\cé)r%lrrr1t é&ﬁtng &ﬁ&?tﬁ%l &)ﬁhcaﬂ%’tljg%rb?iéiﬁ%val of

t he materi angé bﬁﬂﬁrﬂub@ldsctbsﬂdwdeetecBﬁ@é@emld)CantbbéaHrﬁathdfrom seiiriedf of ont i nuous

conducti ve traces extendj t he etched surface to the nop-etched
surface us&HMEBRLIRYMpLeTials eEP?? e eSO CBISUSHS SPTaliIFGsERt he nat i ng

bonded SUbﬁPe"féH;e% MboBh Rt GH th& QIMEHHILABS devides of tHRBECANARGELRAS between the
substrates is not required, the etched surface can be separated fromthe

non- et ched implemtaicd it hhwgﬁubsira@lsemnelthﬂ:hnmxy sfuaireagy avemlablahi c h occurs

ng a isotro h .proce fo a C es of which
e bndn” Semihistis S BryiPB g RbirmeLinsoph srsrats Hed T o Pt rany
features apgeRfKAAlRHIRSBEYSNH: })n:@émhmaudlpwmelacdsw@ﬁﬂconTm,s@att&er features
and advant ages of the present invention will becone




apparent to one skilled in the art upon exam nation of the follow ng
description of enbodinents of the invention when read in conjunction with
the acconpanying drawings. It is intended that all such features and
advant ages be included herein within ghe scope of the present invention as
-it is defined by the clains. 15 Fig. is an exenplary enbodi nent of an
integrated circuit (1C 30 that incorporates several aspects of the
invention. 1C 30 includes a substrate 10 (preferably formed froma silicon
substrate having a < 100> surface) in which an etched surface includes
sem condudYeyerthdl¢ss. the prasend ysiestiqomay akso Advamtageousli be erhplmesdt is galliver ci rcui t

0T R AR B R RERRY B ATARR APl Wi

exanpl e. AhV&iibakd vatlistendeli®o B¢ limited toetheddaRv e ABribAed i Slicorer sed t hr oughout
the thin-filmlayers. Accordingly, the thin-filmlayers are just shown as a
r epr esent FEMieongdycier materiale bél&’t"ﬂh%“"b’éﬁ&"ﬂ%é?‘i“&ﬂﬁ fahiigafedyp goe of mptgeoft hin fil m
areas ks r - ' i - : ' ed within
he. dr Sui rbe AL ARhiChRUERR bR dolecthSkich BPkISbIAh choek MEEL®D " " i s
enbodi nentthe ifisutiCasShilAbn-aGassistorq TFTieelidotops! usih@sbiyailos odgldshat ext end
fromthe etched surface containing the circuit elenents to the non-etched
surface owdbstete§r adual incline of a <111> edge 28 and a <3 1 1> edge 26.
Preferably, the,] e - r i.st.ri Qut nd.and near the
peri phery of tﬁégl{b&f@& Xoﬁ%ﬁ @gﬁg?%a%%ss é‘gr&lt ° tlﬁggﬁlgﬁzgg‘% ‘3‘“ ngir}or%ti C, IS

di sposed gnfpoftHehércpie eieplosts dhveagdeat diaha tb Gcald Twiinddinehdbadchaser f ace t hat
is also preferably used to formpart of the bé)ndi ng with a mating substrate

surfadd. begn pragecrateddn grlatiogde bk timsnsigns BRI RFVIA2 €RSHIdi ment of |1 C 30
shown in FRijgtrafion Iﬁlﬁurﬁfe&%{éin?brffﬂ?ecﬁes%t inD&epybstrate 10 is a predeterm ned
depth 12 fromthe nonetched Surface of the substrate. Anisotropic etching
preferably for s atitidopratttieighrthe erebodimpiith ilhidtratbd hereinadré Bloawghiniteot r opi ¢

etching followed by anisotropic 5 etching also neets the spirit and scope
of the i nvimeRenTal YRS SiEn@goLepaRehaingdapdt andk widily itheuldibestad on it the
fabr i cat eqilifisiol oY £ dnd e G A s ofily Eirdio bEEBLVi RESL or abl v

arrai gned by PUnction SUCH as ﬁog|c circuit and emtter array 24.

Dur i ng5f alactually iaahreefdirhdwsiondli strutfutemAcegrdingly, fireed eapadms ywil hdveetheszt ri c | ayer

14 i s depogsited over the etched sL~rface, the_.inclined surface and the
non- et c hgcfﬁ‘g‘ﬁ?sl’%emﬁlfld% t W‘%‘Sea"fldfepg" ﬁ’&‘?ﬂ/ f%‘é‘c%{ﬁ&] PHay P%P("ﬁ f§¥icGyer for
interlevel condygle8ie, while a&e?raélﬁd.%htismliilﬁ@xqteawyfﬁeﬁnéégrhbédﬁéﬁ@t ed as a

first incline along the < 111 > edge 28 and a | esSer incline along the <3 1
1 > edge 2bircbeetl do eir¢uittedenhents, tgs nottihtendel tharthest dhsttagensfteadinsifatisnlost r at e 10.

Again, the optional seal..30 i s shown.on the peripheral, K ed of the

nonet ched BEFToRE ST BRPIEARLPfiBe RESeRrieHIgP BeS RadEchies R Sreiton of

gol d- 9l | ChEndres S1HhE Plcksént iR eRIIGVbIEmAed ©Whd gdga@mtwcau&qm&&teq. seal . O her
seal s such as a palladiunsilicide bond can be used. Preferably, the sane
mat eri al UBwde stoucturgrears dngluded taderaongtratd theontdite andeapphicationtaf theepredent onduct or s
16 to mni.m an' thocessiln% %tr?eods ooveree}lltsl cost, and facilitate

i nt er conneBYTERE DREHRELY FAETL FUPEL Fig. '3 is a first exenplary

embodi ment 42 ofhesimblestenibadieneof $alteRyvelttdhgd Subdta®Uié b idtyfed | nt egr at ed

circuit enbodied using the invention. In this enbodinent, a first IC 30 has
been et chedretis (Fanproterablyof ¢ilicon, bavingbe gighed sufaee processehwith SNy hen
procesged w th j, C rotpin-fi lf@ﬁ?‘ 0 : LGt

el erre?? s. f 'gucé?rﬁg}tﬂll @gg%g&rlr@ﬁ?lég gnQl t{rﬁkqét C eéf?csu ﬁrefl%rg%&%g @ti‘% 0%(5’ a%?”é’ coupl ed

