ROOM TEMPERATURE METAL DI RECT BONDI NG Cr oss- Reference to Rel ated
Applications This application is a divisional of and clains priority under
35 120 to co- U. S. Application Serial No. 10/359,608, now U.S. Patent

6, 962,835, filed February 7, 2003 and is related to applications Seri al
Nos. 09/410, 054, 09/505, 283 and 09/532,886, now U.S. Patent Nos. 6,984,571
6, 902, 987 and 6, 500, 694, respectively, the entire contents of which are

i ncorporated herein by reference. BACKGROUND COF THE | NVENTI ON Fi el d of the
I nventi on The present invention relates to the field of direct wafer
bondi ng, preferably at roomtenperature, and nore particularly to the

bondi ng of substrageONCrEPPIPHRATURE MEBAN BAOECTIHONDENCE and integrated

circuit fabrication.

Cross-Reference to Related Applications
This application is a divisional of and claims priority under 35 U.S.C. § 120
“to co- U.S. Application Serial No. 10/359,608, now U.S. Patent 6,962,835, filed
February 7, 2003 and is related to applications Serial Nos. 09/410,054, 09/505,283
and 09/532,886, now U.S. Patent Nos. 6,984,571, 6,902,987 and 6,500,694,

respectively, the entire contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION
Field of the Invention
‘The present invention relates to the field of direct wafer bonding, preferably
at room temperature, and more particularly to the bonding of substrates to be utilized

in semiconductor device and integrated circuit fabrication.

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 industry. 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,



Description of the Related Art As the physical limts of conventional
CMOS device are bei ng approached and the denmands for high perfornmance

el ectronic systens are immnent, systemon-a chip (SOC) is becom ng a
natural solution of the sem conductor industry. For systemon-a chip
preparation, a variety of functions are required on a chip. Wile silicon
technology is the mainstay technology for processing a | arge nunber
devices, nmany of the desired circuit and optoel ectronic functions can now
best be obtained fromindividual devices and/or circuits fabricated in
materials other than silicon. Hence, hybrid systens which integrate

non-s1 | 1 CaRRASERARUrEL St Shae Al MRS RACHEN CRtnA bt teftfbrRRbent i al to

provi de uniq unctions not “avali rompure silicon or pure

non-silic devi.ce l,one. .On t hod .for het.erogene evi ce

i ntegrat i OIﬂdgalﬁgz‘ﬁ?fi‘f‘lvécﬁ‘?e?nél/(ge%ﬁ@? iqgtl’mﬁgegv\knhmggnéllrss%ﬁ?ﬁ ‘%éﬁ Sﬂﬁ Prials on
silicon. To date, such hetero-epitaxial qr owt h ha%lvr eal i’é?fgl'a i gh density
of def ect Fl5n5es IWbrdeyeiems epiiehintenraty ngaitlicon Pased deviges Witk elidop B

m smatches in lattice constants between the non-silicon filnms and the
subst r at e.devices offgntbe ipetentipggo paehide vnifee EPGHaMeidens ndeevaileblerdfteymatd on has
been waf er bondi ng technol ogy. However, wafer bonding of dissimlar

mat eri al s sflivohng paicfHoarstiontdeeicedhlogxpansi on coefficients at el evated
tenperature introduces thermal stresses that |ead to dislocation

generation, delgQdifighod %o heekgBleoud Nitsice! RitedrBiidehas Wedn kRO dichgol S
desired. Low tenperature bonding is also crucial for the bondi ng of

di ssim | ar i i?l;%%kxﬁh IF d%ggﬁnifgrfﬁ%%?iilgronr@ﬁc%w a’i‘?id%%f:gﬁ@xeh&%ge{[%ﬁ*iﬁl with | ow

. €
deconposi t eratures -or enperature sensi evi ces as for

exanpl e an I nP heterojunction bipolar, transistqor, or a processed..Si device
with ultrZ8nxih ’?@E}Jregea ’rgg‘ Qﬁnélil? OgrdS#eﬂselg.t?‘e Fotero éa?(bagsgrﬁwnghl rocesses
needed to produce different functions on the sane chip containing different
mat er i al s ligelyi dueite ghe mismptehss in lagicsponsippis betwrgadbe nopsilicest films and

the substrate.

Another approach to heterogeneous device integration has been wafer
bonding teéhnology. However, wafer bonding of dissimilar materials having
different thermal expansion coefficients at elevated temperature introduces thermal
stresses that lead to dislocation generation, debonding, or cracking. Thus, low
temperature bonding is desired. Low temperature bonding is also crucial for the
bonding of dissimilar matérials 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 | arger integration size) show
a low yield. One approach has been to interconnect fully processed |ICs by
waf er adhesi ve bondi ng and | ayer transfer. See for exanple Y. Hayashi, S.
Wada, K. Kajiyana, K Oyama, R Koh, S Takahashi and T. Kunio, Synp. VLS
Tech. Dig. 95 (1990) and U.S. Patent 5,563,084, the entire contents of both
references are incorporated herein by reference. However, wafer adhesive
bondi ng usually operates at el evated tenperatures and suffers fromthernal
stress, out-gassing, bubble formation and instability of the adhesive,

| eading to reduced yield in the process and poor reliability over tine.

Mor eover, gtleesa 4 as?ftg?l? g%elgg%tgé@mg&t%gﬁggﬁﬁg{egratlon size Yo 2 B ag@fd bondi ng

is atechno ogy roon1tenper ure w t hout
usi ng any adhesive., The roon1te er at di rect bond_i s |caIIy

her neti c. ?ef@pﬁ@gll?%&@m?&oﬂﬁ NRSL LS ﬁ%?eg@csﬁﬁ? &ﬁb&@ﬁél%%%§¥ in the
adhesi ve bonding. Further, if the | ow t enperature bonded wafer pairs can

wi t hst and kondignandnlgyssrisastes. Seption cx#Bp! ﬁ/ar%)e[ﬁaﬁﬁ hig Sp ¥rdadKpKriiyans. Khi nned to
a thickness | ess than the respective critical value for the specific

mat eri al s Qyarn, RatKan,S ThiehgsgnendtT. duned, Syingt iIMLSAiTet/odigi Dhé199) ek | ayer
and sliding or cracking of the bonded pairs during subsequent thernal
processi NQUSL ReneS 66 AU, dRdentive @ofitortits ©F O refedncy¥s arkdnerphrdtethefetisel e,

Sem conduct or Wafer Bonding: Science and Technol ogy, John Wley & Sons, New

York, (1993) ’refe%cgnﬁo‘i&%v«gp Y813k SadBEsiV! BdhdRHee ubiHigr B?élﬁttegdathgl%%tgd by

ref erence. Mor eover, wafer direct bonding and Tayer transfer is a
VLSI (Very, Lar Scal t egrat i fl

ranuf act ur SBPEAREEh AT sgﬁemﬂf%.fﬂgtﬁ%#a? 88 &Q‘?n%a%smc%? "’“‘Qb‘fh@é@d& 0 onal
system on-a chi ) th pre -D SOC approach can
be seen asln%tﬁ}é‘hpyntoggﬁl[‘)%ta%ﬁs%? ’é‘gl Wg“?‘i‘l‘ﬁ%‘gryé‘? édmc chOtcgsst 8¢ 3 a system

on a chip. Moreover, as the integration conplexity grows, so do the
demands orrelishilifyraveytimei Morqoves edhesivs hosd issesupllyppther@pier se circuits at

| ow tenperature, preferably at roomtenperature resulting in | ower or non
addi ti onal st r 8é&fferadictctrborelinglsi saaetimobogycthatt sdlows wafersltowe bondedatre@nper at ur e
di rect wafer bonding of netal between wafers or die being bonded is

desi rabl e @perdtrSWihBlitORMH P dyHAhBEGAUBIRe tdalbtefifRrdd@e dxeet WwiTeChgtdupct i on
with direct wafer bonding of non-netal between wafers or die to result in

el ectrical, @B@g} foanae! P f B eq%%%og@féﬁpﬁce%qu %n@?x%ﬁ%ﬁlo%@ﬁ@@das ehct hey are

nechanlcaIV nd 't need to ost -bon

rocessin | i.ke substrat th n Vi a nt erconnect
et el | zat GG lm% siFbftafs B oS %rnp%rgtcawa@*s%n%ed
wafers or die. Very snall bond rretag%%q% S ¢an B ed resul ti % in very
| ow par asﬂﬁhéfgll%ﬁrqcé%sul"‘th%@n? DR 1srieinesd &2 RGkRGS {Fs

capability.
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. Gésele, Semiconductor Wafer Bonding: Science and Technology,
John Wiley & Sons, New York, (1999), the entire contents of which are incorporated

herein by reference.



Bondi ng of nmetals with clean surfaces is well-known phenonenon. For
exanpl e, thernoconpression wire bondi ng has been applied to wafer-|evel
bondi ng. Tenperature, pressure and | ow hardness netals are typically

enpl oyed and usually results in residual stresses. For exanple, see
exanmple, MA Schmdt, Proc. IEEE, Vol. 86, No. 8, 1575 (1998), Y. Li, RW
Bower, |. Bencuya, Jpn. J. App!. Phys. Vol. 37, L1068 (1988). Direct
bondi ng of Pd netal |ayer covered silicon or Il V conpound wafers at

250- 350C has been reported by B. Aspar, E. Jalaguier, A Ms, C Locatelli,
0. Rayssac, H Moricean, S. Pocas, A Papon, J. Mchasud and M Bruel,

el ecton. Lett e 2\ A9ec EBIRNETng LI PHZS i) (e ot P11

al I oys, not met a are forne of Au and AF room

t enper at ur, s, been achi ev si,n Itrasonlc an ssive Ioad at
flip chip S%aﬁzlpwéfa 19BLC %ﬁ%ﬁ’ %%Y%&‘y ﬂF’%B d MgguigRayr E‘SE%" ﬂlg’géf’. WHRno, Jpn.
J. Appl. Phys. Vol. 40, 3044 (2001). Roon1tenperature net al bo di g at

waf er | evdhathigs fasee pagldng jthiss- 4@6@@%&@%@%@&@3 G SQfek & %h a base
pressure |ower than 3x10l8 nbar. Usually an ion argon sputtering or fast

at om beampraferabled The 312 &OC happboacti ¢rg beirskerces thelintpgetiobyofappbtingat i on of
an external pressure to the bonding substrates. See for exanple, T. Suga,
Proc. The n&agra{datdlmu@/ﬁm@ﬁhum?/gemamrﬁ émmduct or waf er bonding, the

El ectrochem cal Soc. Proc 93-29, p.71 (1993). Room tenperature

bondi ng bet weentWBveri o i%s{n&ég&ﬁ?on%&ntm&mwgmt L8108 khd ldemBhdsRHel U films

has al so been acconplished using applied fofce after thin filmsputter

d
eos. than BHoRHERSgo F\%Stge&niﬁfp@@el’s cﬁ%ﬁmt?éﬁ“gfﬁb%%%?&@fﬂf o

Monsma, E. G Keimand J.C. lLodder, J. g : Technol(iA 16&ﬁib 2125

(1998) .  SURRIRRVCTERETHUEE |gnower or nﬁi‘ﬁ agpitigpgl Frest prd pozs &elfablenyent i on
is thus to obtain nechanical and electrical contact between wafers and die
with a sisgFetbondi ng step Anot her object of the present invention is

to provide a | ow or roomtenperature bonding method by which netallic
bondi ng bet weei.omaberwnotentieeatofe diesni eafid bondingaif moetalt etween Wefefsoomed i n
anbi ent wi thout using external pressure.
die being bonded is desirable for 3D-SOC preparation because this can be used in
conjunction with direct wafer bonding of non-metal between wafers or die to result
in electrical interconnection between wafers or die being bonded when they are
mechanically bonded and thus eliminate the need to for post-bond processing, like
substrate thinning, via etching, and interconnect metalization, to achieve an
electrical interconnection between bonded wafers or die. Very small bonding metal
pads can be used resulting in very low parasitics and resulting reduced power and
increased bandwidth capability.
Bonding of metals with clean surfaces is well-known phenomenon. For

example, thermocompression wire bonding has been applied to wafer-level bonding.

