METHOD OF ROOM TEMPERATURE COVALENT BONDI NG

CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s
application is related to application Ser. Nos.

09/ 410, 054, 09/505,283 and 09/532,886, the entire
contents of which are incorporated herein by
reference. BACKGROUND OF THE I NVENTION 1. Field of
the Invention The present invention relates to the
METHOD@AF ROONETEMPERATERE GOV AleENT BONBING
and nore particularly to the bonding of substrates for
the fabrication of engineered substrates,
encapsulatlo and t hr ee- di mensi onal _devi ce
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hi gh performance el ectronic systens are inmm nent,

systemon-a chip (SOC) is becom ng a natural solution

of the sem conductor industry. For systemon-a chip
Bﬁﬂ&&ﬁﬂ@UﬁﬁhOFdIﬁ&ﬂNEE&ﬂEG»&unctions are required on a

chip on technol ogy is the mainstay
techhd?% ?#ﬁ 8@33|ng a | arge nunber devi ces,

many_of the desired circuit and optoelectronic
f uncThEoﬁ@S%nnW%éélﬁteaéo dba ﬁﬁh’e@f whfep shireelghandingapt room
devices and/or circuits fabricated in materials ot her
temipamtwe,| dand amre phigiculerly ly Brei tbndingtof isgbsttaies Hoi the égrarkgon of
non-silicon based devices with silicon based 1
engineered substrates, encapsulation, and three-dimensional device integration using
the effects of, and combined effects of, fluorine and ammonium in dielectrics,

especially in a silicon oxide layer,

2. Description of the Related Art

As the physical limits of conventional CMOS device are being approached
and the demands for high performance electronic systems are imminent, system-on-a
chip (SOC) is becoming a natural solution of the semiconductor indus1l:ry. For
system-on-a chip preparation, a variety of functions are required on a chip. While
silicon technology is the mainstay technology for processing a large number devices,
manyrof the desired circuit and optoelectronic functions can now best be obtained
from individual devices and/or circuits fabricated in materials other than silicon.

Hence, hybrid systems which integrate non-silicon based devices with silicon based



devices offer the potential to provide uni que SOC

functions not available frompure silicon or pure

non-silicon devices alone. One nethod for

het er ogeneous devi ce integration has been the hetero-

epitaxial growh of dissimlar materials on silicon.

To date, such hetero-epitaxial growh has realized a

hi gh density of defects in the hetero-epitaxial grown
defvidessffer thampgtengialdoeredds heiqne SP&L uhelsorismok available from pure

constants between the non-silicon filns and the
silsddpsdripateEnonfiidddnetevitppaloaeh to het er ogeneous devi ce

i ntegration has been wafer bonding technol ogy.

HOVE AL R £ ForD PR IS Qfus A RdeMdtéHratio Gibd Aesn NRY IHREero-
different thermal expansion coefficients at elevated
tenperat ure . ntroduces. t-hermal... str t C .
erlfFRRE RIS e AR BRI tiedt 6T R85, R o iphiaa
| ow ., tenpgrature bondjng.is_.desired. Low te ratur
erpiL Py TeRLZ< & BiEBoLTIPIEH Of GRIERAn (6 IRy Bl SZP T s,
materials if the dissimlar materials include
largglyveducep sheunismatehgs in latinerosstents betveaep dhanen-glicqy films and
tenperature sensitive devices such as, for exanple,
thasublsttitehet er oj uncti on bi polar transistor or a
processed Si device with ultrashallow source and

dr ai Andh&f h}%}ﬁ‘ﬁach-r@@ 1esbehetls BePesSiaREraieadrst been wafer
produce di fferent functions on the sane chip

ai. nj i f [ o i &ifd :hard,:
boffH2teRhRdog. HERERE, TRACE (nsings of St BRdf yine
Lespecially those at .Larger. int tion size how,.a
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fully processed | Cs by wafer adhesive bonding ang
stiegsps rthaty lead fta dislgeationgensxation) dehondipg, ampracking\igus, low
K. Kajiyana, K
temperatujre )l/)onding is desired. Low temperature bonding is also desired for the

bonding of dissimilar materials if the dissimilar materials include materials with low
decomposition temperatures or temperature sensitive devices such as, for example,
an InP heterojunction bipolar transistor or a processed Si device with ultrashallow
source and drain profiles.

The design of processes needed to produce different functions on the same
chip containing different materials is difficult and hard to optimize. Indeed, many of
the resultant SOC chips (especially those at larger integration size) show a low yield.
One approach has been to interconnect fully processed ICs by wafer adhesive
bonding and layer transfer. See for example Y. Hayashi, S. Wada, K. Kajiyana, K.

Oyama, R. Koh, S Takahashi and T. Kunio, Symp. VLSI Tech. Dig. 95 (1990) and



Oyama, R Koh, S Takahashi and T. Kunio, Synp. VLS

Tech. Dig. 95 (1990) and 2 U. S. Pat. No. 5,563, 084,

the entire contents of both references are

i ncorporated herein by reference. However, wafer

adhesi ve bondi ng usually operates at el evated

tenperatures and suffers fromthermal stress,

out - gassi ng, bubble formation and instability of the
Uadifasi Me, 5)56a0B849the centied comtelnty i of | ibth nefehencer eeessompnohted

poor reliability over tinme. The adhesive may al so be
helré16 BINBEISHCE, MbivBvdryRhfeRhdhcB R Hoaihe als0dlly18ieidtas hildleviged

procésses. Mreover, adhesive bond i's usually not

r er,

e BEh and e S SPSALF VBl 8“"%55% HaBHls tomhSich and
. t hout usl n ad eS| uIt|n N a
ing§PHIR, o6 thp et Ik it ton FRET SR po iR b el Boor

and_ i nhonogenei t i n the adhesi ve ., bondi ?. ) )
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withstand a thinning process, when one wafer of a
sehueraddctpn imanifctuing gdedssesa Mdreevencadhesizs honfas uspally not

respective critical value for the specific materials
heg@itty, nati on, the generation of msfit dislocations in

the layer and sliding or cracking of the bonded pairs

dur i ®ghm W%aﬁ%?é@horﬁﬁ@ﬁ%&é&ﬁoﬂg? RBat Al8ws wafers to
avoi ded. See for exanple - Tong and ~U. Cosel e,

bes%}rﬂdgwp C&rgﬁe eﬁgﬂﬁj@gr smgcdfgg%l?l ﬁ'?% ge-ggf;f]iltﬂgqh AO¥ermitic
bqngf egﬁg{go}fn@%ﬂmr | ncor%wggre%&% 3¢ in the adhesive
bonding. Further, if the low temperature bonded wafer pairs can withstand a
thinning process, when one wafer of a bonded pair is thinned to a thickness less than
the respective critical value for the specific materials combination, the generation of
misfit dislocations in the layer and sliding or cracking of the bonded pairs during
subsequent thermal processing steps are avoided. See for example Q.-Y. Tong and
U. Gosele, Semiconductor Wafer Bonding: Science and Technology, John Wiley &

Sons, New York, (1999), the entire contents of which are incorporated herein by

reference.

SUMMARY OF THE INVENTION

The present invention is directed to a bonding method including forming first

and second bonding layers on respective first and second elements, at least one of



The present invention is directed to a bondi ng net hod

including formng first and second bonding | ayers on

respective first and second el enents, at |east one of

3 the bonding | ayers conprising a fluorinated oxide

| ayer, bringing into contact the first and second

bondi ng |l ayers in anbient at roomtenperature, and

form ng a bond between said first and second | ayers
theabordirgnlayespengrising. a Hoornatgl atidé dast, wing iraicdntact the

bondi ng | ayers conprising a fluorinated oxide [|ayer
firdtaMd keohd @6ndifg MHyBE: ia Andidnd &t loditelempBAneY PAdifBanihpa bond

| ayer to a fluorine- containing solution, vapor or

befS@en s%lﬁ %éﬂ?g@ tg’%oﬁél Iz{y@fsngt ?&n@téﬂgﬂ%g?ﬁ!re_st ructure

accor e I nvention may so i ncl ude bondi ng

first and cond bondi. | ayers, and formng a. .
F1 UEPTREE oL Rctitns St T ORATRE e T Bofipgted oxide
vicinity of an interface between the fHLsgggnd second
laygt maYnigiclude fpaning ang oxide dar sRKEXPRSIRE the AT dp& fporine-
said first and second |ayers separated fromthe first
comgaiakngaotitioncegperiongasdi st ance fromthe first peak. One
of the bonding |ayers may be an oxi de | ayer, and the
met Tae niealyod of foiming #bbhdiel stiusture duairdigg ftd uor inventiont may
the oxide layer, and form ng a second oxide | ayer on

alsh NBclufit Mohd gl ARt | AMetecBhd YonliAg labérsOde BBk P - flubdige
present invention is also directed"to a bonded
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of the bonding layers may be an oxide layer, and the method may further include
introducing fluorine into the oxide layer, and forming a second oxide layer on the
first oxide layer after the introducing step.

The present invention is also directed to a bonded structure having first and
second elements, first and second bonding layers respectively formed on the first
and second elements, the first bonding layer non-adhesively bonded to the second
bonding layer and the first bonding layer comprises a fluorinated oxide. In the
structure the first bonding layer may comprise a first oxide layer formed on a second
oxide layer, where a fluorine concentration in the first bonding layer has a first peak

located in the vicinity of an interface between the first and second bonding layers

and a second peak located at an interface between the first and second oxide layers.



structure the first bonding |ayer may conprise a first
oxi de layer fornmed on a second oxide |ayer, where a
fluorine concentration in the first bonding |ayer has

a first peak located in the vicinity of an interface
between the first and second bonding |ayers and a
second peak located at an interface between the first
and second oxide layers. 4 It is an object of the

pr edefd amn ot bbithe presaitiisvontian teraghievgh e diigly dadsity of
coval ent bonds at roomtenperature in air on the

coSMERAEdS fat Sddnh ESRpPHLRSInCAY Bh T8k sRIce 0T sflfcod oMidéecovered
variety of materials. A further object of the present

wﬁfgﬁ\é%ﬁi“ﬁ@e{} ieft)?)ofﬁgtlé gt he density of a surface
SI ayer

i con oxi de aving a thickness of nmto m A

stil] further ohject of the present invention.is.tQ

o nhith Eirtteh 8Eigr R 67 breSimt ¥ enBp BB BEEE OBk B b Rerraee
.absorption away froma bond i nterface. Another object
siligon prisle daxes Baying A fpkneshod mn tQUPht ai n a bondi ng | ayer

(nmto min thickness) having a Fluorine

concestill fitrihen objeetanfahe preaent|ixvenion isOR enBamng thédiffusion rate

surface. An additional object of the present invention

of iplritiesaby/mdigudebsirpiioriwa vl ssindlioetsceacr oss a
bondi ng interface over the surface of an Integrated

G r Aidiher UbjcdE¥l fR Radchelmehdddd 18IRARBbonding layer (nm to
sem conductor process(es). Another object of ?he

P 8 L RA S o

fluorination treatnment by standard sem conductor
SUpfScess(es).

An additional object of the present invention is to vary the density of
covalent bonds across a bonding interface over the surface of an Integrated Circuit
or device pattern using standard semiconductor process(es).

Another object of the present invention is fo form a low-k dielectric locally
or wholly on a silicon oxide surface with a fluorination treatment by standard
semiconductor process(cs).