t o t he nomsueh ahednsistors,aedstos] capaciong irchictoes, Eleytesn difiitias, plotomemitlesy el

conductor 32 (see Fig. 1). e conductive 25 layer 16 is isolated fromthe

CohatTare BRI e oy e Gapsdien Fis 7R nolietined Surtite S RUA onded {0 a

convent i onghcedpak idhfihe SRAENShrfate d&terningl 15240 Aepth of RfhtdaCEtR ?&wss.al so has
e

been processed with sem conductor thin-filmlayers 20 to crea circuit

el enent s. Theeeaa-ai¢hed infacs] ie plerated oa-caiertatierbingeisick tromi the etighesonfaet i ve | ayer
16 to ali wi th the conductive.l aye of first 1C 30, seal i s shown
nor e ) pr Bk PetsCin Ao HEun VS din gl o Sriork et kAL EEeaPlung ¢ e
peri pher al qi@fganottching of iHeShatbdal 3mandl fioheths sesadiel Op@6nally, sbpdrdics
configuration of substrate bonding is useful in applications such as

conput er systens. For exanple, first 1C 30 can be a custom nenory circuit
that includes special high-speed nenory. The second IC 36 is preferably a
conventional m croprocessor that does not use the nufti-level integrated
circuit of the invention. 5 By bonding the two integrated circuit
substrates together, a high-speed interface (due to short interconnections)
is achieved along with el ectromagnetic shielding. Further, by providing for

]




10 input/output circuits in thin-filmlayers 20 that require a hi gh-speed
interface with the m croprocessor on the second IC 36. Also, the processor
circuit could be a custom|C processed on first 1C 30 and the second I C 36
could be a standard nmenory IC or I/Ointerface IC without the nmufti-Ievel
-1C of the invention. Fig. 4 is a seco exenpl ary enbodi nent 40 of a

m cr o- machi ned systemwi th 15 two nufti-level integrated circuits enbodi ed
using the invention. This enbodiment allows for doubling of the wide-gap to
further provide nore thermal isolation or |arger high-voltage isolation. In
t hi s enbodétatsing steps cantfoinCthid @radnabiacldechfeoreaavhi ofdhd Matdial BBahithd C s are
fabricated to incortgrgi)ate the aspect of the invention of having nultiple

| evel s of tuRetrateJaeieaply. thgrlfahes 2 sehefroptinyays conduciyy Earet extepbingiiemt | un-film
| ayers 20 Eeat b Cadi . ar. | ed to conductive

| ayer 16 t gt% EChgcpsl sagosogtge Oll’)l gt:d}é%de%@%%gﬁpgbﬁ.eﬁcﬁ% Ei s enbodi nent, a
seal 18 i sintirepmsawno atheh theGnating hoadedsaibsttate paextemhbl gonhentiong. 2 substrat e
bondi ng al ong with. the interconnection of conductive |ayers 16 that al so
orovi o8 ol BETFBERioBS AHEEET 5 SHETER  RohErab . M erehadi oA oeerhod Penbod ment ,
the wi de- gaRasRAGIND tHeadnREHEP WERE thiBudhth ARPUcIRROsudh G5 MAfwhzh F1 9. S is a
third exenplary enbodi nent 44 of a m cro-nachined systemw th two

muf ti - | evebccurstusipgat iseirapia aieh procassifodéxamplesd dry etdhemany &ipes oftwhich atehi s
enbodiment, a fourth |I.C 38, .having a surface area snaller than the surface
area of filf‘éqwnlt&%%? S'l“ﬁ“i%&%&‘}('tp first 1C 30 using an alternative seal 52
that is al so predesaRhyingéntRdMEs iRy féaRirdsomalaiVantdgBeb&RAl 1B ji@f the earlier
enbodi ments coul d be used in place of or in 30 conjunction with alternative
seal 51 Tégscribade Therothowfeaturgs aB@ agvantagesadi the presert dexsentiohwillrbedomeseal and is
preferably applied after the first 1C 30 and e.fourth, 1C.38 are 9
Ponded ¢ oyBURER Grordsiisa i iy er serrapi et A UG s EiRadE” | oo s
enbodi Ment emBaRBRE of @8 titteBtibBwhittdead ANEHARINCN G Wal ee akBorfifanidgst 1 C 30 can
extend to beyond the peripheral edge of fourth IC 38 to allow for

connect i ondiawinggt & isniatendsd hati allssushy d¢atuaes anidtadveiitagss lbo netiludgd derest her

conventional,connection,techni ques. Fig,. 6 kS fourth exenpl ary enbodi nent
26 of a m oraRAREReRe B s SRR AR done i delifelel ¥ gt aced o 1ouit

embodi ed by t heFigny &Hnl (BmbRary @nbBdanéit ©F sl iegdRES Bifcuitl (ICY 30 Gaenbodi nent ,
the thin-filmlayers 20 of si ngzl e etched substrate 50 contain a first
pressure sHFeEPrags seysrad faghests| of the ayerienpl J@ includenha pelstipte 18] so t he
thin-film - N ond pressure
sensor 5 10FRlyitRd RS THERFRIAHRE e pEERAD B RACAM BT CE 2o,
| ayer s havetckhed susth&d incladestsemiconduicta thintfilfy lajes 20 eat foomt dieuit kkexeh@r ce
applied to the layer. For the non-etched substrate a first pressure 55 is

appl i ed t oThheirqyttelsments ag¢ pptignally plaggdeinto geparpigiregions ofi Hpctiondlitk ¥ r at e and
accor dy gl : fl y changing its
resi st%dqncegs #H‘g °§?‘§8?22§{“§%§§E§%‘%‘3@%€5‘§% 2&§¥ v??)égtggn g'r essure 57 applied
to its ext Altambtiwly, tlecarcuh ateniehtscan de inteédyeersd ntypoeglteuc thedhisdlist lapgtre and

accordingly the first pressure sensor 53 to flex thereby changing its
F esi st anceossiipely, Pa e T IRYEE Ba s LHOREA % RRIRBILS R AS e SemEb ch
substrate gafdtrhidtRn andl 1436t of tRIGi flth 588 9 hbBElelev it ab bl iBvenBYn BBRSHHAI N t he

resistance of the polysilicon |ayers and taking a difference or optionally
a ratio of thehdlustygsed withyadhe drawinf éo wifle¢tdhe intaseannediops boleveen substrftes: st