Temperature, pressure and low hardness metals are typically employed and usually



An additional object of the present invention is to provide a |ow or room
t enper at ure bondi ng net hod by which netallic bonding of |ayers of any netal
bet ween wafers or die of sem conductor circuits can be forned at room
tenperature at wafer level in anbient w thout using external pressure by
covering netal layers with a thin filmof gold or copper or palladium
Still another object of the present invention is to provide a room

t enperature bondi ng nethod at wafer |evel in anbient w thout using external
pressure by which netallic as well as coval ent bonds are forned

si mul t aneously at room tenperature on bonding surfaces of wafers or die

conpri sed r8§uléqm;&§]sg§l%g§&§§&esg i %‘&."éx%ﬁg‘f@%é@e%%ﬁﬁé, M. SUAGH: PRsk. WE%E' layers

CO- exi st. ct is to provi a room fenperature bondi ng

met hod by i iffe t S t rodiffergnt materials, o ifferent
subst r at es\y\% ggr Ing % {ﬁﬁt(@%r %i‘;@ﬁ’gng%’ﬁr’ i'og?lf‘iué’?’e PR APPhe  Bdnded

t oget her wi t hout ?eneration_of catastroghic stresses between the different
subst r at esVr 38i B 18 P8 Hadbitechbending af £apeak layemeqverdesilicon or III V gpj |

anot her object of the present invention is a roomtenperature bonding
met hod by oatripobhnd wefdpoat@58t356Mghis beenwermmted by . rAspes Eappaguehds Mdse
mechani cal fracture strength of the substrates. Anot her obj ect of

the presergt. Lévaedllii ONRiagsshe) S Morideard harudes Aevame, 91 Mickiagu® ahddVudi ng
devices fabricated individually on separate substrates and bonded on a

common SURRLEAE ecton. Lett.,SStb! (1959, t}hﬁi&eveéia%ﬁfan?fP&@iesiBEiaé%@tpd-nwnti onis
to provide a nethod and ‘device whereby a reliable nechani cal bond can be

(o0 2 RSP AT TS T R e B halhs 8 A plesh somoet can be
‘temperature has been achieved by using ultrasonic and compressive load at flip chip
bonding, see example, M. Hizukuri, N. Watanabe and T. Asano, Jpn. J. Appl. Phys.
Vol. 40, 3044 (2001). Room temperature metal bonding at wafer level has been
realized in ultrahigh vacuum (UHV) systems with a base pressure lower than 3x10°
mbar. Usually an ion argon sputtering or fast atom-beam is used to clean the
bonding surfaces followed by application of an external pressure to the bonding
substrates. See for example, T. Suga, Proc. The 2" Intl. Symposium on
semiconductor wafer bonding, the Electrochemical Soc. Proc. Vol. 93-29, p.71
(1993). Room temperature bonding between two Si substrates with thin sputtered Ti,
Pt and Au films has also been accomplished using applied force after thin film
sputter deposition at 4-40 pbar of Ar pressure in a UHV system with base pressure

less than 3x10°® mbar. See for example, T. Shimatsu, R.H. Mollema, D. Monsma,

E.G. Keim and J.C. Lodder, J. Vac. Sci. Technol. A 16(4), 2125 (1998).



These and ot her objects of the present invention are achieved by a bonded
nmet hod and device structure including a first substrate having a first
plurality of metallic bonding pads, preferably connected to a device or
circuit, and having a first non-netallic region adjacent to the netallic
bondi ng pads on the first substrate, a second substrate having a second
plurality of netallic bonding pads, preferably connected to a second device
or circuit, aligned or alignable with the first plurality of nmetallic
bondi ng pads and having a second non-netallic region adjacent to the
metal li c bondi ng pads on the second substrate, and a contact - bonded

interface between the firs | ic bondi ng pads forned
SURMARSCOPAHREIND W

by either elastic deformation of elenments wt the first substrate and

t he second substrate t is a direct result qf .forces .generated. by direct
waf er bondi ng 04'“ %Sc?qqﬁﬁ? PIYSHT ARteateT & tﬁ?%ﬁ’l a‘flénetcﬁ%mgaz@mﬁfeﬁ&ﬁaﬁet allic
region, or by reflow of netal in the vicinity of the first and second sets

of met al | icentssistwecyaefsrsanddlic with asinglgabadingoiel ng of the first
non-netallic region to the second non-netallic region. BRI EF DESCRI PTI ON OF
THE DRAW NGS  AnotherAolyecte of dhplpetsentappreatiomtis olo  pfovidee aplo@s emt roomvent i on
and many attendant advantages thereof will be readily obtained as the sane

becomes beéhpératuhs B6EdiaD thelihodr 8f ehaiCetallict bshdigd bawesy wagdraiok @it of
description when considered in connection with the acconpanyi ng draw ngs,

wherein:  semicondfidtGt cirhith SarPoSHREERT smtteR Wit RR ushg %{%ﬁ!ag%l‘égsu‘r'@ bonded

substrates having aligned nmetal bonding pads; . is a schematic
depi ction of a Apna%lcrldigz)nalll & ?erc]: %9 t§eu8§3gén%tiﬁ§en%%}{lig % tppoevigg Iaqg\%dorni%%ﬁil bondi ng

pads cont act ed;
temperature bonding method by which metallic bonding of layers of any metal
between wafers or die of semiconductor circuits can be formed at room temperature
at wafer level in ambient without using external pressure by covering metal layers
with a thin film of gold or copper or palladium.

Still another object of the present invention is to provide a room temperature
bonding method at wafer level in ambient without using external pressure by which
metallic as well as covalent bonds are formed simultaneously at room temperature
on bonding surfaces of wafers or die comprised of semiconductor circuits where
metal and other non-metal léyers co-exist.

Another object is to provide a room temperature bonding method by which
different substrates or different materials on different substrates with different
thermal expansion coefficients can be bonded together without generation of

catastrophic stresses between the different substrates or different materials on

different substrates.



FIG 1Cis a schematic depiction of a pair of contacted substrates,
according to the present invention, bonded in a non-netal region away from
t he netal bondi ng pads; FIG IDis a schematic depiction of a pair of
contacted substrates, according to the present invention, bonded across the
non-netal regions except for a small unbonded ring area near the netal
bondi ng pads; FI GS. 2A-2C are schematic diagrans illustrating bonding
substrates with nultiple bondi ng pads; FIG 2D is graph, according
to the present invention showi ng the width of an unbonded ring area Was a
function of the nmetal pad thickness 2h separating the sem conductor dies as

oot e BB g gy e B AT S SRR s oy
scherel 1 daph bl oL R FOBAHER et Qe et L AR s
fracture strength of the substrates.
Another object of the present invention is to provide a bonded device
structure including devices fabricated individually on separate substrates and bonded
on a common substrate.
A still further object of the present invention is to provide a method and
device whereby a reliable mechanical bond can be formed at or near room
temperature and a reliable electrical contact can be subsequently formed with a
simple low temperature anneal.
These and other objects of the present invention are achieved by a bonded
method and device structure including a first substrate having a first plurality-of
metallic bonding pads, preferably connected to a device or circuit, and having a first
non-metallic region adjacent to the metallic bonding pads on the first substrate, a
second substrate having a second plurality of metallic bonding pads, preferably
connected to a second device or circuit, aligned or alignable with the first plurality
of metallic bonding pads and having a second non-metallic region adjacent to the
metallic bonding pads on the second substrate, and a contact-bonded interface
between the first and second set of metallic bonding pads formed by either elastic

deformation of elements within the first substrate and the second substrate that is a

direct result of forces generated by direct wafer bonding of the first non-metallic



FIG 3Cis a schematic depiction of second sem conductor die or wafer with
a second netal |ayer. FIG 3D is a schematic depiction of an aligned
nmetal bonding of two dies or wafers, according to the present invention;

FIG 4A is a schematic depiction of a part of a substrate show ng i nbedded

nmetal pads in an oxide coating; FIG 4B is a schematic depiction of a
pai r of unbonded substrates, according to the present invention, having
reci procal netal bondi ng pads; FIG 4C is a schematic depiction of a

pai r of bonded substrates, according to the present invention, show ng the
reci procal nmetal bonding pads contacted by the forces generated when the

non-net al {egﬁhqg %h&é%@élﬁfél}r(gfwg istﬁ%gﬂ)%dor by eﬂowF (%j@hetﬂﬁn the Bichft fd C

depiction o pai r trates bonde |'ar ger substrat e;

first and second sets of metallic bonding pads after direct wafer bonding of the first

non-metallic region to the second non-metallic region.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the present invention and many attendant
advantages thereof will be readily obtained as the same becomes better understood
by reference to the following detaﬂed description when considered in connection
with the accompanying drawings, wherein:

FIG. 1A is a schematic depiction of a pair of unbonded substrates having
aligned metal bonding pads;

FIG. 1B is a schematic depiction of a pair of unbonded substrates having the
aligned metal bonding pads contacted;

FIG. 1C is a schematic depiction of a pair of contacted substrates, according
to the present invention, bonded in a non-metal region away from the metal bonding
pads;

FIG. 1D is a schematic depiction of a pair of contacted substrates, according
to the present invention, bonded across the non-metal regions except for a small
unbonded ring area near the metal bonding pads;

FIGS. 2A-2C are schematic diagrams illustrating bonding substrates with

multiple bonding pads;



FIG 5A is a schematic diagramof an enbodi mrent of the invention having a
deformabl e material or void beneath the netal pad,; FIG 5Bis a
schemati c di agram of an enbodi ment of the invention having a defornmabl e
materi al beneath the netal pad; FIG 5Cis a schematic diagram of
two devices as shown in FIG 5A bonded together. FIG 6Ais a
schemati ¢ di agram of an enbodi nent of the invention having reflowabl e netal
mat eri al exposed to the surface on two devices prior to direct wafer

bondi ng of the non-netal surfaces. FIG 6B is a schematic diagram of
an enbodi rent of the invention having reflowable netal material seal ed by

fter direct ' : 5 - ' i '
11,15t o R0, By e R 8 S IR, -

schematic diagramo ng refl owabl e net al

refl owed after . direct er bandi.n f, non-netal.,surfaces seal.ed it he

r ef | owabl eu“&?@?%ﬁ g area a8 a4 cflggé)?glé%%atq?pég&flgg‘?%%% fsecp\%ra{elrﬁ%éaq ment of
the invention having reflowable netal nmaterial exposed to the surface on
two devi cessmigongpctpindigs RePOWRAR 81 IBAGI ng of the non-netal surfaces.

FIG. 3A is a schematic depiction of semiconductor die or wafer after surface
planarization;

FIG. 3B is a schematic depiction of semiconductor die or wafer in which
second metal layer are formed and planarized with contact windows opened on
metal pads ;

FIG. 3C is a schematic depiction of second semiconductor die or wafer with
a second metal layer.