A still further object of the present invention is to create a material whose
surface can be atomically terminated with a desired group such that covalent bonds

are formed when two such surfaces are brought into contact at room temperature.

BRIEF DESCRIPTION OF THE DRAWINGS



A still further object of the present invention is to
create a material whose surface can be atomcally
termnated with a desired group such that coval ent
bonds are forned when two such surfaces are brought
into contact at roomtenperature. BRI EF DESCRI PTI ON

OF THE DRAWNGS 5 A nore conpl ete appreciation of the
present invention and nany attendant advantages

t hergatorpicbinplee: agaetiiitionodft the peceasinvérgioname hagoatendant
better understood by reference to the follow ng

addﬁ{tggés RerEGSEIl B (lilyOBRIneans itkiesmtt bétoaRe Mekdér @ilerstood
h™ t he acconmpanyi ng drawi ngs, wherein: FIG 1 is a

r t CG,0,
by, %?%Vﬁfgée"ﬁgn@é”n oy AL T Koo fenl B R U b Rion
.&n&onded substrates hg\\elhl ng respective bonding |ayers;
Wig} (E° a5y itV AR S CE yai r - of unbonded substrat es
brought into direct cont act; FIG m of
t he H&i 1 ipe fovpdiegepeel atheppedimept aﬁ rm%t ﬁb‘g?‘i‘i ngfo the

the substrate is renoved; FIG 2D is a diagramof the
inyationof substrates of FIG 2C after bonding a third

substrate; FIG 3 is a graph of bonding energy as a

f UNERIGORAOfs $1dQIERER ofi 4TPaitof Mbondeidesubsitates having respective

of bonded wafer pairs wth and without a bonding | ayer
boh&%gh3y/eRY

FIG. 2B is a diagram of a pair of unbonded substrates brought into direct
contact;

FIG. 2C is a diagram of the pair of substrates in FIG. 2B after a portion of
the substrate is removed;

FIG. 2D is a diagram of the pair of substrates of FIG. 2C after bonding a
third substrate;

FIG. 3 is a graph of bonding energy as a function of storage time at room
temperature in air of bonded wafer pairs with and without a bonding layer involving
fluorine and ammonium;

FIG. 4 is a graph of bonding energy as a function of storage time for bonded
wafers processed with and without plasma treatment;

FIG. 5 is a graph of bonding energy at room temperature as a function of

time for wafer pairs treated with and without ammonium;



fluorine and ammonium FIG 4 is a graph of bonding
energy as a function of storage tinme for bonded

waf ers processed with and wi thout plasma treatnent;

FIG 5 is a graph of bonding energy at room
tenperature as a function of tinme for wafer pairs
treated with and without ammonium 6 FIG 6 is a graph
of room tenperature bonding energy as a function of a
posFIGIF6tis eagrapindf badoh ngmpeatper hondivg efdrey a¥ ai Bingtion of a

graph illustrating the |inear relation of the neasured
pogqmplheﬂmeﬁnm)g@ﬂ@eﬁquare root of storage tine; FIGS.
8A— 8C illustrate an enbodi nent of the invention where

rgz\flgt egrﬁ 111%1 aliflg Y PFQ&r'r@laﬁof?Qﬂdch@ gnéaﬁ)fr@& ‘bonding

enmati ca | ocali zed ful
cova nt bondj re ns. in a bonded wafer pal r; FIG
enggy pu %\quﬁfec]i%g&g% ageegﬁng,“ ng the fractured Si
subsurface beneath the nded | terface of, the

pr e$LAP. $hdeniliugiFate gp @fnho iment gf ea‘&?’%\‘?ﬂc’é‘f""]&‘?ﬂ'e 2 fsigatyd

| ow-k oxide structure; FIG 12 is a SIM (Secondary
layeois M@@@@é@@dmgd@@;) measurenent; FIG 13
illustrates bonding a plurality of devices to a |arger
SUbFIGEL 9A-9EI 6w stédndtiballg epalizedsfolie wataled boydiag regions in
application of the bonding process of the present
a boR¥&VWAePpdie netal to metal bonding;
FIG. 10 is a micrograph depicting the fractured Si subsurface beneath the
bonded interface of the present invention;
FIG. 11 is a diagram of an embedded low-k oxide structure;
FIG. 12 is a SIMS (Secondary Ion Mass Spectroscopy) measurement;
FIG. 13 illustrates bonding a plurality of devices to a larger substrate;
FIGS. 14A-14C depict schematically an application of the bonding process
of the present invention to metal to metal bonding;
FIG. 15 illustrates metal to metal bonding of a plurality of devices to a larger
substrate; and

FIGS. 16A-16E illustrate an application of the invention to hermitic

encapsulation.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS



FIG 15 illustrates netal to netal bonding of a

plurality of devices to a larger substrate; and FIGS.

16A-16E il lustrate an application of the invention to

herm tic encapsul ati on. DETAI LED DESCRI PTI ON OF THE

PREFERRED EMBODI MENTS 7 Referring now to the

draw ngs, wherein like reference nuneral s designate

| i ke or correspondi ng parts throughout the several

vi eviReferaing nowr & fer drawiigar perein likg Gderenceangmenalsp@esignate

illustrating a first enbodi nent of the bondi ng process
likef ort digrespndBgnparisrtiiighant the sekesal rvided .anlIntdre Jparticularly to

illustrates in general terns the nethod according to

FIgke 1 ﬁl\ﬂ% 'Z‘E"lllugﬁﬂﬁ‘lgnﬂ fir@YeSod@h&ht T tHE BoRdin r&ie@sﬁ@flfhe
to be bonded, such as a substrate or wafer TEP 10).

pr?sen ?r?vsetntlﬁ%]qs Oc{eséglsi)%ﬁ riglli %@? lh n°g EdaH QL iR nf¥vhod

(S SUT uori ne or

orlnelnplanta STEP 1 ela
scdg? tb%fnae@f%bpn@aﬁf‘@@fs arﬁgs%ml%%a% meﬂﬁ{oebe bonded,
|nterface (STEP _12) and coval ent bonds form as
sueleggla s@istratecorewatial STERC Dorit( lstitrone3gt therhpnding éf}i’ﬁ’fshls
of the bond increases with tine as additional coval ent

flvocineied bey for esariplos extppping dis stufaderto flvedine or fluerinsaimplantation
reaction diffuse away fromsaid bonding interface.

(SPEefn.ahelaydrd Qreblﬁﬁd% dnr difR6 Soritset CloRdingt £bbmling diface,
t enperature, about 0-25C. FIG 2A shows two wafers

(S%EP 12391?1d RBVAIAE BoRaP ekl ¥€a hantli it &&Yxﬁéﬁ r@&%mn é@@ﬁp 13).

espective opposi ng surfaces 202, I ng

Theas}/trerrléthzgf’L thengonzclomcreases with time as additional covalent bonds form

and/or byproducts from said chemical reactibn diffuse away from said bonding
interface. Preferably, the bonding process is conducted at room temperature, about
20-25°C.

FIG. 2A shows two wafers 200, 203 having respective bonding layers 201,
204 with respective opposing surfaces 202, 205. Bonding layers 201 and 204 are
composed of silicon oxide formed by any one or combination of a number of
techniques including but not limited to sputtering, plasma enhanced chemical vapor
deposition or thermal oxide. The surfaces of materials 201 and 204 may be relatively
rough (>20 A RMS) and require smoothing before being brought into direct contact.
The film also may have sufficiently low surface roughness to bond without
smoothing. Surfaces 202 and 205 may be prepared utilizing techniques described in

application Ser. Nos. 09/410,054, 09/505,283 and 09/532,886, to produce a smooth,



conposed of silicon oxide formed by any one or

conbi nation of a nunber of techniques including but

not limted to sputtering, plasna enhanced cheni ca

vapor deposition or thermal oxide. The surfaces of

materials 201 and 204 may be relatively rough (>20 A

RVB) and require snoot hing before being brought into

direct contact. The filmalso may have sufficiently
activemedssutfaae dn boiaf) hincssfates dthel bondihg layerssaro polished) to a small

Surfaces 202 and 205 may be prepared utilizing
suffSse oL gRSs, dES6ddeBeshd the bdRGInE AdferO BreI&iosdNOB. a fluorinating

09/ 410, 054, 09/505, 283 and 09/532,886, to produce a

: CL | eqpl j ;

tre%l?i’fét%% Elkg ocﬁlal?e Edl.?é%se HES ¥, ?lf 6 ﬁlggﬁé %featrﬁéﬁ?,l lls'uﬁﬁﬁl&ﬁﬁtlon,

ndi ng"layers are po to a sne surface
r.0 ness, . i.f -needed,,. and .t he ,bgondi | aver [ .
hegigihdE B 40 RGBTl PRt B BRI RoRURgTATE activared,
aquequs HF, CF4 or SF6 plﬁina %re ment, F+ ..
and fgmirated pah, desigehgoups PR theshifaceq he ethvatien pad temipation
or a desired part of the bonding |ayers, activated,
stegs thay drervarriadauitt yhgether d3nly oge gr bohsofdhe berding purfaces myy e
activation and term nation steps may be carried out

so tiegein@he sGthoes @08 @id MR hredbrotifte tbgethktrnigtcs diréc ceatang\as
be so treated. The surfaces 202 and 205 are brought

shd WISt PRE. IM1t8 f8ink 8 HondQNdtARture aSovakdi® Wondifg btéars dosd the
forma bonded structure. Coval ent bonding occurs

B0 3 U6 o B 562 B n BRI SIPELS, 167 php 87T
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reacti on byproducts resulting fromthe bringin ..
of coyemidronds inpsgage ead/aT FReckien bupPPdrRd: §9suﬂmgf1%%gté%\&§lngmg

from sai d bonding surfaces after said bonding
togethet af exid termimnalighface(s) diffise eway fromt sixdt bonding surfaces after

said bonding surfaces are brought into direct contact.