betweots bt PR BRFEIACC o BHRERUDE sk sfhsRor iRt o s T o

prevent t Nehefidhed bilirace toBiRgaBS titthit@ienditsad M neil-dtcedamfadef ®et A ng t he
readi ng. Optionally, seal 18 of earlier enbodi nents can be used in

conj unct i o&radpal inchine pha pl Heeedge 28 apd y<3 b AT cdgs. 260PFrderablystbe pnterlavels  devi ces
that can u ' ' t, 1neGl e t ar Fi g. jg a fifth
exenpl ary gﬁ%@%ﬁsﬁ%{@%g&g& ng dnl‘ll51 g raggﬁea%ﬁﬁené"g{@%t"gﬁﬁ? euIscfg% dz)irgfr(r)ﬂlgl%}{ rjl evel

i nt egr at edsel 18 prifeabiyddiraetichis didpesddravanidithanpdriphémal edge of itlediC30 ntew i c% 70.
In this enbodi pent, the substrate 10 js etched renpve nmaterial and to
f or m adD ot ER6% SIS it Al PTARTIH S8 RifAT Pithet B PRRBRE PRGBS o roui t
el enents s trgtF sSipdpdt tip electron emtters 76 that create an el ectron
beam 8 1. e electron beam8 1 30 is focused and directed to pixels 74
using an electronic lens 80. The el ectron beam travels through the
evacuat ed space 82 between the gl ass substrate 58 and substrate 10 10.
Because the el ectron beamis negatively charged, it is directed to a high
vol tage anode 72. If the electron strikes a gas or other particle that is
wi thin evacuated space 82, it could becone ionized and propelled towards
the spindt tip with high energy. When it hits the spindt tip, the spindt



5 operate properly. Thus, the evacuated space 82 nust be held an extrenely
I ow vacuum pressure and seal 52 nust provide a hernetic seal. Optionally
for this enbodinent, the material for conductive |ayer 16 can be chosen
along with the material for the anode472 to create the hernetic seal. Seal
-52 can al so be used as an adhesive bond. 10 Fig. 8 is a sixth exenplary
enbodi nent 90 of a mcro-nmachi ned systemusing a multi-level integrated
circuit enmbodied by the invention to forma nmass storage device using
atom c resolution storage. In this enbodi nent, three substrates arc bonded
toget her to for Mg Des symbesectidne tReTedehlarg elbbdiakst FICI3D showAaieHighy
renmovi ng portions of the substrate to create an etched surface that is
processed Wi The etefled-spifpgesof 1l aubstrate 10 sz Rredgierayinesydepth ¥2 fpmdhg paner s 100 and

el ectronic l.ectron beam 99 t hat
is focused {)géljfﬁgfag%gg'tﬁrg %Htlgété{ee%g}gé&@éf%ﬁgg @get%g&@y?g%‘fs tg el ectrons on a
nmedi a 88. brdearmtided deptie p2 siohe dlthartgh motrroptcmtctﬂ;rtgjfc)ﬂlomdabﬁémtdstmma S bonded to

the emtter substrate 83 usi.ng conducfjve | a) er d seal 52. The nedia
2 depobi & EEBR AROgEEEE BRSO FELEPPSTIE FPap BT Ge SR ded and

al I oved to F@&trﬂi@"l@ HaE‘dﬁ skl oh iR B RCAQLh A fiRE fal '[y&@ 2@360§tﬁfn!i rede- A stepper
notor, preferably el ectrostatlc that is partially forned on r ot or
substrat e 8kmentd paefsmblt'(arratguéxtb)r Aneti@6sucic antogsl csrcmhre22‘ andsgmigterchrssgcond

di rections e.stator substrate 86 is bon tor ubs ate 84 using a
et or bond26aDurEieBbRtauRt of e dh Bl daerone e adictdie PPol Bubstrat o 04
and the st aLQyit&lORE Rt &ct3e sﬁr&ed@@%cuﬁémrﬁt@mdmeﬁbn LRA&S GPABSEE 1 ons 94.
25 El ectrical connections between the rotor substrate 84 and the emtter
substr 4l e 8dbstnte 1i0rrplpéml}iﬂ@dnbslﬁtmedmmm@tetl?\&be@ﬂdltetorﬁnliéctheg@ddalsposed on
dielectric.| aver races 16 are

QLB t]o
connect ed £ rcw e lesllglr%m{)s onﬁfsnénczlﬁ”? @Pn the %lgﬁ?gﬁ%edﬁéndéilgsspar“ cul ar

enbodi nent j1R{in@alBhOERSS 11O ddEPLE BED e 1ﬁthﬂ‘ad1ﬁg/@nn tRModSBshell Bafa20 ofdvant ageous
crystalline structure of a silicon substrate commnly found in conventional

sem conducsehstreiaflér Agmodés optingal skaki( is shows ob drerpgriphegpltedgaobbieinage 11

i th o anF BTt Bt of 1Rane Kb e it BF E e RS .

hydr oxiidle ediA) toProvids /Eos ©pbtirOKdraiRtid Seal DiBerdsefld Biheas abpilllagiugf er abl y
TMAH at a concentration of about 5% by wei ght. The etchant works upon the

<100> pl anailigide baed ean becesad Ripferablys thesame masgrial nsgd dprthe senb isalsq esd at an
angle rela < e es,Wth the
silicon et Hn‘)!rgatE e lnll%rleée}%%e&ag@% lt6rt§t}gel nﬁ{u&? tagesgﬁgg%ﬁur?t(&?‘ra lé:B%}e%}dr ed depth
i's achi eve%cxlustuadtb&onmecutmmbtemaemgtetdnesttatm of etching. Preferably, the
desired depth is contr?llable to between gbout 2 m crons and about 400

mcrons. Option&i& y s & It exsmplay CHPRGTERE] Uhmisso-BRFIBIhREem IS her

gr adua&ﬁ t l?rﬁllt‘l ?@/lef 1'?1% I’a@ed éﬂcﬁft eﬁ*ﬁb@dt@& uﬁné%erm{;&ttlgﬁ aglUads eﬁﬁghi?netnp ot he
non- et ched surface tfereb y allowng f better sidewall coverade during
deposi t i on fiodt IERE hamhe;hmntqtmrhtd Byere ﬁ@ortuontoéttmcmbﬂmtmaténquaaﬁéteabl e second
et chi ng ste emove al | : rtial one of .t S t he
Subst ot o PSR gndstorghinftl ey Y0, BCTERE crialEe o e on. et ched
surface. WagbuiSslbhess b theldidhed bilrf420 Bf RUBG arreeb@plt@toathg h6RBEREd RiFfabant )
preferably TMAH at a concentration of 25% 15 ght, the etchant wll
attack theus:ma@eﬁduﬁt%'éyef16taﬁennttwlmbwéact9ro}{2 @?%ﬁedl)s(rrlrae@%vq he <311>
pl ane th r S steps
Gsed & cr A3eEtS RpPH AELLAL BiockhdByinga dickbull By AT PhERK R IR0 Svera
aspects of shdven bendedto mnomEoﬂtormkmtspﬂrz&e, sedonBil§.369The kembnkd A3& praferafler abl y a