FIG.b 3D is a schematic depiction of an aligned metal bonding of two dies or
wafers, aécording to the present invention;

FIG. 4A is a schematic depiction of a part of a substrate showing imbedded
metal pads in an oxide coating;

FIG. 4B is a schematic depiction of a pair of unbonded substrates, according
to the present invention, having reciprocal metal bonding pads; |

FIG. 4C is a schematic depiction of a pair of bonded substrates, according to
the present invention, showing the reciprocal metal bonding pads contacted by the
forces generated when the non-metal regions contacted and bonded;

FIG. 4D is a schematic depiction of a pair of smaller substrates bonded to a

larger substrate;



FIG 7B is a schematic diagramof an enbodi nent of the invention having
refl owabl e netal material sealed by after direct wafer bonding of the

non- nmet al surfaces. FIG 7Cis a schematic diagram of an enbodi nent
of the invention having refiowable nmetal reflowed after direct wafer
bondi ng of non-netal surfaces sealed the refl owable netal. DETAILED
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS Referring now to the

drawi ngs, wherein like reference nunerals designate |ike or correspondi ng
parts throughout the several views, and nore particularly to FIGS. 1A -1D
and 2 illustrating a first enbodi nent of the bonding process of the present

invention. In the EWnst EBogdic %ﬂfoftaﬁeenf)dfoﬁﬁﬁéﬁt off MEERLERdn }ﬁivfngcat

netal -nmetal bonding i's generate en nmetal contact regions on separate
waf ers upopn.alignnent .are contact, pressure bonded by the intrinsic forces
generated‘&ﬂ) aﬂ%ﬁﬁg?&ﬁPfgoﬁgﬁPﬁﬂg dPTBHE%al to the metallic regions
undergo roomtenperature chenm cal bondi ng. Chem cal bonding as used

t hr oughout t hi $15peBiis p sehanetici dagramioh &n cHdodImaY Af dier BRI d8VEESped when
surface bonds on the surface of one wafer react with the surface bonds on
t he surf aclefasmahle ngierta ibageatimthermeata fadun di rect bonds across the surface
el enents, such as a coval ent bond. Chem cal bonds are manifest by their

hi gh bond stremIGhsC iappeteachicrigagran of nsd dodeed seshbwadh FI@. $4 bendddn of the
wafer materials, and thus are differentiated for exanple fromnere Van der
Waal s bondhhgherExanpl es of chem cal bond strengths achieved by the nethods
of the present invention are discussed below. In the chem cal bonding

process, WSt ph Lo RS pioL BPATep ISRl S SRS SBRRRL o o1
propagat esre oevEfa ee rrrlletta rena?e%%?gfp%sgf trc])_tﬂgglﬁlfa{cie %nrt\?v idggi%és prior to direct wafer
bonding of the non-metal surfaces.

FIG. 6B is a schematic diagram of an embodiment of the invention having
reflowable metal material sealed by after direct wafer bonding of the non-metal
surfaces.

FIG 6C is a schematic diagram of an embodiment of the invention having
reflowable metal reflowed after direct wafer bonding of non-metal surfaces sealed
the reflowable metal.

FIG. 7TA is a schemétic diagram of an embodiment of the invention having
reflowable metal material exposed to the surface on two devices prior to direct wafer
bonding of the non-metal surfaces.

FIG. 7B is a schematic diagram of an embodiment of the invention having

reflowable metal material sealed by after direct wafer bonding of the non-metal

surfaces.
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FIG | A shows two wafers 10, 13 with respective opposi ng wafer surfaces 11,
14. The wafer surfaces may be pure el enental sem conductor surfaces, nay be
pure el enmental sem conductor surfaces including a relatively snmall anount
of native oxide, or may be an insulator such as oxi de-coated surface. The
surfaces may be prepared as described in application Serial Nos.
09/ 410, 054, 09/505, 283 and 09/ 532,886, to produce a snooth, activated
surface. Techni ques such as polishing or polishing and very slightly
etching (VSE) nmay be used. A bonding |ayer may be deposited and polished or
pol i shed and slightly etched. The resulting surfaces are conplenentary and
have chem cal } : a : (o} Vil hem ca
J e SRR, AR P LB RRE o E RO

bondi ng surfac referably no nore than 10

A, and nore. preferably no re than 5 A . ch wafer i.ncludes, a set of
et al 1 ¢ g e e SR el oy AIReBRe PR SRR c
bondi ng pads in the surfaces 11, 14. The non-planarity and surface
roughness’hﬁrqﬂﬁ@aWEW%ﬁNic bondi ng pads may be | arger than that of the

chem cal bonding surfaces. Pads 12, 15 may be used to route el ectrical
connections to the respective devices and/or circuits pre-fabricated on the
waf ers. The pads are preferably fornmed before surface treatnent, and VSE is
preferably perpETAHERDEICRIPFIQNISE IHE PREFERREASESBOMINIENTSG. 1A, pads
12, 15 are on the respective wafers are aligned. FIG 1B shows the wafers
upon pl aci ng t Irefaehemowt RUtlch@bwingsCORERET like kdTferehes pe@bialedgagate At this
stage, pads 12, 15 would be separable. In FIG [IC, slight additional
pressure 'liﬁe%?Qb%—rgg)gB@irng ureé%%gh&ﬂ e %kkawié\ys,%a%wquﬁiéwar%h of the

sem conduct or wa lting 'n contact between sonme of the non-netal
areas on er. The . ocat.ion shown, of th nt i ng. i anpl e,
and the c%ﬂ?gg? ﬁé?’%%ggﬁh%%%'P?Peth?nP%éngﬁ%ggwlﬁégbgtré&@%ﬁ g%t may
occur at nore than one Po'nt Thi ontaqé initiates chenkfa

waf er - t o- REFSER 1B¥FIIORg, [N firﬁ‘eefﬁg?%@an‘s? thetRiFsent VEREMh dvcEmeel-1D. The
bondi ng seam 16 expands after the initial chem cal bonding to produce
bondi ng s&wtal londingwis gancreted When i ¢wiast segienrsgph searptai walats| ypoeak and
i ncreases as the bondi ng propagates, as explained in Serial Nos.

09/ 410, 054ligiféG e 2@Bad paeB8reIRMABB Oy tHh mtopgio $orngp gameratet whén gom-egi ons
are chem cally bonded at roomor |ow tenperature. In nore detail, as

the waf er nfifi@Ccegiohf Gheviphaial tthethahtallROnehings REsrg60 Pdot-tenierdt@@m
tenperature, the contacting non-netal parts of opposing wafer surfaces

began to Eﬂéﬁc%egwngt &H&n}%gphoaﬁ&m QYsnfiselr HRRIRbEe tlﬁ@%{p&{iﬁcﬁfoﬁlr ctive

“bondi ng force between the wafers Increases as the contac em cal bondi ng

area incr es, Wthout the presenc f the.netal  pad t he wafers woul d
bond acr oggﬁqeﬁeaseﬁtblopg S\%ﬁ?%tp 3 F%B?:‘g W%/S\B c%lFf&f%éo?%s th 3hep ?l‘ggaec ﬁtOfieor{l\? enti on,
the presence of the netal pads, while interrupfing the bondi ng seam bet ween
the oppos™MHFTviErdrEith dfesuriise Rowenion; the SHERTC af ADPEPSIES Wik el BEAd ng. Due
to the nalleability and ductility of the netal bonding pads, the(fressure
gener at eddisgetthoads hensscthe swehesr elementaf sich lap adiomglentnbaride Chomiaakbenndsr egi ons
may results in a force by which nonplanar and/or rough regions on the

met al padsarenmyniest dsf tieireldgh dsult dtieggthy, approavhéic fdramatanhdey tienfta@urer oughness
of the netal pads and intimte contact between the netal pads. The pressure

gener at edgdhunoti8r alewheAmaRopd, REd itdusSHE IdiGieMatd P fkbabe £58 Heed for
external pressure to be applied in order for these netal pads to be

i nti mat el Y/aﬁ?’d%% %&@9 b‘oﬁdi‘ﬁgc hEgeIngaEs oﬁaﬁé&%&ﬂb%& el Fn PO LA PR f OF e
between the intinmately cofitacted netal pads, even at” roomtenperature, due
to inter-diffusiaqn or self-diffusion,.of tal. ato at .t he ti

| nt er f acemeHIS it BERGH TNCRIRN ASAERCabHgar VIR C5miel R0t sur f ace
free energy and i s enhanced for netals that typically have high

i nt er - di f PipsPonsehstpnbel eqes am fevpborsa ddess farfesmag beTwwéaaen]yggredfi tof usi on
coefficients are a result of a cohesive energy that is typically nostly
determ ned by the nobile free electron gas that is not disturbed by the
notion of metal ions during the diffusion The wafer-to-wafer chem cal
bonding in the non-netal regions thusjieffects electrical connection between
netal pads on the two different wafers. The geonetrical and nechani cal
constraints governing this effect are described bel ow.



An unbonded area around the bonding pad having a wwdth Ww |l be generated
in which the non-netal surfaces of the two wafers are precluded from
contacting (see FIG 1D). As long as the thickness of netal films is not
too |l arge, the gaps between two bondi ng wafers or dies can be reduced

| eaving a small unbonded area around each netal pad. This is illustrated in
FI GS. 2A-2C, where wafer 20 with netal pads 21 is ready to be bonded to
wafer 22 with pads 23. A gap 24 is between adjacent pads. The netal pads
are contacted (FIG 2B) and the wafers elastically deformto bond in the
gaps 24 to formbonds 25 (FIG 2C). It is noted that the dinensions in

FI GS. 2A- . . f R ‘]9‘ i dt h of

t he unbonﬁig;dgﬁgzggg@%fgﬁlgﬂ%ﬁrﬁ%tg Pl(gnr s nsrr%gtﬁ'%f: Cﬁ Ié'fﬂ#{i?f? c ngé{g%{e%;bgkvgéﬁﬁé%\%
properties of tdhe waf er. or .die, the wafer or die thickness, the bonding
energy w |9PPB¥ s“r?&ﬁmetBI«llIC(S?@lo’ﬁ'G 2D is a graph showing the relationship

bet ween the gap_hei ght 2h and the width w of an_unbonded area. \Wen the
def ormati on of ke 1%&%% Beeyafern] @) Bsyith respseti venePRyse Vg ssiases s

nmodul us E and the wafers each have a thickness of ty" according to the

si npl e t hedg y4.0fThs vedfér stiethtescnip he phireael¢thémalpdeatiennduéter suréhchs, Wiayf be he
unbonded area can be roughly estimated by the foll owi ng equation for W 2',

wher e t he pied elkmbaabiondc@RidStoasSudades inclithvea gelitieihimalf adburgdwatitdhre waf er
surface: W[(2Etw3) / (3 )]W hl112(1) where E is given by E/(1-v2) with v

bei ng Poi 3R 3r 1l 1 ad InshRfrRQeR a8 ¥IARLERd IRV The d@FREMAHI. the
situation changes
prepared as described in application Serial Nos. 09/410,054, 09/505,283 and
09/532,886, to produce a smooth, actiyated surface. Techniques such as polishing or
polishing and very slightly etching (VSE) may be used. A bonding layer may be
deposited and polished or polished and slightly etched. The resulting surfaces are
complementary and have chemical bonding surfaces that are planar and smooth,
having chemical bonding surface roughness in the range of 5-15A, preferably no
more than 10 A, and more preferably no more than 5 A.