EXAMPLE

In a first example of the first embodiment, PECVD (Plasma Enhanced
Chemical Vapor Deposition) silicon dioxide was deposited on single-side polished
silicon wafers at 200-250°C. The thickness of the PECVD oxide is not critical and
was arbitrarily chosen as ~1.0 um. The wafers covered with the PECVD oxide
layers were polished to smooth the surfaces. AFM (Atomic Force Microscopy) was

employed to determine the RMS (Root Mean Square) value of surface micro-



EXAMPLE In a first exanple of the first enbodi nent,
PECVD (Pl asma Enhanced Chemi cal Vapor Deposition)
silicon dioxide was deposited on single-side polished
silicon wafers at 200-250C. The thickness of the PECVD
oxide is not critical and was arbitrarily chosen as
-1.0 m The wafers covered with the PECVD oxi de
| ayers were polished to snmooth the surfaces. AFM
rofghinoss ¢o Ao de 3MAcr The opyferswakre ediginey ebly t:0 roladifiedriMEA |
the RM5 (Root Mean Square) value of surface mcro 9

(HLOUGM OFS,01=1¢: 0]2 s&uu&h&dﬁhﬁﬂﬁed/\ﬁre cl eaned by a
nodi fied RCA 1 O H2O2: NHAOH=5: 1: 0. 25) sol ution and

spi rTh@ rv‘/aqgrs \Jé?@ d e%rﬁb%ﬁfv\g'f ﬂjdovéeqrsgl ch}ﬁbg (N‘riltgl' éaXh Wah:? pair

several groups wt pairr “In a

eMedlrwa Speci rlorto d|n
in F‘ gf?lw feifyd S BGSs it O&gpﬁ@gvﬁkﬁfw X.%? igered
ygen plasma for thirty seconds in an reactlve ion
waé%rcwme (1Rpteyl 1 an xySFRATBiaPma forethinta sseands wagrpepactive ion
waf ers were dipped in CMOS grade ammoni um hydr oxi de
etchgmedr RIE0 |y tl 06 nn Barnt Hienplagma estadnvwafiéra were dippdd in CMOS
"NHACH' hereafter, before being spin-dried and bonded

grade @himofiunt G9dfok RIPKuddbws Solutidi céMtainihel B5%t frtmoxiad @ermed
covered wafers were dipped in 0.025% HF aqueous

“NEBOH 1RBeaftbRbeRfle SERORAD-BRE 2R IHInGEd ﬁdau i%orﬂﬁempemmre

concentration may vafy according to the type of

In ﬂr# ﬁnth%)%x‘ijc?%%%%%dg‘?%a&%erg %‘hgrpeg {Hl gé)%é/f% %I? a%u%%fs sgﬂl%on

e In-ai
inin oxygen

fon P il SR A %E(f%g%aew A PECAL SgeDto 1R Brpe

bonded in air at roomt enper at ur
of silicon oxide used and can be from 0.01% to 0. 5% The wafers were then heated

in air at 250°C for 2 10 h. The wafers were cleaned again in RCA 1, oxygen plasma
treated, dipped in NH4OH and spin-dried before bonded in air at room temperature,
FIG. 3 shows the bonding energy as a function of storage time at room
temperature in air of the bonded wafer pairs of Group I and II, respectively. The
bonding energy of wafer pairs in Group II increases quickly to 1000 mJ/m? within 3
br and reaches the fracture energy of bulk silicon (2500 mJ/m?) after ~40 hr storage
in air at room temperature and is significantly higher than the Group I wafer pairs.
This is shown by the upper curve in FIG. 3. The HF dip and subsequent heating
prior to room temperature bonding produce a large difference in bonding energy at

room temperature between Group I and Group II bonded wafers.
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FIG 3 shows the bonding energy as a function of
storage tinme at room tenperature in air of the bonded
wafer pairs of Goup | and Il, respectively. The
bondi ng energy of wafer pairs in Goup Il increases
quickly to 1000 mJ/nm2 within 3 hr and reaches the
fracture energy of bulk silicon (2500 mJ/nR) after -40
hr storage in air at roomtenperature and is

si griidf dsterniihy thed gifert dfhthe oxgenGplasipa ltreamicnt ip&nhancing the
This is shown by the upper curve in FIG 3. The HF dip

bofMiEle SERASAME Fonk @&hpétaturd) Ndndthet GrégO (GiRPPENablkafers was
bonélng produce a large difference in bonding energy

ey P EPR L WPRR B €4 SR R o
G S TR ST bob S SHBTFRabTp PR S
of wafers was prepared. The oxi de cpvgﬁggﬁﬁafer airs

thg exypesuplapmy tgakmer ofieh dvagt opish A sy HE PReLEy was
the same process conditions as wafer pairs in Goup Il

readized pt raohmtempiekasus)ipy eafes| nabraavithr ansk wisheut plasma,fgeatment as
omtted. A simlar bonding energy was realized at

shéWe i FERPRAGUY dndicitesvhbethepiypen phastha amatment fsowtt essential
plasma treatnent as shown in FIG 4. FIG 4 indicates

fot ﬁ@tt}lﬁ Qﬁelﬁ?&xgl%hd%%ﬁ%oﬁlrt%ﬁ& BRAkre iSwiet bEKERNIY plecede@by
the tull chem cal bonding at roomtenperature if wafer

I ng | ed by an HF aqueous dip and bake. In

roup, Goup IV, the oxide covered wafer
pair.s re bonded, at ogm tenperatyre after the.same
br o0dB SR BRTCETPHR, H3roLR [Vafheyoxile ayeied ol i Weig pogid at
that the step of NHAOH di p was el im nated and repl aced
ropy tgmpeiehirg afiendhe pame process conditions as wafer pairs in Group II

except that the step of NH,OH dip was eliminated and replaced by de-ionized water
rinse. FIG. 5 shows that the bonding energy at room temperature is reduced by 60%
for wafer pairs without NH4OH dip, 1051 mJ/m? versus 2500 mJ/m’. The NI,OH
dip thus significantly increases the bonding energy at room temperature.

The NH4OH treatment terminates the surface with NH; groups. Preferably,
thus, in the method according to the invention NH, groups are terminated on the
surface. This can be accomplished by exposure to a NH4OH-containing gas,
exposure to a NH4OH-containing plasma, exposure to a NH4OH-containing liquid
vapor or exposure to a NHsOH-containing liquid or combination of above

treatments.
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rinse. FIG 5 shows that the bonding energy at room
tenperature is reduced by 60% for wafer pairs w thout
NHACH di p, 1051 ml/ nmR2 versus 2500 mJ/ n2. The NHACH

dip thus significantly increases the bondi ng energy at
roomtenperature. The NHAOH treatnment term nates the
surface with NH2 groups. Preferably, thus, in the

nmet hod according to the invention NH2 groups are

t er iWafat padrsovert Ipeocessid hatese Fhiimupdh buttheposiridF ibgking was
by exposure to a NHAOH contai ni ng gas, exposure to a

vasit# Githe® Rb HaRindOwiy aseTBandebdsd veafér® veere stored in air at room
NHACH contai ning liquid vapor or exposure to a

te eCO‘pBinldI ifﬂ%\gy Qo8 RT/mEoNRE Ntdid. AheaReN8se in room

eat ménts. er pairs were processed as those in
G oup | but the post-HE hakin '
By GOl g BORNAS oo e, widid RhpoER, £8P 10
at room tenperature, a d ergy 1000 mJ/ n2 wa
oA Hish WaRR AR S 16248 AL ol het el PRPCIABITD GHE Ty Post
energy as a function of a post-HF baking tenperature
HH, pre-bonding balgngin whisher makisrum 09 14RpEBNbINging fmergy. is
There is a tenperature range for post- HF, pre-bonding

acliiakdd) hé Bptivhalasidtseert obiained don 4 bakeat abaut@5HUNdThgs, in the
energy is achieved. The optiml results were obtained

mdtd Qcct%ﬁﬁﬁ% % RO MendGP the AditSg i préfBRblyTeirkied out at about

according to the invention the heating is preferably
2Sﬁgﬁri ed out at about 250C. The above results
I'ndi cate, fromthe resultant high bond strengths, that

o2 O TRt oD SRR fon AU, BT
of the HF dip, the post-HF baking, and the NH;OH dip of the oxide-covered wafers
contributes to chemical bonding at room temperature.

It is known in the art that adding fluorine into silicon dioxide can lower the
oxide density and create micro-voids in the oxide network (see for example S. Lee
and J-W. Park, J. Appl. Phys. 80(9) (1996) 5260, the entire contents of which are
incorporated herein by reference). Recently, V. Pankov et al., J. Appl. Phys. 86
(1999) 275, and A. Kazor et al., Appl. Phys. Lett. 65 (1994) 1572, the entire contents
of which are incorporated herein by reference, have reported that fluorine
incorporation causes Si—O-Si ring breaking and changes of the silicon dioxide
network structure towards large size rings with lower density via the following
reaction:

Si-O+F—Si-F+O+1.1 eV (1)

12



contributes to chem cal bonding at roomtenperature.

It is known in the art that adding fluorine into
silicon dioxide can | ower the oxide density and

create mcro-voids in the oxide network (see for
exanple S. Lee and J-W Park, J. Appl. Phys. 80(9)
(1996) 5260, the entire contents of which are

i ncorporated herein by reference). Recently, V. Pankov
et dihis madifidd plructBhey facilBbes ¢ 1980y dXMGjomarate Af itKpurdres eind
al ., Appl. Phys. Lett. 65 (1994) 1572, the entire

enbRREE Rlofstur@ fab¥iptidh, RaRhdrifes, ROTs etk do@methit yorinated silicon
reference, have reported that fluorine incorporation

diogn?c??@ggﬁd abor e&étglg%%o r El'gfk%éﬁfﬂ 1S Banaes td)fullﬁlﬂﬁatmo_sphere.

I OXI tructure towards | arge size

rings wth l.ower density via t fal | [ L 0N
v. gl S, 5 AR R ol . Dreh R A PR LERS b Pusie
facilitates a higher diffusion rate of inpurities and
coRiAPa 9E BHIGRETS IGPRPOEIRISEIN SN IeietfCher nore, it is wel |
known that fluorinated silicon dioxide (SiCF) absorbs
wat Surispf e &th digl suchtesnthiet dip sinelpdide d aanenws golution of the
at nrosphere. V. Pankov, J. C. Alonso and A. Otiz, J.

predBR invElios, iBeddidSOR) thepfodnhbtiod bESBR i Si-OHitgemirs w@f the
whi ch are 1 ncorporated herein by reference. During a

silﬂéEn qLo%icE%ﬁ'a@es, sSHEFIbR; drfallo gg@){ﬁt’éﬁ aSMPIeeMs sol ution
of the In add

~ present invention, ition to the
o bt et BePradbO soRIF | ons are. al S0 gener at ed a6
follows: 21117 + H2O p H3O+ + HF2

Si-OH + HF;” — Si-F + F'+ 1,0 (2)

See for example H. Nielsen and D. Hackleman, J. Electrochem. Soc. Vol.
130 (1983) p. 708, the entire contents of which are incorporated herein by reference.
The post-HF baking at elevated temperatures helps remove water that is generated
by the above reaction and enhances the fluorine diffusion. Fluorine atoms diffuse
into the oxide and react with Si—O~Si bonds to form SiOF according to Eq. (1).

A higher temperature post-HF bake could possibly produce a thicker SiOF
layer on the oxide surface leading to a higher bonding energy at room temperature
due to higher efficiency of water absorption. However, the results in FIG. 6 for
baking temperature up to 350°C show that, when the post HF baking temperature is
higher than 300°C, the resultant bonding energy is actually lower than that baked at

Jower temperatures. Chang et al., Appl. Phys. Lett. vol. 69 (1996) p. 1238, the entire

contents of which are incorporated herein by reference, have reported that if an SiOF
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Si-CH+ HFZ -> Si-F + F'+ H20 (2) See for exanple H

Ni el sen and D. Hackleman, J. Electrochem Soc. Vol.