dielectric |ayer or photoresist that is sjstant to the substrate 20
etchant is? axte%l?tr@d)rwss[ew@tfﬁgt%a@wroﬁ rﬁierlér%? 9 {EAth S Himask i s

formed usi @&nenPEﬁ{Qe %edl@atrlb&s o atsla%hnet%%ﬁn%&rdae‘@ve%yérme%ness The

opening within the defines the opening where the substrate 10
wi || be etahgdwitkithg. conduqtlse tﬁyen 16 ofSirstdf’i 90 Ofseplel$iuis slowiny ke torpravids ot r opi ¢

et ch, ef er MAH at gbout 5% Db t.conc ntra . e d trench
6" or B Betety Dot ae eVt hormebroseal S o€ PR B bl & Cred
surface un@gatﬂeugcdmrld jgask 62. During etching, a portion of the substrate

10 will be generally be undercut under the hard nask 62. The gradual
incline is etched along a <11 1 > edge 28 of the crystalline structure of
the silicon substrate. In Fig. 11, after the hard mask is partially or

totally renoved, a second etch of 30 a stronger solution, preferably TMAH
at about 25% by wei ght concentration, is perforned to attach the silicon
exposed by the renoval of the hard nmask to create a 12 <3 1 1 > edge 26
of the crystal I | ne structure of the sr Ilcon substrate The hard rrask can be

o M -



5 54.7-degree angle that correlates to the crystalline structure of the
silicon substrate. The hard nmask 62 is shown di sposed on the <100> pl ane of
the substrate. Fig. 13 illustrates the orientation of the <3 1 1> and the
<111> crystalline structure of the sufstrate after the hard mask is renoved
.fromthe non-etched surface. Fig. 14 shows the result of the second etch
which in which the nore gentle plane of the <311 > edge 10 forns a
25.24-degree incline that interfaces to the non-etched surface of the
substrate. By providing for a nore gradual slope than just the <111> edge
28, better coveTkigeormdigutabien df sibstrdte bondimgy/smsdfdl iangpliatiductuches | ayer 16 is
possi bl e and t he ?ossinlit f thia @r b%oken traces is.essentially

el i mi nat ed®OMHPRSYigS FPbRGEILS detit 0t@h b Arustemmamary LGt 88t can be
optional | y; I ne t - 1 > edge
is 15 conp g?e ;ﬁﬁggﬁg%ggkbyﬁgﬁg%ggmgS§§$éég§$q%§§ﬁ%?%%gﬁb Pgﬂ%&

ref | ect i onmickoproactdoe that ddek not estghe molti-lewellinegntedtcoheitl obthe irmestiaan be

li m nated_d h K . By elinminating.th d li ght
Cet1bert ondy B g BPa G RET Pt ol Bt Rl ek g Pt PR 6 5 0 o
| ess expeng)i Wt derchfRetiGiR) R dcRidl QOalONOHANBRKI SHARSHE ShiBRMR P&%her,20

Optionally, if the gradual incline is not needed or desired, < 110> silicon
can be usely miovidingrfer avide-gapend the intsryening shaceprefereblyl evaqmated of Thi et echni que

b ful . ing with tai. deyi - t hat . i
" er T evel Chi RERRARE I e iR AL Mol S8R e 1eal T BphE bt £ ot o
10 after ifeah@sl RAEHaRFRREAERAd tiR pPRipRErQY IGHBohdNyN tHei fird ICEYRES BBtain

dielectric layer 14, conductive |ayer 16 and seaf 18, respectively.

Pr ef er Hbl yingutfoastius cigguits de thin-fhn layeisi20chat aptnjre i gh-sreed inderfags witheh®SA 1600
Syst em manuf ach~ | tr -TI%k:’ t i .t o al faor foeusing the
vari ous thi"n- ?Rr?ér’%g%rr g?:{é%ssleﬁ(gldnns S Aggogﬁ{et%écegs;;o??g%%t %’e‘ﬁlldéﬁéi %g%ﬁ;or? ﬁg et ched
substr at e. prétssddoh BT Xysitleln wsas! € 6ol B0a sthndatdhimsgopr IGc@da0t 0 ensure

proper focus over 30 the entire wafer. The DSA 1600 system provi des several
hundr eds ofteitase Kniithewt the myliidevel e e IMGIRSAYQR| ng the stitching capability
of the machi ne.gThus, toLn- i 0 - i ri-g | ayer
14, conductive ! 'yﬁr& al%?&gn%b@gw %bogglﬁer{ggbﬁg%#grgt%%’%ﬁps sg&{ér‘l‘é&l

manuf atst ur iwwgmplticleed Sntegratee dircdtscatiodicd nding ahalinvedtibnp This eaiodinent ne. Fi g.

18 is an exenpl ar roce step of bonding nufti-level integrated circuits
to forma o fg‘p&ﬁ&“@%ﬁf.s ti? Widengap tarfwg*&g?%@dpor@\xkfr@ab@@mw latge hat have

been 5 cre ' r ; [ = | ed and
bonded usiﬁgﬁ_ggg%e?%l%ﬁﬁb@ttﬁﬁgu g?‘?rge? gsﬁ? {t('IJEf?, g?%b(gl}dgég? gl@ﬁ/@?ﬁﬂ?mti c seal
around t heBptarlCjsaee Yabdtattdie inedrgorate digresspadt of the iswdntion af ks/i®0mulfiply. 19 is an
exenplary flow ¢hart, of a gener.al ocess faqr any substyate that can be
used to cr &?léog%éﬂ?%ﬁt%%ﬂ)‘fe' ﬁ%‘ﬁl\?&fﬁﬂcﬁﬁg 9 WC@SE‘“& Wlﬁyﬁf(bthﬁhsk is 10
pat terggpd %atEg"ﬁrc%RQ%ﬁcﬁfsﬁhatzr@cﬁgfeq t§BSHuB RS 1@t MUigPOcE &Y ¢ hat