Each wafer includes a set of metallic pads 12, 15 and a non-metallic region
adjacent to the metallic bonding pads in the surfaces 11, 14. The non-planarity and
surface roughness of the metallic bonding pads may be larger than that of the
chemical bonding surfaces. Pads 12, 15 may be used to route electrical connections
to the respective devices and/or circuits pre-fabricated on the wafers. The pads are
preferably formed before surface treatment, and VSE is preferably performed after

the pads are formed. As shown in FIG. 1A, pads 12, 15 are on the respective wafers

are aligned. FIG. 1B shows the wafers upon placing the wafers together to contact
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drastically. See for exanple, U GCoesele and Q-Y. Tong, Proc. The 2'd
Intl. Synposium on sem conduct or wafer bonding, the El ectrochem cal Soc.
Proc. Vol. 93-29, p.395 (1993). If Wcalculated by Eq. (1) |eads to val ues
bel ow Went corresponding to h< hatt where km =5(twy/E )1/2, then an
el astonechanical instability is supposed to occur, |eading to an unbonded
area with nmuch smaller Wthat is independent of wafer thickness tw, and is
gi ven by: WKkh(2)

the respective pads. At this stage, pads 12, 15 would be separable. In FIG. 1C,

slight additional pressure is applied to the wafers to elastically deform one or both of

the semiconductor wafers, resulting in contact between some of the non-metal areas

on the wafers. The location shown of the contacting is an example, and the contact

may occur at different locations. Also, the contact may occur at more than one

point. This contact initiates chemical wafer-to-wafer bonding, and the bonded

structure i1s shown in FIG. 1D. The bonding seam 16 expands after the initial

chemical bonding to produce bonding seam 17 shown in FIG. 1D. The bond

strength is initially weak and increases as the bonding propagates, as explained in

Serial Nos. 09/410,054, 09/505,283 and 09/532,886. The opposing non-metallic

regions are chemically bonded at room or low temperature.

In more detail, as the wafer surfaces including the metal bonding pads

contact at room temperature, the contacting non-metal parts of opposing wafer

surfaces began to form a bond at the contact point or points, and the attractive

bonding force between the wafers increases as the contact chemical bonding area

increases. Without the presence of the metal pads, the wafers Wouid bond across the

entire wafer surface. According to the present invention, the presence of the metal

pads, while interrupting the bonding seam between the opposing wafers, does not

prohibit chemical wafer to wafer bonding. Due to the malleability and ductility of

the metal bonding pads, the pressure generated by the chemical wafer-to-wafer

bonding in the non-metal regions may results in a force by which nonplanar and/or

13



where k is a dinensionless constant on the order of |I. Experinentally, as
showmn in Fig. 2Dif h <300 A, Wis nuch smaller than what is predicted by
Eq. (1). Further work by the inventors of the present application has shown
that, if the spacing between netal bonding pad pairs 2R is smaller than 2W
the wafer pairs may not bond to each other. However, when 2R > 2W surfaces
bet ween the two unbonded areas around the netal posts will bond and the
netal posts will be bonded and el ectrically connected. The pressure P
on the metal bonding pairs that is generated by the bonding of the
surroundi ng area can be expressed as: P = (16 E' t, 3h)/(3W)(3)

Cono 19 Gl gl B P puoenobir s Sl man s,

(16 E't V\B)z{ndgo:;" rglf'g%%%s(s@f the metal pads and intimate contact between the metal pads. The
pressure generated by the chemical bonding is sufficient to obviate the need for
external pressure to be applied in order for these metal pads to be intimately
contacted to each other. A strong metallic bond can be formed between the
intimately contacted metal pads, even at room temperature, due to inter-diffusion or
self-diffusion of metal atoms at the mating interface.  This diffusion is
thermodynamically driven to reduce the surface free energy and is enhanced for
metals that typically have high inter-diffusion and/or self-diffusion coefficients.
These high diffusion coefficients are a result of a cohesive energy that is typically
mostly determined by the mobile free electron gas that is not disturbed by the
motion of metal ions during the diffusion The wafer-to-wafer chemical bonding in
the non-metal regions thus effects electrical connection between metal pads on the
two different wafers. The geometrical and mechanical constraints governing this
effect are described below.

An unbonded area afound the bonding pad having a width W will be
generated in which the non-metal surfaces of the two wafers are precluded from
contacting (see FIG. 1D). As long as the thickness of metal films is not too large,
the gaps between two bonding wafers or dies can be reduced leaving a small
unbonded area around each metal pad. . This is illustrated in FIGS. 2A-2C, where

wafer 20 with metal pads 21 is ready to be bonded to wafer 22 with pads 23. A gap

14



For bonded silicon wafers where the netal pads have height h of 500 A and

t he bonding energy is 300 mJ/n2, the conpressive pressure on the netal
bondi ng pads is about 1.6x108 dynes/cn2, i.e. 160 atnospheres. Since this
pressure is sufficiently high for netal bonding, there is no need to apply
any external pressure during bonding. Wien netal height h is 300 A or |ess,
W<2t is satisfied and the pressure on the netal pairs is in the order of
5000 atnospheres if k =1 is assuned. In one exanple of the first
enbodi nent of the present invention, 5 nmdianeter Au bonding pads with a
t hi ckness | ess than 300 A and a separation distance of | mm were deposited

on oxi de . pli.c r i I wer e

f or med onggﬁigggF%g%gg%%§t%§'g@?%@%at giégpggmhgg(gﬂ%ggg%?agrpg%%mAngstrons
above the surface aof the oxide However,.h can b | Ler than actual
netal thi é’%ﬁ% yﬂeﬁ(&@ i%e Q&’I)é 10 dhs ggpsp%/{ﬁq Woﬁ‘&? ?égl:l f@ 2&%@ Sr%ther
insulator and h is the height the netal extended above the die surface. A
room t enpd&iaather Emgasiensig Ftlgfs,h%’r?@g@feﬁa%totﬁé@ﬁ- devel oped that cleans and
activates the netal and the oxide surfaces conpatibly and sinultaneously.
The Au posts f diheedrmaulaed aklcutatd dredwiith nddhe tebpeledtancaeabefdieipnaef waf er

| evel in anbient w thout using external pressure after storage in air for a

period of pdtdIefine ticki@6k, Mheciemesdhopereits bhéhd et drhdiekihessafaner Bendi ng
energy. Wen the wafer pairs were forcibly separated, by inserting a wedge

bet ween t '&ﬁfﬁ}fégéi'% %&hﬁ{;{@%ﬁgy St RedhotRSefiy. OF 1. i%:—é{ @g@%dv@x fhePeel ed

fromthe silicon substr ndi cati ng that the neta nmetal bond forned
was stronger..than the adhesion .o he pad.,on the oxide.surface or the
oxi de on gﬁeiﬁtéor?ﬁpibg ‘ﬁeeélﬂg? 5%%361 tir%?ﬂ@g’ﬁe%}g%lb‘g\?g,anémé{n%%ﬁﬁg%ét alti ¢ bond
can be formed between _ the intimately contacted netal pads at roo

t enper at ufhs GRMagon Rf QP-W@IFL?QFWM%@ICPD%IWH&%Q“@W g?‘“ﬁeﬁ ’éll(’d'élf‘g]ﬁs on the
mating interface to reduce the surface free_ener%%#.The inter-diffusion or
sel f-di f f and the wafefsfdach bave péhieness petakcordng to ther smplestheqggoremallal |y with
tenperature, in order to shorten the storage tinme to achieve full netallic
bondi ng, defesibhngf aahinbelapertherwith a¥t & theoombdndaghenrert ware beorvaghly. The
preferred annealing tinme for netallic bonding between the Au posts

short enede@fndtb®by SEBIGN H quRGSERS 8 > Tt whéte $hemsRl béndiig aBef erred
for 100 C, 1 hr for 150 C, and 5 mn for 250 C. Thinner nmetals require

| ower te Jqar J thigker netals due to higher pressure
gener at egBa;/ﬂ%‘t?eae%eé%lﬁiorﬁgﬁggb%r}#m%%rStshtjf%r(')undi ng areas. The tine for the
formation of netallic bond at roomtenperature and at el evated tenperatures
becones | onger as the Au thickness (i.e., height) increases. For exanple,
when the thickness of ,gxu:(gadﬁ1 h, s 600 A, 5 mmat 250C i s needed to form
netal | i ¢ bond Whrl[EE W=800 A “15 nin is required. D In flip-chip
bondi ng of state-of-the art integrated circuits, the solder ball pitch is
about 1000 pm whBeIEfiogieen BNEHNDONGeH vaiehay Péiskon'saattnind t he bonded net al
posts that is conparable or less than 1000 urn is sufficiently small for
practical appl i.catd e I i -al: than this
1Rl 80 sthhoRdelphas Wdtins grlgsth@r&ﬂuaﬁ&y ch&iR

anmount can be obtal ne | e, experi nent Al results

h t hat ,wh h = 200 A, Wis 2 h = 300 j 0 p.
Eeg\z,ivuseahdfaég{]a‘rlllg' RES S‘Fﬁ e%wlﬁzpa%"’g%l%%ﬁga&gﬁ?)%n%h%"&i ﬁh% ri‘ %gltgé E (r:nan be

much smal [ er than actual netal thjickness .
Symposium on semiconductor water bonding, the Electrochemical Soc. Proc.

Vol. 93-29, p.395 (1993). If W calculated by Eq. (1) leads to values below W

12

=2tw, corresponding to h< herjs where here =5(twy/E’) ', then an elastomechanical
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since netal can be partially buried in oxide or other insulator, h |ess
than 200 A can be readily achieved. In this case the unbonded ring width
around the nmetal pads can be close to zero. The netal pad descri bed above
may be formed by processes such as, but not |limted to, sputtering,
evaporation, |aser ablation, chem cal vapor deposition, and other

techni ques know to those skilled in the art in which thickness control in
the < 100 Angstromrange is typical. FI GS. 3A-3C are schematic

drawi ngs of a process according to a second enbodi nent of the present
invention, by which two different fully processed dies are bonded. The dies

are shoun b9 AIAKEISRLARAE] RUBAPONETn) Y BT uhiN BKI SRS v ipnleiERgGAL o ¢ hat

t he invention erused 1 R Other Inst ances ot her than even and pl anar

| ayer thi sses.. I n thi r.oces as shown.in FIG 3A, a separate die 30
(only thquﬂﬁﬁésFﬁ@%?“%ﬁ“é;%%ﬁﬁﬁgrghﬁﬁ3mﬁ?gﬁﬁ?vgbﬁ%enience of expl anati on)
has netal pads 31. The die nay be a silicon wafer including sem conductor
devices and circuits have opposing surfaces of Si02. Surface 32 results
after a CWVP operation. As shown in FIG 3B, vias 36 have been forned
and filled with nmetdWVakhconnect wwth netal pads 31, net@) interconnects 33
are formed on wafer 30 to connect with the netal in vias 36, and a | ayer 34

of thickness t2, of Si02 or other insulating material is formed on wafer
30. Portions 35 of the Si02 |layer having a width w2 have been renoved to

expose netal p ao T I f.l 34 1.8 o1 sgribed in
copendi ng applS%§¥$§ﬁ§ag@r%%@%géiggﬁgwg%ﬁﬁfégd%ﬁgqo8?%%%?%@%ﬁﬁf%cIuding
pol i shing or polishing_.and ,ghtly etching. . In_Fl , a second
Pater 37 nhavBanElggBleRTS AT mSia e coan whads PROGIT IR o 20
formed as shown. Interconnects 40 have a width wi and a height t1. Surface
41 of waf db)- 3Furthes vissle bytthe drvertors Rleths prgsgplearpicatipn kpssbowadatafove. The
separate dies 30 and 37 are aligned and contacted one to another to produce
t he bondedhss spaguiguretwednomatal hokdifz p8Dpaiy 2R is hmallel thaw2ig the mafdaronshi ps: ti
=t2 + Sl and wl = w2 + 62,

pairs may not bond to each other. However, when 2R > 2W, surfaces between

the two unbonded areas around the metal posts will bond and the metal posts will
be bonded and electrically connected. .
The pressure P on the metal bonding pairs that is generated by the
bonding of the surrounding area can be expressed as:
P = (16 E’t, h)/(3W? (3)
Combining Eq.(3) with Eq.(1) or (2), when W > 2 t,, the following is
obtained:
P=8y/3h, “4)
and when W < 2 t, the following is obtained:

P=(16 E't,’ Y 3k'Y®) - - (5)
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where ti and 8, are preferred to be the m nimumthickness possible for the
deposi tion technol ogy used, and 62 should be 2Wcorresponding to the case
of 2h=t1l. Conpared with h=1t1 on both dies to be bonded, unbonded area
width Wis significantly reduced. Thus interconnection between the pads on
wafers 30 and 37 is made. If t1 on both dies is less than the critical

t hi ckness hew then no layer 34 is required. During the initia
contacting of the two wafers at roomtenperature, the netal pads are
aligned, and the surfaces of the wafers, according to the present
invention, conformto each other by elastic deformation, provided the gap
due to the surf £ i Il and
t he bondi ng ené%g§o§&#§§g h%%?%ﬁg%ggﬂﬂgﬁgg gcogg§eﬁg$%{§ﬁg@%¢§§%§?

i nvention, t bondin s> bet ween the cont act ed nat rla f orm ng
the et al P PRiGhRARREY "D ABGE R dFr SEEREEr PEOFES BrEdrSr hHEE o A
between the wafer surfaces. The bond begins to form.on contact and the bond
strength iR3€f dasbeut ét6><|1%oﬁt/te(?§érateurlé YHoEPRSETSA THREANP PIBHEE. 1S

As in the first enbodi nent, wafer surfaces 32 and 41 including netal pads
33 and 40 suﬂ"rcﬁanlw,higlhéaranmlabnﬂdm, ioame ie@ heqaotapphyf anypgxdernalgprogsier
surfaces 32 and 41 began to forma bond at the contact points, and the
bondi ng f aluigg iboadiags Sshaasmétachd@itiagt3obobd kgs,aveali,ris sghgies andMiehout the
presence of netal pads 33 and 40, the wafers would bond across the entire

waf er sur fﬁ&@ure'%ﬁctﬁé FleDOplits ik AEHRIBEE VT 500 flldsPibred iPR ATi€8QNARIOT net al
pads 33 and 40, while |nPerrupt|ng the bondi ng seam bet ween t he opposi ng

waf ers, does nat groliplfc WRIET o0 NAlek-DANY Y LBALDSLuDe BrgRsure

generated by the Waf & int regi’ons transl ates
into a force b ch.neta ds 3 40. ar ct ed xt er na
pressure |déar?%é‘uxm bandmg pads Vg%h%ﬂ'ﬁ‘r‘g‘t“ﬁ%%e?f‘fth‘t“hgoopgég ﬁtgel?aﬁ%t&ﬁ‘t‘?%tﬁn‘i?an be
carried out in anbient conditions rather than being restrlcted to high or

ul t r a- hi giefVasgumiefeUlrpesiteshen kg coveasdsldfuan silicon wefert Ringe dhe Pie present
invention is a | owcost, mass-production nmanufacturing technol ogy. The size
of metal fohdsg tpadsbereﬂe(fnnlmiﬂ orsthe audtaredifrthe dxide.lteeypales bat a heighingfi 389,

flexible and scal able to very small geonetries because direct netallic

bondi ng deppedsmoabyvetheisitfte FDIRCHIAE. HéWaRE 0h bOmaRh smaller tHinr ect
nmetal bonding is preferable for better thernal nanagenent and power

capabi |1t %ol Hed] RAGUS! Becdi élcc%ﬁ% ?chfn g}l TR loRlachAlich thsuftiior ding to

t he present | nventl on, can repl ace ng wth nuc
T i 58%% el o
(sem Cond'Tl)on 1ng tec élog}? r}?as? gge%ucfealgllepg(f \t/}{a(t: glseanssa?r?d eflcttvates the metal and the
oxide surfaces compatibly and simultaneously. The Au posts formed a metallic bond
by room temperature bonding at wafer level in ambient withotlt using external
pressure after storage in air for a period of time, e.g. 60 hr depending on the metal
thickness and bonding energy. When the wafer pairs were forcibly separated, by
inserting a wedge between the bonded interface, either the Au or the Au/oxide layer

peeled from the silicon substrate, indicating that the metal-to-metal bond formed

was stronger than the adhesion of the Au pad on the oxide surface or the oxide on

17



exanple, T. Shimatsu, RH Mllema, D. Mnsm, E. G Keimand J.C. Lodder,

| EEE Tran. Magnet. 33, 3495 (1997). Further, the process is
conpatible with VLSI technol ogy. The direct netalto-netal bonding may be
performed when wafers are fully processed. The direct netal -to-netal
bondi ng of the present invention also utilizes roomtenperature bonding to
mnimze effects fromthe difference in thermal expansion, since al nost al
netal s have significantly higher thermal expansion coefficients than
silicon or silicon dioxide. The present invention can bond locally or
across an entire wafer surface area. The present invention, while not
limted to the fol i.Ng d r 0 f ch t hat
et al et afe v hepilienant SRR s AR ARENRD UL B m
senicondu%tor/ox'de,.andior nmet a /oxidg%%e i ons gan b% bogde begmeen t wo
waf ers at POt BRPBlimatshe contacted mgile PaSsaaFRPHh fHBREANIR 48F 12 r 8BS by t he
present invention. For exanple, other nethods of wafer bonding and

el ect ri caldiffusion er selfrdiffusian ebmstalialems of detmpéng HeRcscosTelB¢fuhce

t hi nni ng of bonded substrates, via etching and netal deposition after wafer
bondi ng. Fhfager feseetergyn Vet inten-deffusiimart sedf-dififasior edefimient hetveeposttalbond
process steps to formelectrical interconnections. Advantages of this

el i m nat i gfhnidigkidseseRBorhtifly#ith @8mpdraties habideato shvmegehcacageltibye the die
thinning Furthernore, the elimnation of deep via etching avoids step

coverage pf Qh&T bl BRaihD GnBLARLIch BE pEABMRRLIRA rddn RénREALRA 1O |

smal l er dinensions, resulting Tn an el ectrfical interconnection with a
smal l er footprint.and reduced electrical .asi ti.c waf ers.
The. met hodonEnt orbaurer-apieGpf B bR miflie Bahd B pafi R ARIESE o ane
is VLSI comnpati bl e. As_such, the presen{ invention j tible
with 3-D steiqnedasthedemperatugnincreasesh dinr dhis aaS@h% By “@amf@aﬁ %}‘138@@ s
vertical nmetal bonding of metal pads or interconnects using plugs between
bonded di édir $orghiof Coamt § gnis forI50T CeJhinner BeBLS rghvire wies fenpesrtess fand
i nproves the SOC speed-power performance. The direct netal -to-netal bonding
of the pr&sadihg thaviehickermétslssinalt@bigheraprdssasngdneratgquiphyi tad booding bf herdi e
st acki ng SOC.

metal surrounding areas. The time for the formation of metallic bond at room

temperature and at elevated temperatures becomes longer as the Au thickness (i.e.,

height) increases. For example, when the thickness of Au pads h is 600 A, 5 min at

250°C is needed to form metallic bond while at h=500 A, 15 min is required.

In flip-chip bonding of state-of-the art integrated circuits, the solder ball

pitch is about 1000 pm. Therefore, an unbonded area width around the bonded metal

posts that is comparable or less than 1000 um is sufficiently small for practical

applications. Unbonded area widths substantially less than this amount can be

obtained by this method. For example, experimental results show that when h = 200

A, W is 20 um, and when h = 300 A, W is 30 um. Because h is the height the metal

extended above the die surface, h can be much smaller than actual metal thickness

18



Besi des generation of the requisite force necessary to form netal -to-netal
connections, the present invention recognizes that |ow resistance is
desirable for the electrical interconnections fromone device to another.
Low resi stance netal bonding is facilitated, according to the present
invention, by oxide-free or nearly oxide-free surfaces of the netal bonding
netal pads. For exanple, Au surface can be cleaned by ultraviol et/ozone and
nitrogen plasnma with no oxide |l eft on the surfaces. I n anot her

enbodi ment of the present invention, the surfaces of the bonding netal pads
(fabricated for exanple fromnetals such as Al or Cu are coated with

oxi dat i on e8! StaNtan TR AkSaly WIS oLk FURATPHRII I AR dhb/ Yo REp! at | num

t u a al's, e wl

(Pt) layer. Since bo are inert ne ho oxi e fornmed

A or P diRreEly e docts S FaPotdba Bt TR G e R ShE et 11 on

are enployed, preferably imediately prior to the bondi ng process.

In a nodi fhecdeseon zsto-tlhe metakpadedgseiabadethove mayhee formed By NrekeesesisBel a thin
netal overcoat |ayer may be forned on the netal pad and bonded as descri bed
above. Forasghanploe, liraittdiyter spgteringn eagpdb@tion, dfseanablatidnayehemical avapst pad
produced successful netal pad bonding at roomtenperature. Therefore,

nmetal s sucdepasitinl anthe tetsatuas kaow e eiodg skiiyefin tHenabin which liiogtesal |
netals to be utilized for direct bonding at roomtenperature by the

procedurengﬁofmghﬂg?ggggﬁgﬂMﬁq&hgqsgfn%p an insulator layer is deposed on

a fully processe d cont act enings are forned on the netal pads

foll onwed by a | .depasition wi.th thickness 10 r ept h of
the contact w ﬁgto%s 3%”2@ Hey er%aéﬁsdr gwggrcgsaeffoe(%%séﬁ&gﬁcg{}%q%% 5%i%&féglyer only
100 A, the pads can _he separated. each other by_a ve smal | di stance, e.g.
20 pm  emboguusiof the presenprnvenyign, b h(tPYG’)‘ﬁﬁ‘é@mbé‘ﬁPi pmqeﬁﬁeg_éiefsiaﬁe t he
present invention as an overcoat |ayer. Pd has good oxidation resistance.
The surf adwndeéd.f uSheidigs efe Baowm Pdhive plangr By hmeessylayenghickness.siqgni fi cant
mass transport of Pd even at roomtenperature, especially given the

cont act i ngleptoastsate elst ekeirtventi@anmiah dermedilin bthedimsgnpesdsthixythbhevéoad] ng of

t he non-netal wafer surface regions. The native oxide between the two Pd

bondi ng | 3y&{a$ layef tiABMnesWs! | InbBisMREEAR] £3dHowndinsPier. S akdpawmitgiecoml et e
coverage Wi th Pd of the physical interface between the two contacted netal
bondi ng pa(gﬁly the oxide layer of die 30 is shown, for convenience of explanation) has metal

pads 31. The die may be a silicon wafer including semiconductor devices and
circuits have opposing surfaces of SiOy. Surface 32 results after a CMP operation.
As shown in FIG. 3B, vias 36 have been formed and filled with metal to
connect with metal pads 31, metal interconnects 33 are formed on wafer 30 to
connect with the metal in vias 36, and a layer 34 of thickness t;, of SiO, or other

insulating material is formed on wafer 30. Portions 35 of the SiO) layer having a

width w;, have been removed to expose metal pads 35. The surface of layer 34 is
treated as described in copending applications 09/410,054, 09/505,283 and