130 (1983) p. 708, the entire contents of which are

i ncorporated herein by reference. The post-HF baki ng

at el evated tenperatures hel ps renove water that is

generated by the above reaction and enhances the

fluorine diffusion. Fluorine atons diffuse into the
depositile Rptheratae tis Wigher HianG B Ch dredsiofisturt oesist@iceFof the layer

according to Eq. (1). A higher tenperature post-HF

" staR@kB inhd ARSH RisY JFrRE URPrife dfdmk en i Okide! THORIRE) the
the oxide surface |leading to a higher bondi ng energy

reagl%ti&sj Bﬁ.h% %%Hﬁgl%gér y aFﬁo%n{ &n{ﬁe%&‘_’e 161 Ivéféi‘ gﬁ'i?%thg‘f wiRl Rkt

sorp e results in Fl r  baking
i SRR sSSP SRR RaHel BF b 88 U 88l sior

bondi ng ener is actually lower than that k at
Layegingly the éwpém%tyia%@s:e @%@@ﬁ rgpistur .thﬁihgg%(f’gt ganealed

vol. 69 (1996) p. 1238, the entire contents of which
layarseevien o tleet 3 FHeyeinmydye thiske ence, have reported

that if an SiOF 13 deposition tenperature is higher

t hamn 30Qtefeir&E pitdesd WEethe epresdnaniaeernfon] hike loayemost surface
starts to increase due to loss of the fluorine atons

terléllrj]‘réértfgg da}’;giﬁt%n Jipgiagfio rcSnveH%? fréR RCEHT 90y PhsiliTe aRAGINE %o

roomtenperature tor wafer pairs that were

si 0ttt BOA bophEos Sletnivhay eRsohe R RAOE, < "Che

bondi ng interface absorb |ess noisture than that of
2508idnhéi0dd- SiaQHrsHEven t hough the Si OF | ayer (Fay
be thicker. In a preferred process of the present
I nveudst @i-OHhgops efenibeh couvdradeto Si-NH, after an, for example,
aqueous NH,OH dip (that contains about 65% H,0):
Si-OH + NH,OH — Si-NH, + 2ZHOH 4
However, the surface is still partially terminated in OH groups after the
NH,OH dip due to the H,O content in the NH,OH.

The Si-NH; and Si~OH terminated surfaces are bonded at room temperature

and the following reactions take place when the two surfaces are in sufficient

proximity:
Si-NH; + Si-NH; < Si-N-N-8i + H; (5)
Si~-OH + HO-Si < Si-0-8i + HOH (6)
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term nation of silicon dioxide is converted fromSi-F
after post-HF annealing to Si-OH after a RCA 1

sol ution cl eaning by the exchange reaction: Si-F + HOH
-> Si-OH + HF (3) Most Si-COH groups are then converted
to Si-NH2 after an, for exanple, aqueous NHAOH dip
(that contains about 65% H20): Si-OH +NH4AOH ~ Si - NH2+
2HOH (4) However, the surface is still partially

t er Fonakafple NQOY. Jlong pmdallt Eoedele J. BietGidckli PocduktZ @ 995),
the H20 content in the NHAOH The Si-NH2 and Si-OH
p.3995 NaRatr gﬁhrﬁwtﬁﬁc 88 UG RRARGH bhds EAITbE SHRRIEbMen two

and the oW ng reactl ons take place when the two

suy.faces ar uff| r Oxi 4

si 20 N By g Bl o SR bnaicd §%‘§§° el
(6) 14 For exanpl e, -Y Tong and U. Coesel.e,

at EoEe treRspatus dloweyay ﬂ(’qg@‘@)‘" polmeazation 462etica 4y xpissible a
that Si-O Si coval ent bonds can be fornmed between two

tenferDhteg lesa lsant XS °Gr Sehyor ogewlbdhdedian ip Sipont(chemistry,
bondi ng hydrophilic surfaces at roomtenperature.

E. Rowy&y, J. Yheomyad A Yrasparz Bils,OWilegadsw Ofork,s(1987), p. 482,

reversible at tenperatures |less than ---425C. See for
theeéfﬁp@écﬁltéﬂts &f wllﬂ@l'l hre 1hébréﬁrja!eﬁ PerefByetbedee. E- R
Corey, J. Y. Corey and Gaspar, Eds, WIley, New

X0t fr o S an By afiin e Jgste& %ytﬁeeaﬁo%trsmngéam fhhoved

are y refere

without heat, the covalent bonds become not subject to reversibility according to the
above reactions and permanent covalent bonding at room temperature results.
According to the present invention, by fluorinating the oxide before bonding,
fluorine is incorporated into the oxide away from the bonding interface and the by-
product water of the above polymerization reaction can be absorbed by diffusing
from the bonding interface into the low density fluorinated oxide away from the
bonding interface, leading to a high degree of covalent bonding across the interface
at room temperature. The bonding energy as a function of the square root of storage
time at room temperature is shown in FIG. 7 for oxide covered wafer pairs bonded at
room temperature using the same process conditions as those in Group II. For a
constant total amount of water S, the water concentration at the bonding interface
Cs1 is reversibly proportional to the square root of time t and water diffusion

cocfficient Dy and the hydrogen concentration at the bonding interface Cq is
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If the water and hydrogen generated by the above
reacti ons can be renoved w thout heat, the coval ent
bonds become not subject to reversibility according to
the above reactions and pernmanent coval ent bondi ng at
roomtenperature results. According to the present
i nvention, by fluorinating the oxide before bonding,
fluorine is incorporated into the oxi de away fromthe
reveitliy nﬁkoFéﬁi@ﬁila&B thdGhghifre Ryt ¢t dicect ael adydoped hdiffusion
above polynerization reaction can be absorbed by
g fromthe bonding interface into the | ow
co eg%#ﬁgyfluorlnated oxi de away fromthe bonding
i nt @ading to a high degree of covalept
bon “ng%ﬁgp%ss the interface at roon1tenpe¥agbre The
bondln% energy as a function of the square fp t of
stoﬁég K“Pﬂﬁe at roomtenperature is shown FIG 7
for oxide covered wafer pairs bonded at _roo
t empee for gramplsiIng- Gh'égaéaﬁéflpﬂlabég@l%’m & M- §ﬁ‘§> Eds Mofgraw-
in Goup Il. For a constant total anpunt of water S,
Hillheuskddrel; (I08A% entl4Attheentie dohentsarfdiich arstigedrpensteddietein
is reversibly proportional to the square root of tine
by tefefegcarat er di ffusion coefficient D, and the hydrogen
concentratlon at the bondlng interface Cs2 is 15

: .
;ﬁ‘é Ssda"bi%%ﬂ’é‘in ggé?]% %’ fﬁ%véé%lé e C S‘ﬁa@f t(lf gRtwaér dokddfogen
C 1 =S/ : /

coeiTRI ™ Mecorginlfuface: mogﬁ A 5 byl Blopofjidhel ff he
Ed, McGaw Hi|l, Auckl and, 1983) 47, the entl re

inveB108 ftechY9TO SRR B WaE CPRREBIAITLAL dkp *ﬁ&eréf

Y~ (Cs;+Cs) ™! (3)

Although the concentration of NH, termination may be greater than OH
termination resulting in a higher concentration of H than H,O after bonding, the
diffusivity of hydrogen is expected to be significantly higher than that of water due
to its much smaller size (2.5 A vs. 3.3 A). The increase in bond energy may then be
dominated by the diffusion of water and be proportional to the square root of time if
the diffusion coefficient is a constant:

y~1/Cs=(mDt)4/S )

Consistent with this understanding, an approximate linear relation of the
measured bonding energy vs. square root of storage time is observed, as shown in
FIG. 7, is consistent with water (and hydrogen) diffusion away from the bonding

interface into the fluorinated oxide layer. Thus, the diffusion of water (and

16



by reference. As the bonding energy y is reversibly
proportional to the water and hydrogen concentration
at the bonding interface, the bonding energy shoul d
proportional to the inverse of the hydrogen and water
concentration at the interface: y- (Csi+Cs2)-1 (8)

Al t hough the concentration of NH2 term nation may be
greater than OH termnation resulting in a higher

y@ _ ?QIQW@tﬂdiﬂ tifbonid intbdnceHR Bk el respohabldifoighe tlleancement of
fusivity of hydrogen is expected to be

thesb&ﬁﬁﬁ%&%?%* Xb&k&GQB thd % sérﬁaihvéﬁnoﬁ/ab@trthg WeeseditOinvériion is

Sl ze The increase in

&g{fgﬁeg qﬁﬁ &Q%Célog ﬁalg %ESUBe {i])ﬁé guag ahﬁ qhg Idi %nogf led

Arer. anc be por ?Pa square root o

[ e diffusion coeffic ent c t ant : '

e e o pYPRdes sy e s BB FAR ¢ i o
under st andi ng, an approximate |inear relatjion of the
meadior edbonshie serfaseethgy is, termangiagy arimgaly Bithsbl gegaps, for
time is observed, as shown in FIG 7, is consistent

exavhple onaner tn{md:lwhly DL OFh)s, dorfexamipln thevwaatersin freyel V, there
bonding interface into the fluorinated oxide |ayer.

is I@Hﬁstaﬂtﬁﬁg dii §Her ToRRnihtie be HOa diffGsdyeiayo gom) thaviaterface.
fromthe bond i nterface is likely responsible for the

THERBSAC Indffe. cdeBS; A DaB9 8Ly N DS wgs 1ricﬁaa§ék‘3qmckly
b ut

resen i nvent’ on, e present I nvention Is

o A5 AL R e Ty UL B
NI—%y I&ggua%tslsmgnvvzlagmf(}r %m said bond interface.

A method of fluorinating an oxide layer for use in subsequent bonding is
shown in FIGS. 8 A-8C. After forming an oxide layer 81 on a substrate to be bonded
90 (FIG. 9A), the oxide is exposed to HF either by a wet process or by a gaseous
_ process. An example of a gaseous process is exposure of the wafer surface to HF
vapor without immersion in an HF solution. The oxide may be formed in a number
of ways including but not limited to sputtering, plasma enhanced chemical vapor
deposition (PECVD), and thermal growth. The substrate may be a silicon wafer with
or without devices formed therein. Alternatively, F may be introduced into the oxide
layer by fluorine ion implantation of 1x10% to 1x10"%cm?® with energy of 20-30
keV.

After annealing at ~250°C a SiOF surface bonding layer 83 of about 0.5 pm

thick is formed in the surface 82 of layer 81 (FIG. 8B). It is noted that the
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For a bonding surface that is termnated primarily

with OH groups, for exanple one not treated with

NHAOH as, for exanple, the wafers in Goup IV, there

is a substantially higher concentration of H20 to

di ffuse away fromthe interface. Therefore, the

bondi ng energy of wafer pairs with NHACH di p increases

quickly wth storage time and reaches a nuch hi gher
dintédsihstofddyet Bakreaiot widvat topstiales The tiutstrate iNké&dyfdi fondmg to

shown in FIG 5. A nethod of fluorinating an oxide

anbB¥eubb@dte 99 Ralifg 34B&REWRNEINE A3t 8Y alsd hasiag\eh SiOF Hyeb36
8A-8C. After fornmng an oxide l'ayer 81 on a substrate

fo%r?etdﬁ gnr k?lge; U6 %aced thd BbfRing @biebtt@ SeOpdfiinied B*RABRA ta%rll‘é'g:m

| fa WEet process-or by a gaseous process.

exa e of ,a gas S,rqcess ,i. xposure of, t f .