defines the area that w be etched fromthe substrate to a desired depth
in step 11@icleGthie Wyarsdl4mits thiscammhdingnten seainleis clispdsedenedacipIC pidisguddkt r at e and
is preferaply lacated,on the, periphe of..the. substrate t could al so be

| ocat ed v P domhie et eisRep B Slabe i BE rdfp Tk ot ndBN G £ er en
et ched sur {3609 6 ¢l lao Peovidy diBEicaN cénnst i@l lRtweeAIhd BHEIGsOUdipghiagi | itate

mul tiple fabrications of integrated circuits such as with wafer processing.
Ther ef or e, embedimgptythayede-gam spasing paLafoupled sade abayy 889 BUGIENS he peri phery of
each dje on a sghs : b iRk - di ~substrate.
Al so, iosﬁ a si ngﬁg' %Il};sgZI t?\ﬁg?g&nnéggbe rrgfrng&% %ﬁﬁfj%glécrgt C cgige@@gfe fgg(emgnd

i nt egr at edtwio malti-levellisepmated pirotigssanbodied asing thethvertioaamthét anitedirsentf ace to
all ow for isolation and/or e%ectrona%netictﬁgl%fterfersnce separation. The
desired debﬁﬁ#ﬁﬂcé¥§gmﬂ%?a?§‘%%8@%%“ rﬂ@“t_ SUhitre 2G4 p g@bg?éjﬂﬁn. The
depth chosghded td fifdt Icesh Wind NiFaIRHRAGYE &lafsd hl:capilg RRS HraBdbiy A agldstvet y of the

integrated circuit processing equipnent to fabricate thin-filmlayers at
mul ti pl e hepgenadly, the egab il & bf the carligpemipqdiments canddbe wigdar place plegrfior m an

or ocesed carornon it B e ot ThE SRoRE el B2 RS EdER of chos wi i

pol ynmer copéartipsal &t ie@r@érﬁtﬁyfa{);blsedtahaﬁ thaffigst 3036 @hd @R foudNI¢ Beakacro scal e.
Preferably, the dry etch is followed by a wet etch to create a gradual

incline. The gradual incline allows for excellent step coverage of
inter-level connections but if these connections are not required, the
single dry etch can be used to just create the wide-gap and the circuit
el enents fabricated on the 30 etched surface. Connections to the circuit
el ements can be through the backsi de of the substrate using backside
etching and ot her techni ques known to those skilled in the



14 art. Preferably, for silicon substrates having a <l 00> surface, a TMAH
etchant is used to create the slope sidewalls that are gradually inclined.
For silicon substrates having a < 110> surface, the TMAH etchant wil |
create sidewal | s that have a sharp profile. After the substrate has been
.etched to the desired depth, in step ¥14 the circuit 5 elenents are
fabricated on the etched surface of the substrate. The circuit elenents are
preferably formed with thin-filmlayers and diffusions of conventional

sem conductor process materials. However, sonme circuit elenents may be nade

usi ng ot h%na@nbgah@g)y opﬁ@ﬁll@l&pﬁlﬁﬂﬁiuhﬁg@Heﬁl&inﬁm@lﬁé@sﬂﬂﬁhhﬂes and/ or
sensors. Optionally, interlevel connections are desired, in step 116,

t hey axe EObPEERNG eiifletaelbfyatmeelf émabqrsduertmeé%yeprléw dirsidCa9 censutend Iong | ayer,
such as a bg%&ldetﬁéfuir?pf@gi ?@paof ’ﬁg!{]rﬁxr lgw t§} %Q&tloﬁl t?‘ ét@ al’lcsllrcrlllﬂ a gradual

incline wit e ectric 1 eposi over a ?ESS acute

convex Corsie asawith dlire Bofidihg 6F ethérecordmaivh A dofeaiion tebmhq@ean be attacked by
| atter process steps such as a BOE etch. On top of the insulating |layer, a
conduchive | ay&ig bsis pdeurt rempliycmbadimentid§ qf agvicEemashingdssysemaisinec al

connect | O’flrﬁ BRI i th%?atg&[} éihtten’?cl &%heaﬁgerﬁ&ﬁ 0 8k &ﬁ@?ﬁrféé‘hﬁoa}ce The

portion o e con ive layer t s on the no n surface is used to
make el ectls tigaémbadimew] ihe mmmfthin layersa:t(l oftsingld st heal Sﬁbm‘at@m cangih hyfirstf
ext ended past the edge of the mating substrate, to external circuits.

Pr ef er abl PreSpg Seniples3, Pesferbly grioped pefiailicandaysas Alsp therthévEim Laygis28ual
i ncl i ned l%_‘aﬂ&?gtcﬁécfj wgut 94% ﬁnatsézﬂ%fl&gg;%@e SEdeac asngea o%g edion- et ched
rag

surface. Vi n | ne etter sl d;g’e CO when usi ng

convenpi orpalysﬂhem)myén Qhe dqpﬂdmmrsthcoﬁ ldyoisthat e rebistdnee thiat @ardddn conduct i ve
material. Optional IKP,ﬂt he same material used to create the conductive |ayer

i s al so pRFIRoFiREdodhe flerefocerapplied tp the layere Far e agpsichad substate adfiiste a seal i ng
surface thal é%&@;@%hlxd ﬁxbﬂeﬁlaﬁs&sw&ﬁqsf@e%m cags ths §6Rt to forma

m cr o- mac |ne syst e processed nufti-level su ate I'S ed to
anot her subairdiagly,thogtomharedsyreadesor FUf tbiflek elwethy dhbegmg e rdmnmlcen g‘hef t he
substrate occurs, preferably the space created. by the w de-g i S evacuat ed

and a her ﬁ@tgieceteeétsuh’%rafeoﬁpr@a atsecoeﬁeéﬁseuem éB%lt?dé‘P 48 cvsmahwrfaﬁe tat ch t he
ci rcuiy Fes E%’%E‘E@te tﬁ&?e'a%ﬁste%etiﬁe%cog&ﬂ 1?%&‘&&5@&&5&9@{1&5’1‘%3 t@ipkx O ot her

partic e substrate bon an additional seal can be
applied artlmnehy ¢haegipgits phsastapco By prd:ﬁdtnlgex wolngepl betwest et tevotsobstragaf e t he

hernmetic se r to provid dit] hes on bet ween the bonded
Cubst r o essch woRRE AR B HER S GhfE te GETIbHRGth! BRSUEEE Phoce killed in
the art thadstdRBYf R PoBiliets 1298 ai® ik frigGaditferefice B opbibndIBderati® of e di scl osed
enbodi nents w t hout substantlallg departing fromthe invention. Al such

gt

vari ati onewewellum;d@ﬁf@mtlabn@ssalﬁe weenrthe first prepaire A% hodithd sbeondi n wit hin t he

isgo(r:)le gﬁf f?rr]ciesglﬁe %56 ¥§%%ferably, Se sspgct;e tf)e?ween thg tv%1 gugsPrateso Ygl erw]/ cuale%l M. What

and secaled with a thjrd seal 56 to prevent the pressure of compression of internal air
from affecting the reading. Optionally, seal 18 of earlier embodiments can be used in
conjunction with or in place of third seal 56. Other possible MEMSs devices that can
use this embodiment include accelerometers.