09/532,886, including polishing or polishing and slightly etching.
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I n another nodification of the first enbodi nent of the present invention, a
W/ ozone cl eani ng exposes the surfaces of the netal bonding pads to high
ozone concentrations under a W/ light to renove hydrocarbon contam nation.
Resi dual hydrocarbons on the surfaces of the netal bondi ng pads degrade
nmetal bondi ng, and are nucleation sites for bubble formation between the
bondi ng interfaces, resulting in out-gassing between the contacted

surf aces. Experiments have shown that UV/ ozone treatnents can
prevent interface bubble formation. An HF dip of silicon wafers |eads to
hydr ophobi ¢ surfaces that are term nated nostly by H The hydrophobic

st1i con vaf ers @naet neatedeyid Bafly 57 185184065 079080 GANASDAE AlckNaifODI ned

with 1850 A an Irradiation m t wo anps at room

tenperature for 1 1p. foll owed a_secaqn F di p.and bondin The bonded
pairs of Fﬁteﬁqoﬁﬂ%cgs ﬂ@/ﬁ’ﬂ?ﬁﬁ 8%%&0‘@' %&%‘f?%‘ft@gg ﬁ&‘éenaeg'éﬁg &1 484 A he %M Yce
bubbl es upon annealing from 300C to 700C for 15 his at each tenperature
clearly inor@se ﬂhg)ftw%ereﬂ Bag bera weatgsl ke grfasy doandisemsed Abmer hEhewar er

surf aces. For Au and Pt, it is adequate to use UV/ ozone cl eaning

bef or e borsdpargtevdieshdtandl G7nmei digned andtcahtacixil dae dn anhthermte arodsige theces. For
other netals that can be oxidized by ozone, a thin |layer of Au on the

met al s camon@édEstartur@xiodat ind1G. OD. tWih thd fdBowhig rblatiosyiipsed by e. g.

i mrersion in NROH before bonding. In addition, plasnma treatnment with inert
gases, for exanpke ph freatngnts in a reactive ion etch mode (RIB) with

2

only inert gasses such as nitrogen and argon in the plasma chanber, can
according to th sent. i_nv i lean. . hance t he
bondi ng energy‘%ﬁ£§gdﬁ@ﬁ%ﬁﬁ%?ﬁ%ﬁggyﬁggzg%fﬁﬁ%g@%ﬁ%ﬁ%#é%%gﬁﬂbggﬁﬁe oxi de
bonds. Further, the present |nventian .scovered that an oxygen pl asna
can be us&§PeHione Oleg tsFA- nald; éh%?or“gcﬁ\%?%&sﬁﬂrfeéﬁ%n g ﬁcé?l%ﬂ §a%u%tﬂ as Au
and Pt. Whi | e nunerous surface preparation treatnents and _netal / netal
and oxi de/2bxtid€ompared eitle briduen dotts digs évhelberdsd, xbanded sraaavidtih¥eis

descri bed, other surfaces and preparation procedures could be used,

accor di ng signifidastlp reemeet. Thoy érieicomection hétivetn thegpadoon esfondd agd deisal ,

i nsul ator, and sem conductor surfaces are sufficiently cleaned prior to
contact sugdiet ad dnhisoth Qlidteikilest @hn RO iRIBEEIRIEW B, DaRdiddlah& 3Wis
inhibited. In the case of Au protection or Au bonding, the process
developedrgﬁ%kgg present invention is nmetal and silicon dioxide conpatible.
After CMP and surface planarization and snoothing of the oxide surfaces,
nmet al bondi ng ds are .fornmed on.bonding. wafers as descrih oye, a
nodi fi ed RCA 1 (F2§: dﬁﬁﬁgEBE?c%%%ff6W%% © lgiﬁﬁg?mbﬁauggggﬁhﬁFﬁeatnent
clean the surfaces of both netal and oxide without ro heniﬁ t he bondi ng
sur f aces. MEtRloRAds 1aF3EERR% raé‘dsiﬁ%tﬁé}%fﬁ?fsﬂo RIRY SdF‘fJCOF‘gi%%\;Bst %é’r“"cs?’&tl es and
oxide on the netal surfaces if any w thout degrading the silicon dioxide
sur f aces. inventien,sphferairtyicach athdr boelasticedgienmationeprowgd ity gapdlustiothege,

strong coval ent bond and netallic bond are formed spontaneously at bondi ng

inter fac @uﬁﬁeweﬁdgr?ﬂydﬁ Hoadmigsvand iseifatieatly faaleand trspading\eakipy yBesi des
t he near planar bonding structures shown in FIGS. 1A-1D,

is sufficiently high. According to the present invention, direct bonding occurs

between the contacted materials forming the metal interconnects between devices or

circuits on adjoining dies and between the wafer surfaces. The bond begins to form

on contact and the bond strength increases, at room temperature, to form a metallic

bond.
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ot her structures can also utilize the principles of the present invention.
For exanple, a second enbodi nent is shown in FIGS. 4A-4C, where wafers

i ncluding nmetal via interconnections are bonded to a smaller die. FIG 4A
depicts a magnified view of a substrate 50 including nmetal interconnects
51. In FIG 4A the netal interconnects are enbedded in a silicon dioxide

| ayer 52 such as a PECVD oxi de, thernal oxide, or spin-on glass.

I nterconnects 51 extend above the layer 52 to a height as di scussed
previously. FIG 4A also shows smaller die 53 having netal contact 54 and
silicon dioxide |ayer 55. Followi ng form ng an insulating |ayer 58 on

bot h di f j il b X : i h d
motal f1r1 ot o e et Hbdhett wld nitpi SPan b PUERIBEE moid pRUED AL
are ed t repare.the, |l ayers. 58 for .bondi ng. FI G 4B. depi.ct ir of
oppog ?ng v@f s%qnﬁac}’glﬁ %‘%ﬁ%ciﬁngﬁgpﬁet%cﬁ?ﬂésr? OB%%EI%%%SEE&%‘??;}—?G‘Pfhc shows

the contacting and_subsequent bondi ng of these_ twy opposing substrates,
formi ng bdHdbesen to form a heudeat theccoptachpeintsy #d the RaNGIE Hirce HSTSIsss-ardRe|
regi ons generates the requisite forces to formthe netal -t o-netal
i nt er conneniaghboraitngsrsa inmeeadee s Withoutithwipresedcd of metal pads, 33t 4nsl Hbrikk ng of
the oxide | ayers generates the requisite bonding force for direct
met al -t o- nedfals eouldabbndfacidie theteakird ondem guifiads Aotk 90 .thd ebdenal ity of
dies 53 may be prepared and bonded to substrate 50, as shown in FIG 4D.
In the metiglerkionMRicabrestinte ot RANApE P ahdaof What iaReusEELOR ments of
the present invention, the thickness of bonding netal filns extended above
die surf [ a ' L i ze .U j around
t he net al as%%gtée.t& ur ?Leerg%’g ({Sﬁ{g 9’ ﬁ?egf{ghé%‘!s? nil(l)(ft %%)ﬁl ftn{g;’g%gﬁ gfjwéfaeggmﬁéﬁgbal eabl e,
and VLSI %fmﬁatible si ze net al p&;tikor ads Cfn be nmade and bondeg. When
the metal TFaHGH thf ORTEEE §LBEAIORY SME WHET-HP-VAITE COPIaAGE i E HOSrMEH
unbonded ring area is significantly reduced so that the spaci ng between
net al postregipey Hprsdateniite adfpreei tgwhichgnetal pagsng3 ped #8 e pﬁ@a%?-alNObondi ng
pads to be used. A third enbodi ment of the invention allows a
si gni f i carktermd peaswe isvetinieedret al hei ght above the non-netal surface and/ or
significant reduction in non-bonded area near the nmetal while nmaintaining
an acceptabl e em@qhéth@cabfmﬁgf@sﬁti ifVenbioh Ve Be bEtiald oRCintanthient fcOhdTBENON
separate wafers. In this enbodi nent, deformation of material in the
vicinity ' k2l for t | i 0, LS
desi gned 1? %théﬂglba{ﬁfﬁo? 11rmgrr?eisﬁfecﬁtépﬁ)ar é(;s ts]g%}é da}t H?ﬁe}hgké?‘éﬁ%ﬁéﬁl}r ggiggg ﬁr@%}()t e
waf er -t o-vwaf er chem.cal bondi of the.non-metal ;portions. Thi.s deformation
may 1 esul e ERET BEmdtRRr b e st S RBATERSH 1T Bhes BOKERAS pr ocess
is conplete, hut adequyate pressure to form an acceptahle electrica
connect i o %’é‘ﬁlgttﬂgmﬁ@ﬂéﬂ S7ecpfdnetald; ?Sd%gﬁgﬂ%‘{qﬁdﬁ aa?qrgwg e gap near
the netal surfaces to be significantly reduced or elim nated.

present invention, flexible and scalable to very small geometries because direct

metallic bonding depends only on inter-molecular attraction force.

Direct metal bonding is preferable for better thermal management and power
capability of semiconductor devices. The direct metal bonding, according to the
present invention, can replace flip-chip bonding with much smaller bonding pads
that are scalable.. It is further possible that this metal bonding can be used to realize

novel metal base devices (semiconductor-metal-semiconductor devices) See for
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The object of the deformable material in the vicinity of the netal material
formng the electrical contact is to allow the pressure generated by the
chem cal bonding of the non-netal surfaces to be sufficient to recess the
metal material sufficiently into its respective surface so that the gap
near the netal surface can be significantly reduced or elimnated.In
general, the deformable material is conprised of non-netal portions because
the pressure generated by the wafer-towafer chem cal bonding is typically
about one part in 10,000 or 1% of 1% of that required to deformtypical
nmetals. The recess of the nmetal into its respective surface allows the

starting I tal r b e Nk Supf 0 be
substantigghgg%igaé%ﬂﬁﬁgﬁ §#¥§gopﬁg&rgé§é§§h$h52§3|gnlgkgdﬁ§lggﬁﬁ%?eases
t he tol erapg of .the a u e required to prepare the wafers for
bondi ng arJﬁgﬁﬁ@%aﬂ@ﬂFgggt%g%ﬁgﬁgﬁacturabiIity of the enbodi ment. The
deformation al so substantially reduces or elimnates the ngn-bonded region
around the met lurthen g prgcess susppaitiarith Nt Yasehmotpgyn el heudisst metal-
connections that can be made in a given area and increasing the bond
strengt h oé-meted Hoodiokgdnay de ipetfermahmnben edifgrarars fully processed déealinest i on i s
enabl ed by the inclusion of a non-netal region underneath the netal
surface, agetdllibusdtslabesting) ofl e frésent\ iheRtivh tdlsodutilibst foahe tébpdiaarea et al
pad 80 fornmed on a layer 81 that is to be bonded to a correspondi ng | ayer

on anot her,,4e&4b ¢8 mifadrOPF&Ss frbinl the @iﬂf@r&xﬁbe@nqgrﬁfaﬂ?ﬂgaﬁsi@ﬁ,nsﬁﬂ@ Amommt eri al

such as a Iom/% dielectric material, 1s tornmed in layer 82 by standard
phot ol i t hogr.aphy,, et chi ng. and.deposi tion _techni . 82,.and region 83
bre for medndk e S tefs R Shoil skFE Ry B ol B ot Bt ot o e,
Al so, regign 83 may be much larger or |ayer 82 may be forned of the |low K
materi al , SBSORAIKHS n FIG 5B Regi on 83 may al so be a void

contai ning a vacuum or conpressible gas like air, or it nmay be a

conpr essi bl e ndhe geseridhyantivacar bend lacally er asudsh iag ientiel walpiosnrface area.