(SR TES % SH 104 S noat AGr BT B o0 g fort® ke is
solution. The oxide may be fornmed in a n [ O

highee biich frgtasaf yioto RSnhar @airs bepsdy wsing go UFEH?EW‘I bake (as
enhanced chem cal vapor deposition (PECVD), and

infetred rbgl mgasomtdn bofihstrengtls) isafarmedybebecen dicl subsiiato fakroom
with or wi thout devices forned therein.

terfpdrfufat i vely, F may be introduced into the oxide
l'ayer by fluorine ion inplantation of 1 X 1015 to | X

101 .t N '
1910{ g TR R o0kl pingmrcohang ok

iy &y SR SHERE R B R PRSI E fBm SROF R iec Bl e
imBISHETAY 470 O HCLR B il 350 Behd ?H%E%rsg%ﬂ&)g "CFy) of
silitz:?)g %ixind% floﬁlg\sferd l?yS b:ﬂir?; athaalllvélggatgintegpgz:a.ulrg.yl? Es f%?ther possible to
form SiOF surface layers by PECVD (Plasma-Enhanced Chemical Vapor
Deposition). For example, electron-resonance PECVD oxide deposition using
SiF4/Ar/N;O at room temperature (S. P. Kim, S. K. Choi, Y. Park and 1 Chung,
Appl. Phys. Lett. 79 (2001), p. 185, PECVD oxide deposition using Si>He/CF4/N2O
at 120°C, J. Song, P. K. Ajmera and G. S. Lee, Appl. Phys. Lett. 69 (1996), p. 1876
or SiF4/O,/Ar at 300°C. S. Lee and J. Park, Appl. Phys. Lett. 80 (1996), p. 5260.
The HF-dip and annealing to form the SiOF surface bonding layer on silicon
dioxide surface has unique applications. FIGS. 9A-9E show schematically that the
present invention can be used to produce a localized variation in covalent bonding

and hence bond energy across a surface. FIG. 9A shows that, at the selected regions

of exposed silicon dioxide on a silicon wafer, in this case the silicon device regions,
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formed in the surface, the bonding able to be
perfornmed in anbient at room tenperature, as shown in
FIG 8C. A very high density of coval ent bonds that is
hi gher by a factor of up to 2.5 than pairs bonded
using no HF dip and bake (as inferred by neasured
bond strength) is fornmed between the substrates at
room tenperature. It is also possible to bond the

a dBiufFHS Yo Befferd AR sblatiam i ined td eretliangndlbymount wif tohlgtfrom
an Si OF surface layer. It is also possible to form

the%ug'z_icé lgu%ﬂ?a%e b@Ylﬁi 8 sﬂi)éoﬂ: dioxidRARADALNAR RVTE PortRInCIY. Mhe
(for exanple dry etch |ng usi ng SF6 and/ or CF4) of

de\fi'%%,lppggtn nO)é 91% E)Q lal Qi}{ﬁ %ydegﬁ:lé' 39 &LII@Q)I‘ %:g\{f'?ﬁ: ted circuit.

rature. 05si eto

surface Iayers by P ced Cheni
Phiapsrt OpBRYENE iy O3 Ao véxe&ma o DL BEFin P asfife od. The
_PECVD oxi de de 05|t|on u5|ng Si F4/ Ar/ N2O at gm
dilentEr slutica gtshesptheysilipons diogidecgpgnosedy b YF%?eRtuléan |to create
Chung, Appl. Phys Lett. 79 (2001), p. 185, PECVD
recowsicd ared @508 he feppssod ireg nBiy2ide¢ CRAIYNEGie rangeld glepth from a few
Song, P. K A nera and G S. Lee, Appl. Phys. Lett. 69

nnd 10 ¥hy MBicrddy Qith@ughSihicked Aepths aire ABOGrosSibld G GariB)J The
Par k, Appl . Phys Lett. 80 (1996), p. 5260. The HF-dip

ph@trdijesﬁp e ?ﬁdsﬁ%gtlgy 0% 'Téstlgignt%b C&clﬁhﬁ b9agr bpagk g fsa¥@oved,

on silicon IFox1 e surface has unlque appl i cations.
9A- 9E show o
folfqa%%qleyal 5 S B PR o ST A o leoh Mioifl 8P SH0° across
in coval ent ondln nd hence bond ener S a
RN o A e N e L altoc‘faaéng%%%s? Sotlhf g HF
of exposed silicon dioxide on a silicon wafer, in this
baking éreeting and|bugion thealilutedH ¥ Egitod surfaces

A CMP process step may then be used to planarize the recessed area and
improve the surface roughness. A Group I surface treatment is then applied to layer
96, and the silicon wafer is bonded at room temperature to another wafer, such as a
silicon dioxide layer 97 covering wafer 98, as shown in FIG. 9D. The room
temperature bonding energy at the HF etched regions is then significantly higher
than the non-HF etched regions along the bonding interface according to the present
invention.

When a bonded pair so formed is forcibly separated, the resulting separation
is typically not at the bonding interface of the HF dipped device region. Instead, a
part of the silicon wafer or the silicon wafer itself may fracture beneath the bonded

interface and peel from the substrate, as shown schematically in FIG. 9D. Portion 99
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a dilute HF (or buffered HF) solution is used to etch
a small amount of oxide from the surface. Substrate
90 has a silicon dioxide |ayer 91 and a device portion
92. The device portion could be a discrete device, a
circuit or an integrated circuit. Photoresist or
maski ng layer 93 is fornmed on oxide 91 having an
aperture 94. The dilute HF solution etches the

of Sulsirelemods sdced exRoRedr bitcipe. PoritorOW0tad layee &1 end portion
recessed area 95. The recessed area may have a very

' o 1Y Aré BYG. DR).t O many i crons,
mmogﬁagﬁgh tﬁig%plggeg%g{)?{ﬁgmgre gfyso 1é)ossi ble (FIG 9B).

T o RIS Bt 9 EPIL BBl L5y A0 kbg o
P g4 B e O s Bl 0 P iy

re-deposition process mmcs in effect the post-HF
sepaatech gThis semnary shaws Hufipeyre inea dilicopevaler bpregthy the bonded

surface. A CWP process step nay then be used to
intpifaceavhare theherfaes eas exipaed to Hid Thisrp consisteriavithuthe doading

roughness. A Goup | surface treatnent is then applied

endr@y batvikn siiRon aRide IfRrsSinl theNovwibas béisg hipheethanther foaure
tenperature to another wafer, such as a silicon

en%%? &"E%ﬁl]{l QU &, B oY Rlchiishs MR KR! botlingBRitefABr tHe \E&}:f@ pair,

he room tenperature bonding energy at the

alsﬁt 8&% iéﬁghggé’rtbéisﬁﬂg&a%i%%%{ elhxég etdl . 1 IEfhesd f&@&ic}nlg,ethe

g onding 1 nterface

according.to the present _invenfion. Wen bonded .
bopding eRGLY iy PECiEd ter b v @%é&%ﬁ%‘%‘&,eﬂ?% of bulk ﬁ%i“iﬁ’é" This

separation is typically not at the bonding interface
is afmsisteat With d’nqip@dc’&mweﬂeﬁb@ wriheseqgaagad, a part of

the silicon wafer or the silicon wafer itself my

f r aQhiy Behblerdafiiorivadob amdedso result in the formation of a lower k
dielectric due to the introduction of F into the oxide which lowers the dielectric
constant of the material. This feature of the present invention may be used to
advantage in the design of integrated circuits or other structures. For example, a low
k dielectric can be formed between the metal lines, but not at the via level in multi-
layer interconnects in VLSI devices, by an etching process, such as exposure to HF,
at an area where low k dielectric is desired followed by an oxide deposition at
~250°C. FIG. 11 shows an example of an embedded low k structure. In FIG. 11,
low k material layer portions 111 and 113 are formed between oxide layers, such as

Si0,, 110, 112 and 114. Metal layers 115 and 117 are connected by vias 116 and

118.
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interface and peel fromthe substrate, as shown
schematically in FIG 9D. Portion 99 19 of substrate
90 is attached to device or circuit 92. Portion 100 of
| ayer 91 and portion 101 of |ayer 96 are separated by
the fracture (FIG 9E). A physical exanple of the FIG
9 schematic is shown in the mcrograph of FIG 10
that shows the remmant of a wafer from a bonded pair
that was forcibly separated. This remant shows a
fracture in a silicon wafer beneath the bonded

i fzace where the surface was exposed to HE This is
consistent with the bonding energy between silicon

oxi de | avers in - O0S k ' t
xR E il SRR BRI G 108, BA%C.
at the bonding interface of th er ir, . also

A Srssptiderlopr &l is gormebog spitats S U0 8Bk orind 5 Biapduced
In these | ocations, the bonding energy is expected to

intbdilicofleby ohaaf theeprpeadurasrdesathed ppove. ngmely. SKpeighto HE or
This is consistent with the |ack of silicon peeli ng

expasutehfse Faconssning lgas. A ceedridzexidé fibmr§2nist foomedray flinsdl by
result in the formation of a lower k dielectric due

PEC/ Y hfor | dxbm@RUAIGOBBYf Fluokifk Gs tiftodwsed] éntufthe Redomdefilsn by
the dielectric constant of the material. This feature

dif?&si&dqﬁld%resﬁﬁ?& L eegrﬁﬁ&?.gt éﬁ?i?’.r RS BSRtolRed 3t ANE 8QBnd Flm

e design of 1In ate cults or other structures.
For ex le, al k dielectric canbe. for. -
T e e e A i
| ayer interconnects in VLSl devices, an etchin .
filyg & disis notsdcihathe dupeasions offilps 81 apd & ool G A tar ghis
k dielectric is desired followed by an oxide )
exateplessitéethe figures28O€.alol @ed 1 desesike anrexamplepviere filmB2 is
enbedded | ow k structure. In FIG 11,
formed in the surface of film 81, but the figures do accurately represent the position
of films 81 and 82. In this example, the structure does not need to be baked to create
a fluorinated layer that assists in the removal of reaction byproducts because of the
deposition temperature and/or F-containing precursor associated with said oxide film
82. The sample is then ready to be bonded to another wafer as shown in FIG. 8C.
SIMS (Secondary fon Mass Spectroscopy) measurements were taken on the
sample shown in FIG. 10 in the HF exposed surface area of the sample processed
where a silicon oxide layer is formed and exposed to an HF solution, followed a
deposition of oxide at 250°C. The sample was then dipped in an NH4OH solution.

The measurement is shown in FIG. 12. The existence of Si-N covalent bonds at the

bonding interface of bonded wafers that were dipped in NH4OH prior to bonding is
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low k material |layer portions 111 and 113 are forned

bet ween oxi de | ayers, such as SiQ2, 110, 112 and 114.

Metal |ayers 115 and 117 are connected by vias 116 and

118. 20 EXAMPLE A second exanple of the method will

be descri bed again using FIGS. 8A-8C. A first oxide

| ayer 81 is fornmed on substrate 80 (FIG 8A). Fluorine

is introduced into film81l by one of the procedures
cofifRdd Be theaBIME, meatrent ehas i ¢1G0 12FFanthenmireo she 8IMS

to a F-containing gas. A second oxide film82 is

(}zf?E MRAs@Bmbt (AL AGnBFRDxiftHcefaMmEE ] F(o%h&ntﬁﬁbn in the

uorine 1s introduced into the second film by

diff
R T e
BB i T, BBEUE SO0 1 R e
di rensions of filns 81 and 82 are not to sca

the i signabaa g Bonding ddenfare i Gardidusier of &i %Oltﬁ!éle@etcl?l’osmd

descri be an exanple where film82 is forned in the
ox&igrdnd eecurhulhtidrmat8liie oxide sutfiecefdugng dee AW °Gaxideateppsition. The
represent the position of filnms 81 and 82. In this

1uB%ANRbAcentriGors bf et bindipoRRerlint inabeutt D 10¢%/hakeat tie peak
create a fluorinated | ayer that assists in the

V@nc&ftra'hﬁﬂ%'%ﬁbw&gu Ciie_PeRaMe® a¥ay!fén the bonding

t1ron tenper ature F- cont ai ni ng precursor

mtsﬁé% e b Db ot vt oF XCHGul g o o
TR S .