25 Fig. 7 is a fifth exemplary embodiment 60 of a micro-machined system using a
multi-level integrated circuit embodied by the invention to form a display device 70.
In this embodiment, the substrate 10 is etched to remove material and to form an
etched surface that includes thin-films 78 used to create circuit elements such as
spindt tip electron emitters 76 that create an electron beam 8 1. The electron beam 8 |

30 s focused and directed to pixels 74 using an electronic lens 80. The electron beam’

travels through the evacuated space 82 between the glass substrate 58 and substrate



1. Anintegrated circuit (30), conprising: a substrate ( 10) having an
et ched surface and a non-etched surface, the etched 5 surface containing
‘circuit elements (22,24) and the non-etched surface containing a bonding
surface ( 18), the non-etched surfaceugt a predeterm ned height ( 12) from
. the etched surface. 2. The integrated Circuit (30) of claim1l wherein the
etched surface and the non 10 etched surface are separated by a gradual
incline. 3. The integrated circuit {30) of claim1 further conprising a set
of interlevel connections (32) between the etched surface and the

non- et ched1@ Bdase theldectron Bhan iihepgtiadle chatgdde itiis diestfd tofa Higtaldlage Wher ei n
the non-etched _surface has a seal (18) disposed around the periphery of the
i nt egr at ednOfp ¢ If theselectmp strikeey ay @cptigr rpemcle thaigy vethinc¢varyated spRes ei n t he

det t ched
LT ace. | st el btepine folzclShBERAOGHARE PHLY A6 Sidiiad Bt che
i nt egr at edWhiesi @itk tt(e%@)ndt tip,rrbas spahdidip rAayShHesing dh@ageiQuudiay itngnet i r st

surface containing circuit elenents (Z2,24) and a second surface el evated
from tHe foResite B’iﬁ’PFré)béthhﬁB‘U@‘ﬁc'éPt‘\’jjr%ﬁPai‘Z m&qberl@lct IpyXtregcly Y 4 set of

cont i ”“Ouf\( S ‘bgésb#ﬁ ahd 8&fS2 (r?tx%t) (5%ie A H'?eé%rs%‘ b@ﬁoﬁa‘l g&mﬂw face to the

second su I nt eg rate circuit erein first and
second suréralnmismartethpmawrllabfortmdtlh&veda}i@(lﬁ can s chdsen abngm&l thé t he

cubstrate Sl il fLARL D Re NG B8k L R0, Aot e S
of clai m 7,48\ Ehdhdt he gradual i ncI ine is formed at | east

10 Fig. 8 is a sixth exemplary embodiment 90 of a micro-machined system using
a multi-level integrated circuit embodied by the invention to form a mass storage
device using atomic resolution storage. In this embodiment, three substrates arc
bonded together to form the system. The emitter substrate 83 is created by removing
portions of the substrate to create an etched surface that is processed with thin-films

15 95 to create an array of flat emitters 100 and electronic lenses 93. The flat emitters
100 create an electron beam 99 that is focused by the electronic lenses 93 to create a
spot of electrons on a media 88. Media 88 is deposited onto a rotor substrate 84 that
is bonded to the emitter substrate 83 using conductive layers 16 and seal 52. The
media is deposited on a portion of rotor substrate 84 that is suspended and allowed to

20  move in a first and second direction by springs 92. A stepper motor, preferably
electrostatic, that is partially formed on rotor substrate 84 and a stator substrate 86,
controls the first and second directions. The stator substrate 86 is bonded to rotor
substrate 84 using a wafer bond 96. Electrical interconnections between the rotor
substrate 84 and the stator substrate 86 are done using electrical interconnections 94.

25  Electrical connections between the rotor substrate 84 and the emitter substrate 83 are
implemented by conductive traces 16 which are disposed on dielectric layer 14, which
performs isolation. The conductive traces 16 are connected to circuit elements on the
emitter substrate 83.

One particular embodiment of a process to implement the invention uses the
30  advantageous crystalline structure of a silicon substrate commonly found in

conventional semiconductor wafer processing. A silicon substrate with a surface



partially along substantially a <311 > crystalline axis (26) of the
substrate { 10) when interfacing with the second surface. 9. The integrated
circuit (30) of claim6 wherein the elevation ( 12) between the first and
second surfaces is between about 2 niﬁions to about 400 microns. 10. The
-integrated circuit (30) of claim6 wherein the circuit elenents include
electron emtters (24). 10 1 | . The integrated circuit {30) of claim®6
further conprising a hernetic seal ring ( 18) disposed on the second
surface and encl osing the periphery of the integrated circuit (30). 15 12.
The i nt egriaviag aGil00d ictys(aBdy avis (Flakd)3 Preferdbishmasieanpd wet-sghal Witehectri c

| ayer (14) disposed between the substrate ( 10) and the set of continuous

conduct i ve"mtSPH@l@E S’(“CTB)”tCh% S“Pb Pﬁ @Fmﬁ&&/ﬁ F“i’?ﬁtﬂ’“‘é‘}%bﬂﬁ?’(lﬁﬁgw APH 46, 60,

cont ai ni nd’ CI rcui el emen REon e eleva e om the first

surface t hiboudBv. dy gveight.alhel dtrﬂiamneorks hpbrﬂu@ st (D(m planaef thel sitigorsudeiratof
conti nuous conductive traces ( 16) extending fromthe first surface to the
second Ssurspefeee togid the silieQnad a§t§B&1€ relative(tg the 3ld 1> pianeshe gshmsegqqav. ng a set

of conduct| . { Jirst
substrate éﬁé@% e% @q%seli]lg(%anteté ﬁgongaﬁg f@éggé{a?eragé@gggﬁguﬁﬁ | rs? substrate
contacts td&ﬁthsehclﬁévedpmm by mohitmxgsthe)ﬁmehﬂ egbmgnBregaritsly rth¢ desired f or m

el ectrical connectigns. m cr o- machi ne g&wﬁ%SGHIOf claim 13 further

conpri si ngleathys Fﬂ'ﬁf‘?”@b"s“é%tpet{”ei%ab%‘?z PN kg G meerensy Pptidralyof ¢ he
bonded Frsf A é&ﬁ%geﬁbﬁ%rﬁlﬁrm%o furktfer graduate the incline to interface at a

10  more gradual angle to the non-etched surface thereby allowing for better sidewall

coverage during deposition of the conduction layer for interconnects. A preferable
second etching step is to remove all or partially some of the mask on the substrate to
expose the edges of the inclined surface to the non-etched surface. When subjecting
the silicon substrate to a stronger etchant,-preferably TMAH at a concentration of 25%

15 by weight, the etchant will attack the <100> plane of the now exposed non-etched
surface to the <311> plane of the silicon substrate.