The present invention, while not limited to the following examples, bonds
heterogeneous surfaces such that metal/metal, oxide/oxide, semiconductor/
semiconductor, semiconductor/oxide, and/or metal/oxide regions can be bonded
between two wafers at room temperature.

Numerous advantages are offered by the present invention. For example,
other methods of wafer bonding and electrically interconnected constituent electrical
contacts require thinning of boﬂded substrates, via etching and metal deposition after
wafer bonding. The present invention eliminates the need for these post-bond
process steps to form electrical interconnections. Advantages of this elimination
include the elimination of mechanical damage caused by the die thinning.
Furthermore, the elimination of deep via etching avoids step coverage problems and

allows the electrical connection to be scaled to smaller dimensions, resulting in an
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conpressibility that the pressure generated by the bonding wll deformthe
netal into the region. The void may be forned in a manner simlar to that
used to fabricate netallic air bridges common in conpound sem conduct or
integrated circuit fabrication. One exanple of this fabrication is as
follows: 1) etch a recess in a planar, non-netal surface, 2) fill the
recess with a renovable material |ike photoresist such that the renovabl e
material is in the recess, but not outside the recess. This may, for
exanpl e, be done by conventional spin coating of photoresist, resulting in
a thicker photoresist in the recess than outside the recess, followed by

bl anket (1903 SELRSHMcbS ity AR A3 28ucl ARANPYALSiBLI i ci ent

to renove e material outs he reces ut not sufficrent "to renove the
material i,n the recess, 3) patternin netal f ure.that transyerses the
ecess butb S HORTantVHEIS) caDer Hefed dteQunp Rl Hib annek s Sebl bor ¢ on
of the recess, and 4) renoval of the rempval material in the recess by
accessi ng SEREBLPIRIOpRspes: i IV eHeompatible. An exanpl e of a conpressible
non-gas solid material is a low K dielectric used in sem conductor

manuf act uri ng. Aheudepthe pfeseiti Snveagpwnisi somppibdal With cdih5QBG| Ghiteo- or
greater than the desired height of netal above the non-netal surface.

Anot her didgmemsioval Ghsttmeondh @hlyf) fabfratiA Thist Gertieal aBEE Gondiyig Afs@etaRve a
region such as region 83 in a correspondi ng position beneath a netal pad to

be bonded gaes BAht&LonnEBlsSusiry ﬁlhgﬁg&%%ﬁ@oh&bdﬂli% srfrificHhigy @iknéﬁliﬂ% ot ed that

FIG 5Cis a schematic draw ng I's not shown to scal €. re, pads 80 and
86 are bo -1 conpr.essi,ve_ f € ondi f layers 81
and 67, TR SRS 2l Son e T SUE S B POt T S0 i ¢
pad 86 forpmed over void or Jow K material region 89 in |ayer 88. Layer 88
i's formed H&C Ia%{-t%@.etahb«m%g e BRERt IHYf‘é‘“fC‘l?ﬁ;}S w@@iwapévépgheda In
this enbodi ment, when the wafers are bonded, the netal surfaces are

cont act ed tapdligdieortarkingcyOWi t h respect to each other occurs during the

chem cal bondi ng process. The deformation relieves sone of the pressure
appl i ed by t he Beordds gengpattmmess thebugtjuisitd fforce ewtesparg & oen rmeetal-tosnétal mai nt ai n
the netal surfaces in contact and naintain an acceptabl e m ni num cont act
resi st ancoRRIBR) thdReion®inRh@dn fdbiALRIhANoWNEsiktRceSE [asitdbee Rafier s. As
the netal deforns into the region under the netal, the bonding surfaces are

al | owed t Q)e0NE) HALRORAMBAL fidh deAhGIA (SIS VELY RLARROmEdredi ately

adj acent to t metal, resulting I'n a naxi num bondi hg area between the

non- net al . sur.faces. ..A m.ni nrum.chem cal non-.honded reqi o f 1 - 10 mcrons,
or 1 ess. RNGBERT Ml hERPRg APl iRPTER, b kel pstBor esent

i nvention. | The deformable region is designed to have m ni_mum w dt h
to maxi m PderEeyHBess oftheypsie] mréi%éa Betar padst Forfrapp ﬁélc%uirfgﬁ%?arrﬁ?e
deformabl e region width primarily depends on the netal thickness and the
met al hei gleaneblveirahielatononeend|nitsegehadasmaThigls 8o pxidgneft en theauefaces.

approxi mately determ ned by the follow ng rel ati ons. Stress =
(2/3)*(Young' s Iivaasthérsenabodiatmstl of(thé presduk timbenBon sthoe Binfadeatof the* fomdirgl hei ght
above surface/half wdth of region)2 and

metal pads (fabricated for example from metals such as Al or Cu are coated with
oxidation resistant metals, such as for example with gold (Au) or platinum (Pt) layer.

Since both Au and Pt are inert metals, no oxide will be formed on the surfaces. To

ensure that there is a minimum amount of oxide between Au or Pt and the host
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Pressure = Stress*4*netal thickness*netal height above surface/(half wdth
of region)?2 Where the pressure is that generated by the bonding
process. A reference for these relations can be found in the "Handbook of
Thin Fil m Technol ogy", Maissel and G ang, 1983 Reissue, pp 12-24.

For exanple, for a netal thickness of about 0.1 mcron and a netal height
above the region of about 0.1 mcron above the surface and a region wdth
of about 1 micron, the pressure generated during bonding is approxinately
sufficient to deformthe netal into the region (assumng conpressibility of
the region can be neglected). Note that this 0.1 mcron netal height would

have resul i n L0g-n d ﬁﬁMﬂg t of
about 1 nﬁ%ﬁghtﬂ%ﬁﬁ%ﬁg%ﬁagg%ﬁgtQﬁ%@§¥85agﬁggn¥%eaﬁﬁﬁu a tS?gﬁggﬁﬁglis t hus
increased.sub%hﬁqtially 8¥ rqﬁuiring | ess control of the netal height above
the non- metredigiely RHgr oty PRAS PR“She non- bonded area is substantial |y
decreased allowing a significant increase in the nunber of netal to netal
contacts that dBrf BOdHidomed the SirgtigmRpdimentpfi the pegssrt inyeRtE, 3nbH cal
bondi ng energy. If the conpressibility of the region can not be negl ected,

t han t he trhétak oessoadflayenenaebalformeeationtthe mectalephdcan! howdsddisndespribedd/ or t he
net al hei ght above the non-netal surface needs to be reduced accordingly

and/ or t hebielt Roodxahiple, hagyerasniiads J00A b€ ah mar kasesh acadpdd pgldycedNot e t hat
t he percentage amount the width of the region needs to be increased is |ess

than the REEGEAhPYEEPIRISYndId}t r66h BmhehaRt Tﬁ&‘é‘ﬁﬁe,tnzﬁalg QiR R car f ace,

or the netal thickness, needs to be reduced. fourth enbodi nent of

vivcinity g e ot EPodifk TRR SRR CIER B oG D PR Bl |17
For m r ol BPGngIbeor daPs:Aer Bl Hiroperohieneh ReateseRomrestany WERGRH wa er .
A description of this enbodinent is provided with reference to Figures 6A-C
and 7A- C. insulator layer is deposed on a fully processed wafer and contact openings are

formed on the metal pads followed by a metal deposition with thickness 100 A more

than the depth of the contact windows, the metal pads now are extended above oxide

layer only 100 A, the pads can be separated each other by a very small distance, e.g.

20 pum.

Besides Au or Pt, palladium (Pd) has been utilized in the present invention as

an overcoat layer. Pd has good oxidation resistance. The surface diffusivity of Pd on

Pd is very high resulting in a significant mass transport of Pd even at room

temperature, especially given the contacting pressures exerted on the metal bonding

pads by the bonding of the non-metal wafer surface regions. The native oxide

between the two Pd bonding layers, if any, will be mechanically dispersed allowing

complete coverage with Pd of the physical interface between the two contacted

metal bonding pads.
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Fi gure 6A shows substrates 60 and 61 with planar surfaces. Recesses 62 and
63 are forned in substrates 60 and 61, respectively, and netal pads 64 and
65 are formed in recessed 62 and 63 respectively. The planar surfaces are
suitable for chem cal bonding as described previously. The netal or

conbi nati on of netals nmaking up pads 64 and 65 can reflow at | ow
tenperatures. Exanples of such a netal is indiumthat reflows at a nelting
tenperature of 160 degrees C, and such a conbination of netals is 96.5%tin
and 3.5%silver that reflows at a eutectic nelting tenperature of 220
degrees C. After the surfaces in Figure 6A are prepared for direct
chem cal bondi rf: r r ng%]'] > bond is
formed bet menﬁ?ﬁ%@%ﬁ%ﬁ%}i ﬁ}sjcla}{rl a?ggfe %%%ﬁg@#egggﬁg‘%ﬁrﬁ%ﬁfs g‘?lrld a2, t here
IS no gap r the netal contacts pecau the contacts are recessed,

2l t hough & YSPPRR e NG EXRases e S F SofinBe TR PRIt Pyt O g S7ome

After the chem cal bond in Figure 6B has been forned, a void 66 is forned
by parti alcoycamgreonst yndeed Y¥deghs de remevn hydracarbere pentanpipiationsoiResgyels not

i npede the wafer surfaces fromcom ng together and form ng a chem cal bond
li ke the rgtmlcabont actle sidfacas aftiee mietabborating paisciedradeiwtil hondisg, Zdmaxi mum
bond area is thus realized that maxi m zes the bond energy. After this high

bond ener gye gheitieakitkaBebilte REOBLSObIBREen thelbonding Meifades Tesulgfd aw anneal
reflows the metal in the recesses resulting in wetting of the netal from

t he opposi I ting in an interconnected netal
R B G A

structure w ortions 67 are fornmed by the reflowto

connect pads 64. and 65. . This, refl i$,,assisted wi.th a c I n of
capillary acti éaﬁ(p%]ine’?téclbagge%o trﬁmhlbé/ﬁo LS SERUPHYT §80 anﬁéév%# é@Hfg&as, f or
exanple, if the wafers are rotated during the anneal. ) nafifth
enbodi nentPubRle fpragtiong Am &k &Erth'ﬁllécr?ﬁo‘ﬂ?fgr’@nlﬁ?dscfﬁglygfOPthH@Csﬁ‘,l‘FflP%ﬁ?etQati n Figure
6A has the netal recesses replaced with netal plateaus, such, that the

hei ght of archtermiated posityesuHabbveehydiephwbimsificeuppisragriregied Wil 9 i s | ess
than the depth of the netal recess bel ow the planar surface on the other
waf ers as gahbwfozone Bogieneativh. cobibtisddraitle $8 S0Aaind 2340 AVY irredipéat from net al
pads 72 and 73. Pads 72 are forned in recesses 74. In this case, the netal

surfaces @gonat .wilV SRR Rkoorh Rigibraliedor | Henip! fBNeweS by has@ndfior gipng a
chem cal bond are placed in contact as shown in Figure 7B. The surfaces of

Curtaces a4 SoRlle g o o bona

surfaces are p sint e ‘exanp em cal
on t he ¢ wdSdMITBre R e SRGERTEaorbgIPiier T iiRg RoPtl Bné®ss, Tn s
manner. s| rt]grlll:?errath?e cﬁéagll;r i(raxdi%g[’iné t%?: lélff:[eiztri]\% rierrlllo@tlgoufrh%deO%érbons from the wafer

surfaces.