10 in the HF exposed surface area of the sanpl

pr oddhegwdt-HF aqueous dip bake of 10 hours at 250°C is comparable to the
temperature and duration of iterated PECVD oxide deposition. It is thus possible to
avoid a separate annealing step after the HF dip by instead depositing a PECVD
oxide on the HF treated surface. An example of this advantage is in the planarization
of a non-planar wafer in preparation for wafer bonding. For example, the room
temperature bonding can be very useful for the bonding of integrated circuits (ICs).
However, ICs typically have a non-planar surface that is not conducive to the planar
and smooth surfaces preferable for room temperature direct wafer bonding. A
method for improving this planarity is to deposit an oxide layer followed by CMP.
This is similar to the example provided above with the exception that the non-

planarity may be 1 micron or more. In this case of increased non-planarity, a thicker

oxide is deposited or more than one iteration of oxide deposition and CMP is used to
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where a silicon oxide layer is formed and exposed to

an HF solution, followed a deposition of oxide at

250C. The sanpl e was then di pped in an NHAOH sol uti on.

The neasurenent is shown in FIG 12. The existence of

Si -N coval ent bonds at the bonding interface of

bonded wafers that were di pped in NHACOH prior to

bonding is 21 confirmed by the SIMS neasurenent shown
achiBveFih@ detized Planbier DDtEs plaperitive process,if eharBisweatmentt is

clearly confirnms the existence of a high F

| @A31) dki iGhs) el (R subl@yueid G4adeledesitibh il

apﬁ%rﬁagor% ggg{éo(ﬁd%%)hdgldgé%g?%%ed’recess. S{@qnce t he %%I@y HF

exposure t [ I o) dl :
o BOR T { ot gH o A3 Eleioh AP HI e aferthe oxide

si ghal _at. e bondinhg interface to. the.di ffusion of F
deposstgH A d GUBSSITUR ok (. it eipe friiee iR pnhe for

oxi de surface during the 250C oxi de deposition. The
exdthplerwitea EpeR hPreborshtreatmepleas@asantbry abover ifbeutiagy post-

about 2x10t8/cnB and the peak nitrogen concentration
oxide-grSwthxikap Gtangnt, Thea Would odicrdisabeyobtaingd if ke HErigiatment

interface facilitates renoval of reaction byproducts,
waswefusag. HOH, resulting in an increased concentration

of permanent coval ent bonds and bond strength. The

posﬁh@'%ﬁﬁ%ﬂf@‘{tﬁ%gk&rﬁ akRnlbn b BOUESePbutdR Afableht conditions

conpar abl e tenperature and duration of

| ter,at ed .PECVD .0xi,d eposi tion. . j u j
ratbs Wy Peing opad: © Soar WERae, VP dd QUROTReR Bons
by instead depositing a PECVD oxide on the HF treated
Cospaquetdy’s thi meiadptlethp Pressnls X ERAAH légaquv%-C?% ps-production
pl anarization of a non-planar wafer in preparation
mahofactaihertettmoltigyg ThEanethodiipplso 1ok dinp y thanpde pfuweter,
bondi ng can be very useful for the bondi ng of
substaRosradl@derntti Honded. STHel ¥sfer may be a bulk material, such as silicon, a
wafer having devices formed therein, a handler substrate, a heat sink, etc.

While FIGS. 2A and 2B show two devices bonded together, the method is
not limited to bonding two devices. One of substrate 200 and 203 may be removed
and the process repeated, as shown in FIGS. 2C and 2D. In FIG. 2C the substrate
203 of the structure shown in FIG. 2B is subject to substrate removal by a procedure
including one or more processes of grinding, lapping, polishing and chemical
etching, to leave portion 207. The appropriate process or processes may be
determined based upon the type of the materials or the structure subjected to the

process or processes. In a case where the substrate 203 contains devices or other

elements in its surface, all or essentially all of substrate 203 except for the region
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However, |Cs typically have a non-pl anar surface that
is not conducive to the planar and snooth surfaces
preferable for roomtenperature direct wafer bonding.
A method for inproving this planarity is to deposit
an oxide layer followed by CW. This is simlar to

t he exanpl e provi ded above with the exception that the
non- planarity may be 1 mcron or nore. In this case

whefe thedeassest sbar-@bmaaas rdside may be eémovedoThdemiosnt removed
deposited or nore than one iteration of oxide

aﬁiﬁﬂg%h oA B IH&{Ena@ 18 8Rhing chAAcREN AT thdRatasais] &tthe

arity. In this planarization process, if the HF
tre nt I before the (last) oxide
dmﬁ%%%g %P %Eb{ﬁgﬁn?ﬁg'subsequent oxi de deposition wll
ave i ncr ncentration a ceu | ation
e Pugther, boadas dhves, SREE Bl Fame el Blipdnl R o Eh' &
concentration can then result in a_higher bond energy.
defasited sliegnpddevnpterial istermed onpastion AY (as ? sheyem FIE Cland
descri bed above, w thout any post- oxide-growh heat

andtheratutsmite 209awithobbrdling Hayoni 36 Iseprebared nasd deseribecd abpve,
treatnent was not used. The net hod of the present

efHel DFfaEADS RYCIV iseincdttied 10 B sdfaRE rowghndsst inahs above-
ra her than bei ng restricted to high or ultra-high

me SM%WH(PQMGH"{Q TRrer 16?%1‘%%1‘%& bY1 it e SRt @enel as

e present Invention I's a | ow cost, mass- productlon

ik S BT o, 10l o

bonded. The wafer terial ch as

periprmed dh timgs, Wﬁ%ﬁ%%fﬂ@l@é&%& earagd F‘i’i‘é
handl er substrate, a heat sink, etc. Wile FIGS 2A

and Thapmh@wlmmth@vm@mddom@r%@éa areentire palorsuracs area

In other words, smaller die may be bonded to a larger die. This is shown in FIG. 13
where several smaller die 133, 135 and 137 having respective bonding layers 134,
136 and 138 are bonded to surface 132 of bonding layer 131.

The present invention may also be used in room temperature metal direct
bonding, as described in application Ser. No. 16/359,608, the contents of which are
herein incorporated by reference. As shown in FIG. 14A, two substrates 140 and 143
have respective bonding layers 141 and 144 and metal pads 142 and 145. Gaps 146
separate the pads and the upper surfaces of the pads extend above the upper surface
of the layers 141 and 144. The surface of layers 141 and 144 are prepared for
bonding as discussed above, and then the metal pads of the substrates are brought

into contact (FIG. 14B). At least one of the substrates clastically deforms and the
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not limted to bonding two devices. One of substrate
200 and 203 may be renoved and the process repeated,
as shown in FIGS. 2C and 2D. In FIG 2C the substrate
203 of the structure shown in FIG 2B is subject to
substrate renoval by a procedure including one or
nore processes of grinding, |apping, polishing and
chem cal etching, to | eave portion 207. The

boRdiRE 0Pt l 41 pid¢44 Sothctpamt base o hayd e oneletr enore nwints of
based upon the type of the materials or the structure

contHQIRAI&H thO1ayB8 149704998 (PIG.PI4CY EPEEBond profaga@iao form a
ere the subStrate 203 contai ns devi ces or ot her

e tS 1n.] f '
bog% s ?gf%f*%é{pée{%*é{& P Gond pd Cuch 3R\ ArokoRt) foihs
ev s, or_ ot her enents reside .may be re ed., .
o i FE el HOERG SR BE e il o i T
~etching characteristics of the materials, .or the
singlet birger ebstrate b t Steueres dgp| prdad phnin s&ﬁ\e‘f%eﬁﬁo&eei R
| ayer 208 of the sane or different material, such as a
respeqivelyt ady e lactondoxies er nentestistrictuees§ Strvaseres hSGp ovhistomay
207 (as shown in FIG 2C) and another substrate 209

als¥i HePorbaumeHim dctivay &fvickd Oin subpfrapasechars cdstacr sthedired d5%, A
nanmely, the surface of |layer 210 is snoothed to a

bod'id te{i) %]U%&?act% 199 bdiedd Béflﬁﬁng"gd}&f PHEGn! FBSHRFe 130Gnd

onde ayer 108 at Interface 1in the sane
nner a descri b bove. rnesulting structure is

boﬁg%%ypﬁﬁég &n%maﬁlﬂeéﬁﬁ\ﬁg%selg g%‘%& 3 e performed N

times, as desired, . to produce an (N+1)-int .ated . .

St 1 e anedal Sree! barisnoflera PURETON AU AP JURE migation

across an entire wafer surface area. In other words,,
of slivaptindingliand rthipnivg, Hisnefehing and melphdepagition tphfogm; electrical

shown in FIG 13
interconnections to interconnect bonded wafers as described in the referenced art.
This eliminates any mechanical damage caused by these die grinding and thinning.
Further, the elimination of deep via etching avoids step coverage problems, allows
the process to be scaled to smaller dimensions, resulting in smaller via plugs to
contact bonded wafers. The method is compatible with other standard semiconductor
processes, and is VLSI compatible.

In a further example, the method of the invention can be applied to hermitic

encapsulation as shown in FIGS. 16A-16E. A fluorinated bonding layer 162 is
formed on the carrier, and protected during the formation of a device 161 such as a

MEMS. FIG. 16A shows the steps of forming bonding layer 162 on carrier 160,

followed by forming protective film 163 on bonding layer 162, and forming device
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where several smaller die 133, 135 and 137 having

respective bonding |layers 134, 136 and 138 are bonded

to surface 132 of bonding | ayer 131. The present

i nvention may al so be used in roomtenperature netal

direct bonding, as described in application Ser. No.