Figs. 9 — 17 are exemplary process steps used to create a multi-level integrated
circuit that incorporates several aspects of the invention. For example, if Fig. 9 a hard
mask, preferably a dielectric layer or photoresist that is resistant to the substrate

20  etchant is patterned on the substrate 10. Preferably the hard mask is formed using a
PECVD dielectric of about 1000 Angstroms of thickness. The opening within the
hard mask defines the opening where the substrate 10 will be etched. Fig. 10 is an
illustration of results from an anisotropic etch, preferably TMAH at about 5% by
weight concentration. An etched trench 64 forms a gradual incline from the etched

25  surface to the non-etched surface under the hard mask 62. During etching, a portion
of the substrate 10 will be generally be undercut under the hard mask 62. The gradual
incline is etched along a <1 11> edge 28 of the crystalline structure of the silicon
substrate.

In Fig. 11, after the hard mask is partially or totally removed, a second etch of

30  a stronger solution, preferably TMAH at about 25% by weight concentration, is

performed to attach the silicon exposed by the removal of the hard mask to create a



15. The m cro-nmachi ned system of claim 14 wherein the hernmetic seal is
formed during the bonding of the first and second substrate. 16. The

‘m cro-nmachi ned system of claim 14 wherein the el evati on between the first
and second surfaces of the first subst ate and the second substrate form an
-open regi on and wherein the open regi I s evacuated before the hernetic
seal is forned. 17. The m cro-nmachi ned system of claim 13 wherein the
second substrate has a first surface containing circuit elenents and a
second surface elevated fromthe first 10 surface. 18. The m cro-mnmachi ned
syst em of <3 ldinadgd 26hEtheicrystaime Seoamd of tHesilicat substrateu ddhs hardseiskain
conductive traces { 16) extending fromthe fjirst surface to the second

surface ofbetnigially cemeyed pyismgadry eish processyie e pR ISQHERE Sdge- £185t b4n of cl ai m
13, whereiy ' ] & ' ) (76) and
wherein t hfeh lilgggafrt\éd{hg E’l')e?tﬂ(?g%f;ﬂaé(%é) %dg} %g 3?2@“3‘%&@%?&5% @BwSﬁJntgﬁ%gﬁnt ern of
phosphor ousyetat @edsier. 10 F49. 1althgretively tsteep Kél bt @lpe28ris elavid @cled(@r6) . 20 20.

The m cro-nachi ned system of claim 13, further conprising: electron
em ttefs (fobyegresangls rtiosralaien e te cpistalling sipeiiteotdhe siHeorFsupgtata upst r at e

(83); at the%?dJHﬁﬂ% 6%'% & sh& dgﬁ’&g&’gn t&%sﬁ@???%g ¢ ttlﬁegé?lt%%]tfa@é 14 §8) and

di sposed between t I rst and secon at e, I'rd subStrate
i ncl udi ng ithediages (lBB)riehtatibn bfth2 S3ddpahd eheafl | betnygtalline strasturand theead, t he
nmedia fixed at a first nce fromjthe first %urface of_t[gfirst

di st
substrate ﬁ“hSt’&te_f ‘"fﬁeét‘heoﬁaf‘ilﬂa? ﬁ;'elgﬂ\‘fd F‘é’&f}feo‘i‘ﬂnf?t efl shifacey Figg j St he second
substrate ftﬁ(ﬁHJBﬁl't Btnk geaoH@etgﬁ%?chqﬂ v dtB@h{ogs %ﬂgg blefit 8¢ we%zqwﬁzé%fhnedl ais

capable o el ng positioned in a second and t rection be t he
el ect rion efoirhg £2%24-8€gree incline that interfaces to the non-etched surface of the substrate.

ancoL Ay providing Tt &'mors eradkial Stope i s te <175 Glige 28, beiter soverage o > L M
the dielectric layer 14 and conductive layer 16 is possible and the possibility of thin or
broken traces is essentially eliminated. By using a longer second etch, the <111> edge
28 can be optionally completely replaced by the <3 11> edge 26. If the <l 11> edge is

15  completely replaced by the <3 11> edge, unwanted UV light reflections from the
<111> edge to the lower etched surface can be eliminated due photomask exposure.
By eliminating the unwanted UV light reflections prevents resist pattern anomalies
and allows for the use of less expensive and less complicated photomask exposure
machines.

20 Optionally, if the gradual incline is not needed or desired, <110> silicon can be
used with the TMAH etch to form a sharp profile etch. This technique may be useful
when working with certain MEMSs devices that do not require interlevel
interconnections.

Fig. 15-17 illustrates the result of substrate 10 after it has been processed to

25  provide thin-film layers 20, dielectric layer 14, conductive layer 16 and seal 18,
respectively. Preferably a Depth-of-Focus photolithography machine such as the DSA
1600 System manufactured by Ultra-Tek Stepper is used to allow for focusing the
various thin-film processing masks over the various heights of the etched substrate.
The DSA 1600 system uses a two-step stitching process to ensure proper focus over

30  the entire wafer. The DSA 1600 system provides several hundreds of micrometers of

depth resolution using the stitching capability of the machine. Thus, the thin-film
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Fig. 19 is an exemplary flow chart of a general process for any substrate that

can be used to create embodiments of the invention. In step 110, a hard mask is

10 patterned on the substrate. The hard mask pattern has an opening that defines the arca
that will be etched from the substrate to a desired depth in step 112. The hard mask
covers the non-etched level of the substrate and is preferably located on the periphery
of the substrate but could also be located within the interior of the substrate.
Optionally, several different etched surfaces could be formed on a single substrate to