10/ 359, 608, the contents of which are herein

i ncorporated by reference. As shown in FIG 14A, two
165 Wastarasre 601 4% amdxdmfe, bavier 166 poultli beea bdivdh nybbteaye asd

141 and 144 and netal pads 142 and 145. Gaps 146

boﬁcﬁﬁégﬁfe? 15080Ha%R AdokiRdl saae [ay§fih§\ﬁﬁ§ﬁleoefppwﬁiaﬂﬁﬁﬁface

exte above the upper surface of the layers 141 and

ro%oﬁﬁess-ra%ﬁ &}slérﬂ%hgg g]aa?‘&ct&l:ﬂigg Yo #ﬁit%%ﬁé&ﬁ@?@ﬁa e@ BRh&ifs. As

bon | scussed above, met a

RS Pl B, ORI s SR S BRI AL o

deforns and the 24 bonding layers 141 and 144 contac
ancyrd cpwefi 163 hayBed Partioss eltiS? Wit suskencat 1077 Prepgpd apith the

between the |ayers 141 and 144 (FIG 14C). The bond
appopiEg atscctronghmess and oyl diaracieristion nm pesipen kit b leondgd

strong bond (such as a covalent bond) forns. FIG 15

to 666 168 babokinE ayer 142. SuEhEEI 6B \brewht afto direct Loitaanwtith
152 to a single larger substrate 150. Structures 153

sutd 10 hd pIRYICES ARh B 1625 shesheR! PNl Y6C.MBYG.PESD

active devices or contact structures. Structures 156,

which may ...al $0 r ' Al devi ol .
rept{ie i, Doy ih, 0L SRR bR FGs A T8G wide bonding
f orned. a%ointerface,159 g tween bonding | ayer 157 on .
layTd0r it £TNSE A POTTRAT 0% MiDeRRPTABRATS SUFHEE 2R Plgparity
devi ces 151 and 152. The netal direct bonding offers
charaetenitivs Hpvaumnfaeg ek filmd0ds brpusht infoeantash with surface of film

162 and bonded to form bond 171. Another modification of the method shown in
FIGS. 16A-16C is illustrated in FIG. 16E, where the cover consists of plate 172 and
portions 173 formed on plate 172. The surfaces of portions 173 are prepared as
discussed above, and bonded to film 162 to form bond 174. The right hand portion
of FIG. 16E shows a further modification where portion 173 is bonded to plate 172
with film 174 and to the surface of layer 162 to form bond 175. In either instance,
portion 173 could be an oxide or silicon material, and plate 172 could be a silicon
plate. |

According to the present invention, silicon dioxide formed by any method
such as deposition, sputtering, thermally or chemically oxidation, and spin-on glass,

can be used in pure or doped states.
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of die grinding and thinning, via etching and netal
deposition to formelectrical 1interconnections to

i nterconnect bonded wafers as described in the
referenced art. This elimnates any nechani cal damage
caused by these die grinding and thinning. Further,
the elimnation of deep via etching avoi ds step
coverage problens, allows the process to be scaled to
smalth @preferenshpetimentasfithd pregent tnventdi, en avineonid sajstidrodip
contact bonded wafers. The nethod is conpatible with

of 87541”%5 cﬁ@%g&i ﬁ? Frea e Bekeet QllicoR d6588S R ersaffier HydMitich and

onpati1 b n a further exanple, the et hod of the

in ti.on can.e . 1t j
prigh {5 oo s o ety 1 Do g SRR bt
162 is _formed on the carrier, and protected during
to thedforragtipniaf - Npopdridilydroest such as a MEMB. FIG
16A shows the steps of form ng bonding |ayer 162 aqn
car rAreHFi®BP and postiidhbakihy caropraduer loedtzsdcoyaenti hordingt 2
on bondi ng | ayer 162, and form ng device 25 161 on
deSidblé RycatléDon A wifee xwulpdsein anastehedrwih@Owdo uhalsibieoradioxide
silicon substrate and bonding |layer 162 could be a

1a)%?.9ﬁzﬁéﬁl§&’ve@9<ifql%lpiaﬁwﬂon ha isiskchiiéht aRa0RE icad prosiued Reslized
roughness and planarity characteristics to tacilitate

r gom,t enper at, U L As shown in FIG 16B, film
coyégmﬁggﬂﬁgg§d$%%%§§§9§?%%r the formation of device
161, ang a cover 165 havin L.ons .16 | .
sur fAgeexingtp 1 E)Péeﬁ%ﬁté’ai"‘iﬁlf’ﬁ%%gﬁt‘ B&ug BP?Q?}%%BQHW ggn form
roughness and planarity characteristics, in ﬁoeii tion
lowdk delettoindecally tmsibicer dipxide bayerss Foninstangs. loyyk diefesiric can be
Surface 167 is brought into direct contact with
fortkd beawedibtheanctallmddal} notatftbe madevel in eouladaysh dviprcpapects
FIG 16C. FIG 16D
in VLSI devices.

The method of the invention is applicable to any type of substrate, such as
heat sinks, handler or surrogate substrates, substrates with active devices, substrates
with integrated circuits, etc. Substrates of different technologies, i.e. silicon, III V
materials, II VI materials, etc. may be used with the invention.

Applications of the present invention include but are not limited to vertical
integration of processed integrated circuits for 3-D SOC, micro-pad packaging, low-
cost and high-performance replacement of flip chip bonding, wafer scale packaging,
thermal management and unique device structures such as metal base devices.

Numerous modifications and variations of the present invention are possible

in light of the above teachings. It is therefore to be understood that within the scope
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represents a nodification of the nethod shown in FIGS.
16A- 16C where bonding Ilayer 170 is formed on portions
166, with appropriate surface and planarity
characteristics. The surface of film 170 is brought
into contact with surface of film 162 and bonded to
form bond 171. Another nodification of the nethod
shown in FIGS. 16A-16Cis illustrated in FIG 16E

of AT Spplefi@edC Q¥As C IS iiftdntion Phat be Ipfactikad othertiseonban as
173 forned on plate 172. The surfaces of portions 173

: -di scussed above, and bonded to film

sp%@%m?g%@§$§@%§§§n€74. The right hand portion of FIG
16E shows a further nodification where portion 173 is

- bonded to plate 172 wth film 174 and to the surface
of layer 162 to formbond 175. In either instance,
portion 173 could be an oxide or silicon material, and
plate 172 could be a silicon plate. According to the
present invention, silicon dioxide forned by any
met hod such as deposition, sputtering, thermally or
chem cal |y oxidation, and spin-on glass, can be used
in pure or doped states. 26 In a preferred enbodi nent
of the present invention, an ammoni a solution dip of
waf ers covered by fluorinated surface silicon dioxide
| ayers, after hydration and prior to bonding,
significantly increases the bonding energy at room
tenperature due to the formation of Si-N bonds and
hydr ogen. An HF-di p and post - HF baki ng can produce
| ocal i zed coval ent bonding at a desirable |ocation on
the wafer such as in an etched window in the silicon
di oxi de

28



| ayer. Alternatively F inplantation and subsequent
anneal i ng can produce | ocalized covalent bonding at
desirabl e |l ocations. According to the present

i nvention, the HF-dip and post-HF baking can form | ow
k dielectric locally in silicon dioxide |ayers. For
instance, low k dielectric can be forned between the
netal lines but not at the via level in nulti-Ilayer

i nt ercomects in VLSl devices. The nethod of the
invention is applicable to any type of substrate, such
as heat sinks, handler or surrogate substrates,
substrates with active devices, substrates wth

i nt cir S Substrates of different
tec &aboé‘% &Hb& @] hg%lﬁ v materlals AR/

rmterla,ls etc with t

AppliPEanE i agd sqqqﬁd B%fﬁ% oy P B PTRGRTE P ATE B0 e

not limted to vertical _integration of processed
elgrenéy phlead ooe pEsaid bording Byeys soxpriping aéluaaaatsfiewé@ 1aygt

| ow- cost and hi gh-performance repl acenent of flip

chi hebmkiantfluaritaed cddd leypaafaghiddeating, bringing into Contact

managenent and uni que devi ce structures such as netal

safdaRSt HRA\GEERT bohiHB 19)e8s ke it at todRstemperanat; aidi ons of
the present invention are possible in light of the

abo%mﬁ?ﬁ%@oﬂ@ ﬁet\x}e% Eai%] tf'?ﬁ Gl QEBndl P1yBR M RSk Enfeeathat
withrn e scope 7 of the appended clains, the

i nvention may be practiced otherw se than as
specifically described herein. 28 CLAI M5

2. A method as recited in claim 1, comprising:

forming a bond of at least 600 mJ/m” at room temperature.

3. A method as recited in claim 1, comprising:

forming a bond of at least 1000 mJ/m? at room temperature.

4. A method as recited in claim 1, comprising:

forming a bond of at least 2500 mJ/m’ at room temperature.
5. A method as recited in claim 1, comprising:

forming each of said first and second bonding layers to have a surface

roughness in a range of about 0.1 to 1.5 nm.
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1. A bonding nethod, conprising: formng first and
second bondi ng | ayers on respective first and second
el enents, at |east one of said bonding |ayers
conprising a fluorinated oxide |ayer; heating said
fluorinated oxide |ayer; after said heating, bringing
into contact said first and second bonding | ayers in
anbi ent at roomtenperature; and form ng a bond

bet weam&Bbdad fetisdd iarthines ondplidygr s at room
tenperature. 2. A nethod as recited in claiml,

COMPE kil smfl‘fi‘i*é’[‘aﬂ@ s&:oﬁ@'BgntﬁflgPé ehseast 600 ml/n2 at
roomtenpérature. 3. hod as recited in claiml1,
conprising: formng a bond of at least 1000 mJ/ nR2 at
roomtenperature. 4. A nethod as recited in claiml,
conprisin form d of at. | east 2500 mJ/ nR at
r oorh f"éﬂ?fg‘i"%\‘[‘stﬁe@te% 13 clagnﬁegwggnggg.r ecited in claima1,
conprising: formng each of said first and second
bon@pﬁn@tmay@dé'lffﬂ@ngéwnéb@’(ﬁlﬂ&@é’emr oughness in a range
of about 0.1 to 1.5 nm 29 6. A nethod as recited in
claimb5b, conprising: activating said first and second
bonding layers. 7. A nethod as recited in claim1,
CONMRr WShétBad aetitefihichimsSiaindhefdin fdrmapcat d@sone dfoaidi ng
| ayers. 8. A nethod as recited in claim1l1, wherein

boﬁc?lflgild}grsacton‘lp?i@ﬁ% aARrRkted ke layer comprises:
forming an oxide layer; and exposing said oxide layer to a fluorine-

containing solution.

9, A method as recited in claim 8, comprising:

exposing said oxide layer to a solution containing HF.

10. A method as recited in claim 8, comprising:

exposing said oxide layer to a solution containing about 0.025% HF'.

11. A method as recited in claim 1, comprising:

exposing said fluorinated oxide layer to an RCA solution after said heating.

12. A method as recited in claim 1, comprising:
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bondi ng | ayers conprising a fluorinated oxide |ayer
conprises: formng an oxide |ayer; and exposing said
oxi de layer to a fluorine- containing solution. 9. A
method as recited in claim8, conprising: exposing
said oxide layer to a solution containing HF. 10. A
met hod as recited in claim@8, conprising: exposing
said oxide layer to a solution containing about 0.025%
HE hédtingAaltefiipihard oxkizilawd at 4 tephp@raturd, of oapanigs ofighout
exposi ng said fluorinated oxide |ayer to an RCA
108Q0gé pon after said heating. 12. A nethod as recited
In claiml, conprising: 30 heating said fluorinated
oxi de layer at a tenperature of in a range of about
100-300 C. 13. A nethod as recited in claim1,

conprising: heating.sajd fluorinated oxide |ayer at a
tenﬂérﬁtrﬂf?‘%o‘g?srﬁﬁ mfg‘ﬁ)‘ﬁ.l’“fﬁ!’n%ngret hod as recited in
claim1, conprising: exposing said fluorinated oxide
| ay deating said fhesingtsdwidsrayer ek tesppegiwe A ahgat 20950 A
nmet hod as recited in claiml1l, wherein form ng at | east

one of said bonding |layers conprising a fluorinated
oxi de | ayer conprises: form ng an oxide |ayer; and

expagi AGn&RéFastibd ihalkem 1t ordpfidit@r i ne- cont ai ni ng
gas.

exposing said fluorinated oxide layer to an RCA solution after said heating.

15. A method as recited in claim 1, wherein forming at least one of said
bonding layers comprising a fluorinated oxide layer comprises:
forming an oxide layer; and

exposing said oxide layer to a fluorine-containing gas.

16. A method as recited in claim 15, comprising:

exposing said oxide layer to HE vapor.