15 facilitate multiple fabrications of integrated circuits such as with wafer processing.
Therefore, the hard mask pattern may be placed only around the periphery of each die
on a substrate when fabricating several die on a wafer substrate. Also, on a single die
there may be morc than one etched surface and integrated circuit element processing
performed on each etched surface to allow for isolation and/or electromagnetic

20  interference separation. The desired depth in step 112 is chosen to be the wide-gap
separation. The depth chosen is limited by the substrate thickness and the ability of
the integrated circuit processing equipment to fabricate thin-film layers at multiple
heights. Preferably, a wet etch is used so as to perform an anisotropic etch, but
optionally a deep reactive ion etch (RIE) or Bosch process can also be used to create a

25  succession of isotropic etches with polymer coated/protected sidewalls that are
anisotropic on the macro scale. Preferably, the dry etch is followed by a wet etch to
create a gradual incline. The gradual incline allows for excellent step coverage of
inter-level connections but if these connections are not required, the single dry etch
can be used to just create the wide-gap and the circuit elements fabricated on the

30  etched surface. Connections to the circuit elements can be through the backside of the

substrate using backside etching and other techniques known to those skilled in the
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art. Preferably, for silicon substrates having a <100> surface, a TMAH etchant is used

to create the slope sidewalls that are gradually inclined. For silicon substrates having
a <110> surface, the TMAH etchant will create sidewalls that have a sharp profile.

After the substrate has been etched to the desired depth, in step 114 the circuit
clements are fabricated on the etched surface of the substrate. The circuit elements
are preferably formed with thin-film layers and diffusions of conventional
semiconductor process materials. However, some circuit elements may be made using
other technology such as MEMs to create micro-machines and/or sensors.

Optionally, if interlevel connections are desired, in step 116, they are
fabricated by preferably first providing an insulating layer, such as a dielectric
material, for example, SiO; or SiN. By using a gradual incline with a <3 11> slope,
the dielectric is deposited over a less acute convex corner and does not create
unwanted seams that can be attacked by latter process steps such as a BOE etch. On
top of the insulating layer, a conductive layer is patterned and formed to provide the
electrical connection between the circuit elements and the non-etched surface. The
portion of the conductive layer that is on the non-etch surface is used to make
electrical connection with a mating substrate or optionally if extended past the edge of
the mating substrate, to external circuits. Preferably, the inter-level connections are
patterned over a gradual inclined sloped sidewall between the etched surface and the
non-etched surface. Having a gradual incline allows better slope coverage when using
conventional deposition equipment of both the dielectric and conductive material.
Optionally, the same material used to create the conductive layer is also patterned on
the periphery of the die/substrate to create a sealing surface that preferably provides a
hermetic seal.

In step 119, to form a micro-machined system, the processed multi-level
substrate is bonded to another substrate, optionally also multi-level. When the
bonding of the substrate occurs, preferably the space created by the wide-gap is
evacuated and a hermetic seal is formed to create an evacuated volume in which the
circuit elements can operate without contamination from gas, air or other particles.

After the substrate bonding, an additional seal can be applied around the periphery of
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between the bonded substrates.
It should be noted that it would be obvious to those skilled in the art that many
variations and modifications may be made to the disclosed embodiments without
5  substantially departing from the invention. All such variations and modifications are
intended to be included herein within the scope of the present invention, as set forth in
the following claims.

What is claimed is:
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2. The integrated circuit (30) of claim 1 wherein the etched surface and the non-

10 etched surface are separated by a gradual incline.

3. The integrated circuit (30) of claim 1 further comprising a set of interlevel

connections (32) between the etched surface and the non-etched surface.

15 4. The integrated circuit (30) of claim 1 wherein the non-etched surface has a seal (18)

disposed around the periphery of the integrated circuit.

5. The integrated circuit (30) of claim 1 wherein the predetermined height (12)
between the etched surface and the non-etched surface is between about 2 microns and

20  about 400 microns.

6. An integrated circuit (30), comprising:
a substrate (10) having a first surface containing circuit elements (22,24) and a
second surface elevated from the first surface through a gradual incline (28); and
25 a set of continuous conductive traces (32) extending from the first surface to

the second surface.

7. The integrated circuit (30) of claim 6 wherein first and second surfaces are parallel
to the <100> crystalline axis of the substrate and the gradual incline (28) is formed
30 along the <111> crystalline axis of the substrate (10).
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10. The integrated circuit (30) of claim 6 wherein the circuit elements include

electron emitters (24).

10
11. The integrated circuit (30) of claim 6 further comprising a hermetic seal ring (18)
disposed on the second surface and enclosing the periphery of the integrated circuit
(30).

15 12, The integrated circuit (30) of claim 6 further comprising a dielectric layer (14)

disposed between the substrate (10) and the set of continuous conductive traces (16).

13. A micro-machined system (40, 42, 44, 46, 60, 90), comprising:
a first substrate (10, 30,30,83) having a first surface containing circuit
20  elements and a second surface elevated from the first surface through a gradual
incline, the substrate including a set of continuous conductive traces (16) extending
from the first surface to the second surface; and
a second substrate (34, 36, 38, 54, 58, 86)having a set of conductive traces
(16), the second substrate bonded to said first substrate such that the set of conductive
25  traces of the first substrate contacts the set of conductive traces of the second substrate

to form electrical connections.

14. The micro-machined system of claim 13 further comprising a hermetic seal (18,
52, 56) enclosing the periphery of the bonded first and second substrate.
30
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and wherein the open region is evacuated before the hermetic seal is formed.

17. The micro-machined system of claim 13 wherein the second substrate has a first
surface containing circuit elements and a second surface elevated from the first

10  surface.

18. The micro-machined system of claim 17 wherein the second substrate includes a
set of conductive traces (16) extending from the first surface to the second surface of
the second substrate.

15
19. The micro-machined system of claim 13, wherein the first substrate (10) contains
electron emitters (76) and wherein the second substrate (58) is a glass substrate with a

pattern of phosphorous material (74) aligned with the electron emitters (76).

20 20. The micro-machined system of claim 13, further comprising:
electron emitters (100) formed within the circuit elements on the first substrate
(83);
a third substrate (84) bonded to the second substrate (86) and disposed
between the first and second substrate, the third substrate including media (88) that is
25 capable of being written and read, the media fixed at a first distance from the first
surface of the first substrate in a first direction; and
electronic circuitry (98) on the second substrate coupling to the media on the
third substrate wherein the media is capable of being positioned in a second and third
direction beneath the electron emitters.

30