17. A method as recited in claim 15, comprising:

exposing said oxide layer to a plasma containing one of SFe and CFa.
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16. A nethod as recited in claim15, conprising:
exposi ng said oxide |layer to HF vapor. 17. A nethod as
recited in claim 15, conprising: exposing said oxide
| ayer to a plasma containing one of SF6 and CF4. 31
18. A nmethod as recited in claim1, wherein formng at
| east one of said bonding |ayers conprising a
fluorinated oxide |ayer conprises depositing an oxide
usi ng. A n@HsodeBRédiediifglam 11 &herdinnfothing ahkeastamietod daid n
claim1l1l, wherein formng at |east one of said bonding
kis ihite8 bRAE 85Y P ¥biHlBridca Yieposaign dkide
bo%g% gﬁ?ﬁﬁgpghgggggﬁm§§?ge usi%gfa gagrconfgining one
.0of Si F4 and. . 20. A nmethod as recited in claim]1,
USREEET P IPﬁéﬁg at | east one of said bonding |ayers
conprising a fluorinated oxide | ayer conprises:
form ng an oxide |ayer; and inplanting a F-containing
species into said oxide_ layer.  21. A neﬁhod as . .
r ecilP et mathad asirasited, in gloirp i whergin fopping At igagt ope of said
F-containing species into said oxide |layer to a dose
bondinglavangemptisingladlitoribated 081E laysr tompriges GleperingxPEAVD
method as recited in claim1, conprising: etching said

oxideiSing s S6AMNEhgMR A S¢F, Y €F. by exposure to an RIE
process.” 23. A nethod as recited in claim1,
conpri si ng:

20. A method as recited in claim 1, wherein forming at least one of said
bonding layers comprising a fluorinated oxide layer comprises:
forming an oxide layer; and

implanting a F-containing species into said oxide layer.

21. A method as recited in claim 20, comprising:

implanting a F-containing speciés into said oxide layer to a dose in a range of

about 1x10" to 1x10'"%/cm?.

22. A method as recited in claim 1, comprising:

etching said first and second bonding layers by exposure to an RIE process.

23. A method as recited in claim 1, comprising:

exposing said bonding layers to one of an NH;OH solution and vapor.
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exposi ng said bonding | ayers to one of an NH4ACH
solution and vapor. 32 24. A nethod as recited in
claim1, conprising: covering first portions said
first bonding layer; and fluorinating second portions
of said first bonding |ayer not covered in said
covering step; and bonding said second portions to
said second bonding layer. 25. A nmethod as recited in
cl apm A methey Rirscifedrintlagn 4 acanprisies: i nat ed oxi de in

one of said first and second bondi ng | ayers conpri ses:

eX P& dirkt! o?‘tﬁor@)ﬂaﬂ%rktadbﬁﬁin?.‘layfelr;%!ﬂlﬁ)i’in&mk deesrid ng
a second oxide layer on said first oxide |layer after

aid ex i e : ' dnfl Cclaim
poé’bo,ns 85%‘?}%5%?%%@%%%%*%2& §®%&£%g%1r@% g)%lﬁlg%gt?%y er at a
tenperature_in a range of apout 0-..300C. 27. A
ot ROEAIBG SHE S50B PRIOR & Wg%fim%% %8 T/ £ or mi ng
said second oxide |layer at a tenperature of about
250C. 28. A nethod as recited in claim1, conprising:
form ng at |east one of said first and second bonding
| ay @6 sA neetimivas recifddinclaire 1, wbacenformingsaiddluoginated axide in
1017/ enB. 33 29. A method as recited in claim1,
oné 8MPid ftsP8id second bonding layers comprises:
exposing a first oxide layer to fluorine; and
forming a second oxide layer on said first oxide layer after said exposing

step.

26. A method as recited in claim 25, comprising:
forming said second oxide layer at a temperature in a range of about 100-

300°C.

27. A method as recited in claim 25, comprising:

forming said second oxide layer at a temperature of about 250°C.
28. A method as recited in claim 1, comprising:

forming at least one of said first and second bonding layers to have a fluorine

concentration of at least 10'7/em’.
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formng a fluorine concentration having a first peak
inthe vicinity of an interface between said first
and second bonding | ayers and a second peak in at

| east one of said first and second | ayers separated
fromsaid first peak. 30. A nethod as recited in claim
45, conprising: exposing said first oxide |layer to a
fluorine-containing gas. 31. A nethod as recited in

cl aion Ametboh @ esiteddh cRikpdseagpsdigt first oxide | ayer
to HF vapor. 32. A nethod as recited in claimi45,

C O'T%ﬁﬁhggiﬁusﬁﬁé)éddeemﬁﬁioﬁ Habing ta f gk ke vidisityPof an
pl asma contai ni ng one of SF6 and 4. 33. A nethod as

. recited in clai , rei R: f QL ' i 0X]
e e e S
cont ai ni n . 34, A net hod reciied in .claim45,
ongREsad Hrst gﬁ“ﬁfeﬁﬁn‘% E’P’Srsfs?ﬁ‘%?te%%oﬂlesafcggﬁ Ponmr i ses
depositing a PECVD oxi de using a gas containi ng one of
SiF4 and CF4. 35. A nmethod as recited in claim 45,
conprising: inplanting a F-containing species into
sai ¢0f Armsé¢thakasdecikeyieiclaim3d, @@nprisimget hod as recited in
claim 35, conprising: inplanting a F-containing
SpeGkpSsingdatd fimt Sxiflé [a'irbr 4 fierineyentaidnggalose in a
range of about 1 x 1015 to 1 x 1016/cnR. 37. A nethod
of form ng a bonded structure, conprising: formng a
first bonding | ayer conprising:
31. A method as recited in claim 45, comprising:

exposing said first oxide layer to HF vapor.

32. A method as recited in claim 45, comprising:

exposing said first oxide layer to a plasma containing one of SF¢ and CFj.

33. A method as recited in claim 45, wherein forming said first oxide layer

comprises depositing an oxide using a gas containing F.

34. A method as recited in claim 45, wherein forming said first oxide layer

comprises depositing a PECVD oxide using a gas containing one of SiFs and CFa.

35. A method as recited in claim 45, comprising:

implanting a F-containing species into said first oxide layer.
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formng a first oxide layer, introducing fluorine into
said first oxide layer, and form ng a second oxide
| ayer on said first oxide |layer after said introducing
step; bonding said first bonding |ayer to a second
bondi ng | ayer; and formng a fluorine concentration
having a first peak in the vicinity of an interface
between said first and second bonding | ayers and a
second peak in the vicinity of an interface between
said first and second oxide |layers. 38. A nethod as
fe,cgk.eﬂ nhethdd RirRifd in CRIRN5 Sdodbrishat i ng said first
oxi de layer at a tenperature of in a range of about
100- 0C betor ' [ : t | t.ed
' st psBRGlRY s e R RS PP ARG
first, oxide kayer jfjto, said second oxide layer. 40. A
ﬁmwépﬁabnﬁéx %cP¥§ﬁ“1ﬂmErain137, conpri sing: 35 exposing
said first oxide |layer to one of a solution, vapor and
gas each containing fluorine. 41. A nmethod as recited
in claim37, wherein: formng said first oxide |ayer
conpfi A esctitebaf<Sotning adondod sheictuse, wgmgrigiag: cont ai ni ng
fluorine. 42. A nmethod as recited in claim 37,
COMPSrhEh NS FirRBPRELH BiysAécingdrisirt oxi de | ayer to a
pl asma contai ni ng one of SF6 and CF4. 43. A nethod as

Ir Z; 'g(?rﬁ‘ﬂné R £idt Bkl 3yer, WSS RicThol RIOTINE i il thrbtokideqdy e
and forming a second oxide layer on said first oxide layer after said introducing step;
bonding said first bonding layer to a second bonding layer; and
forming a fluorine concentration having a first peak in the vicinity of an

interface between said first and second bonding layers and a second peak in the

vicinity of an interface between said first and second oxide layers.

38. A method as recited in claim 37, comprising:
heating said first oxide layer at a temperature of in a range of about 100-

300°C before said bonding.

39. A method as recited in claim 37, comprising:

diffusing fluorine from said first oxide layer into said second oxide layer.

40. A method as recited in claim 37, comprising:
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conpri ses depositing an oxide using a gas containing
F. 44. A bonding nethod, conprising: formng a first
oxi de layer on a first element; exposing said first
oxi de layer to fluorine; form ng a second oxide |ayer
on said first oxide layer; formng a third oxide

| ayer on a second elenent; bringing into contact a
surface of said second oxide |layer with a surface of
sai @xpdinghankiideotiay Riyer 10 caslof @ Bblutidbn,aaportand@aseach
tenperature; and formng a bond between said second

ﬁ%gﬁﬁ hidlifexi de | ayers at about room tenperature. 36
o . glﬂrret od as recited in claim44, wherein form ng

said third oxide |layer conprises: formng a fourth
oxi de layer on said second el enent; exposing said
fourth oxjde |layer to fluarine;.formng a fifth oxide
I ayé,l.éﬁngtgqtﬁasfrp ifgd 18)‘5*"6‘8% a E?r,f’mbri ngi ng i nto contact
a surface of said second oxide |layer with a surface of
sai domifyg paid Kird exidgyasier compmgss APOSHNZAXIde Wiig 2 gas
tenperature; and form ng a bond between said second

conmihing flidrinexi de | ayers at about room tenperature. 46.
A nmethod as recited in claim37, wherein formng said
first oxide |ayer

42. A method as recited in claim 37, comprising:

exposing said first oxide layer to a plasma containing one of SF and CF,.

43. A method as recited in claim 37, wherein forming said first oxide layer

comprises depositing an oxide using a gas containing F.

44. A bonding method, comprising:

forming a first oxide layer on a first element;

exposing said first oxide layer to fluorine; forming a second oxide layer on
said first oxide layer;

forming a third oxide layer on a second element;

bringing into contact a surface of said second oxide layer with a surface of
said third oxide layer in ambient at about room temperature; and

forming a bond between said second and third oxide layers at about room

temperature.
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conprises depositing a PECVD oxi de using a gas
containing one of SiF4 and CF4. 47. A nethod as
recited in claim44, conprising: exposing said first
oxi de layer to a solution containing about 0.025% HE
48. A nethod as recited in claim44, conprising:
heating said first oxide |layer at a tenperature of in
a range of about 100- 3000 C. 49. A nethod as recited
i N cdsaiAmméBod sompitddsinriimhdahagistidify sagt thist iogide layer
| ayer at a tenperature of about 250 C. 37 50. A
cofBiilad as recited in claim44, conprising: exposing
sald first oxide layer to a solution containing HF.

38 forming a fourth oxide layer on said second element; exposing said fourth

oxide layer to fluorine;

forming a fifth oxide layer on said first oxide layer;

bringing into contact a surface of said second oxide layer with a surface of
said fifth oxide layer in ambient at about room temperature; and

forming a bond between said second and fifth oxide layers at about room

temperature.

46. A method as recited in claim 37, wherein forming said first oxide layer

comprises depositing a PECVD oxide using a gas containing one of SiF, and CFa.

47. A method as recited in claim 44, comprising:

exposing said first oxide layer to a solution containing about 0.025% HF.

48. A method as recited in claim 44, comprising:
heating said first oxide layer at a temperature of in a range of about 100-

300° C.

49. A method as recited in claim 48, comprising:

heating said first oxide layer at a temperature of about 250° C.
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50. A method as recited in claim 44, comprising:

exposing said first oxide layer to a solution containing HF.

38