For Au and Pt, it is adequate to use UV/ozone cleaning Before bonding

without formation of metal oxide on the metal surfaces. For other metals that can be

oxidized by ozone, a thin layer of Au on the metals can prevent oxidation, or the

oxide can be removed by e.g. immersion in NH4OH before bonding. In addition,

plasma treatment with inert gases, for example plasma treatments in a reactive ion

etch mode (RIE) with only inert gasses such as nitrogen and argon in the plasma

25



Hence, the present invention offers numerous advantages and distinctions
fromprior | ow tenperature wafer bonding techniques. The netal to netal

di rect bonding of the present invention is spontaneous and requires no
external forces at roomtenperature. The pressure applied on the netal
posts that is required for netal-to-netal bonding is generated by bonding
process itself, and not external forces. The netal -to-netal direct bonding
of the present invention is perforned under anbient conditions and the
following are realized: wafer level or die size bonds, strong netallic

Au- Au, Cu-Cu or netal-to-nmetal bonds foiuied at roomtenperature, and

strong net { t C t room
YR L A s g

si mul t aneous bondi ng of. netal /metal , oxi de/ oxi de. and et al {0x] de can be
achi eved. RA¥CRetig -%PB(LH%t%Her@‘l 2 POBb AeRY20Fe ke lés‘é‘ﬁtla{/ V’l’?t?gnﬂdgn is
conmpati ble with standard VLSI %rocessing and therefore, is a manufacturable
t echnol ogyxidefxigrebendst oF yrthesl theinresent Foseioyhest diseryveprdebahan Oyt i on i s
conpatible with bonding of materials covered with silicon oxides, silicon,
or sili comlasitardadée used to reRaok [contamimgion Hwmmeteadurface nbmatalsdiuckes Avondi ng of
the present invention is the direct bonding of the non-netal regions

pr oxi mat e gh@pt.he netal bondi ng pads. As previously discussed, it is the
direct bonding in these regions that generates the resultant force on the
opposi ng met al \?H@Q'Bﬂnﬁé@é-sﬂa@e e eahi POt A AQATmeBlAd | C

regi ons, according to the present 1nvention, covalently bonds in air
silicon dioxjde.or other insulator. covered waf r Leri can be
i1 sed. oREEE R R Bic SRRl S RABL R RPE e RB bl S5 e

di pped in an ammonja solution prior to honding. Mre generically, any

mat eri al  WHHRCES nath FFPSFALIgR} H’ioée‘i‘lﬂ?sf sewd E%ttusgg’n aﬁ‘é)r@‘g&nfongiee@r%ﬁn@, NH or
FR groups, and porous |ow k materials when brought into contact at room

t enper at ureveptionfiorwhieh theversspondangdmetal, insulatpg @od demigondnetoresuplaetsent
invention, silicon dioxide formed by any nethod such as deposition,

t her mal | y agy suffieismttyatieyned pridato contacaachsthianthe forglagion ,of camm benpesadrel N pur e
or doped states. Applications of the present invention include but

are not | ibghdigd i§ fotviahivited! Ih MeeHsalof X plotddiios @ YadbbiHiRg A Bebcedsr CUi t's
for 3-D SOC, m cro-pad packagi ng, | ow cost and hi gh-performance repl acenent

of flip chip 1!3;?&312&!‘@1%@!&2&% iﬁ%?dig%l RAf 29109 ’sﬂicﬁﬁrcfmliﬂléfe&ﬁ SRt uni que

devi ce struc suc S neta evi ces. umerous nodi fications

and variations of the present invention ar ossi.ble.in |ight, of.the above
t eachi ngs%hﬁ? af’& SH#%‘}%@%YP&Z%O%%‘%% '8 gt eh%ffld‘?/\ﬂrﬁalcﬁs’%%gs%o&sglgof t he
appended cl ains, the invention may be practjced othermﬁsg t han as

speci f i Ca[pp@,s aess formpdly opebandipg wafers as described above, a modified RCA 1

(H0:H,0,:NH40OH =5:1:0.25), UV/ozone, and plasma treatment clean the surfaces
of both metal and oxide wifhout roughening the bonding surfaces. A room
temperature standard 29% NH;OH dip removes particles and oxide on the metal
surfaces if any without degrading the silicon dioxide surfaces. After spin-drying and
room temperature bonding and storage, strong covalent bond and metallic bond are
formed spontaneously at bonding inter face between oxide layers and metal surfaces,

respectively. Besides the near planar bonding structures shown in FIGS. 1A-1D,
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CLAIMS: 1. A bonded structure, conprising: a first substrate having a
first plurality of nmetallic pads extending above a first surface of said
first substrate; a first non-netallic region located in said first
surface proximate to the first plurality of netallic pads; a second
substrate having a second plurality of netallic pads extendi ng above a
second surface of said second substrate; a second non-netal lic region
| ocated in said second surface proximte to the second plurality of
netal li c pads;

other structures can also utilize the principles of the present invention. For example,
a second embodiment is shown in FIGS. 4A-4C, where wafers including metal via
interconnections are bonded to a smaller die. FIG. 4A depicts a magnified view of a
substrate 50 including metal interconnects 51. In FIG. 4A, the metal interconnects
are embedded in a silicon dioxide layer 52 such as a PECVD oxide, thermal oxide,
or spin-on glass. Interconnects 51 extend above the layer 52 to a height as discussed
previously. FIG. 4A also shows smaller die 53 having metal contact 54 and silicon
dioxide layer 55.

Following forming an insulating layer 58 on both dies of a material such as
silicon dioxide, a standard via etch and metal fill, followed by chemical mechanical
polish and surface treatment are used to prepare the layers 58 for bonding. FIG. 4B
depicts a pair of opposing wafers with reciprocal metal bonding pads 56 and 57.
FIG. 4C shows the contacting and subsequent bonding of these two opposing
substrates, forming bond 59.

Here, as before, the bonding of the non-metal regions generates the requisite
forces to form the metal-to-metal interconnections across the dies. As depicted in
FIG. 4C, the bonding of the oxide layers generates the requisite bonding force for
direct metal-to-metal contact of the metal bonding pads 56 and 57. A plurality of
dies 53 may be prepared and bonded to substrate 50, as shown in FIG. 4D. -

In the metal-to-metal direct bonding of the first and second embodiments of

the present invention, the thickness of bonding metal films extended above die
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said first plurality of netallic pads directly contacting said second
plurality of netallic pads, respectively; and said first non-netallic
region in contact with and directly bonded to said second non-netallic
region by elastic deformation of at |east one of said first substrate and
said second substrate. 2. A structure as recited in claim1l, conprising: at
| east one of said first and second plurality of netallic pads cornected to
a device. 3. A structure as recited in claim2, conprising:

surface is preferably thin to minimize the unbonded ring area around the metal posts.

Further, the thickness of bonding metal pads is scaleable, and VLSI compatible size

metal posts or pads can be made and bonded. When the metal film thickness is

below a certain value, the width of the unbonded ring area is significantly reduced so

that the spacing between metal posts permits small spacing (e.g. <10 pm) between

the metal bonding pads to be used.

A third embodiment of the invention allows a significant increase in the

metal height above the non-metal surface and/or significant reduction in non-bonded

area near the metal while maintaining an acceptable electrical connection between

metal portions formed on separate wafers. In this embodiment, deformation of

material in the vicinity of the metal material that forms the electrical contact is

designed to result from the pressure at the metal. surfaces from the wafer-to-wafer

chemical bonding of the non-metal portions. This deformation may result in less

pressure applied to the metal after the bonding process is complete, but adequate

pressure to form an acceptable electrical connection between the metal portions.

This deformation allows the gap near the metal surfaces to be significantly reduced

or eliminated.

The object of the deformable material in the vicinity of the metal material
forming the electrical contact is to allow the pressure generated by the chemical

bonding of the non-metal surfaces to be sufficient to recess the metal material

sufficiently into its respective surface so that the gap near the metal surface can be
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said first and second plurality netallic pads each having a thickness
substantially smaller than a separation di stance between adjacent ones of

said netallic pads. 4. A structure as recited in claim3, wherein
said thickness is less than 1000 A. 5. A structure as recited in claim4,
wher ei n: at | east one of said first and second non-netallic regions
conprises a silicon dioxide |ayer. 6. A structure as recited in
claim5, wherein said silicon dioxide | ayer has been exposed to an oxygen
pl asma. 7. A structure as recited in claimb5, conprising:

significantly reduced or eliminated. In general, the deformable material is
comprised of non-metal portions because the pressure generated by the wafer-to-
wafer chemical bonding is typically about one part in 10,000 or 1% of 1% of that
required to deform typical metals. The recess of the metal into its respective surface
allows the starting height of the metal surface above the non-metal surface to be
substantially higher than after the recess. This significantly increases the tolerances
of the metal surface required to prepare the wafers for bonding and subsequently the
manufacturability of the embodiment. The deformation also substantially reduces or
eliminates the non-bonded region around the metal allowing a substantial increase in
the number of connections that can be made in a given area and increasing the bond
strength of the bonded and interconnected parts.

The deformation is enabled by the inclusion of a non-metal region
underneath the metal surface, as illustrated in FIG. 5A. A die with a substrate 85 has
a metal pad 80 formed on a layer 81 that is to be bonded to a corresponding layer on
another device. Region 83, filled with a deformable non-metal material such as a
low K dielectric material, is formed in layer 82 by standard phétolithography,
etching and deposition techniques. Layer 82 and region 83 are formed on layer 84.
Any number of layers may be formed on substrate 85. Also, region 83 may be much
larger or layer 82 may be formed of the low K material, as shown in FIG. 5B.

Region 83 may also be a void containing a vacuum or compressible gas like

air, or it may be a compressible non-gas solid material with a sufficiently low
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nmetallized via holes in said silicon dioxide |ayer. 8. A structure

as recited in claim7, wherein the netallized via holes conprise: a
protruding nmetallic pad forned on one of said first substrate and said
second substrate; and a recessed netallic pad fornmed on another one
of said first substrate and said second substrate not having said
protruding netallic bondi ng pad. 9. A structure as recited in claim
1 wherein at |east one of the first substrate and the second substrate

i ncludes an integrated circuit. 10. A structure as recited in claim
|, conprising:

compressibility that the pressure generated by the bonding will deform the metal
into the region. The void may be formed in a manner similar to that used to
fabricate metallic air bridges common in compound semiconductor integrated circuit
fabrication. One example of this fabrication is as follows: 1) etch a recess in a
planar, non-metal surface, 2) fill the recess with a removable material like
photoresist such that the removable material is in the recess, but not outside the
recess. This may, for example, be done by conventional spin coating of photoresist,
resulting in a thicker photoresist in the recess than outside the recess, followed by
blanket (non patterned) etching of the photoresist of an amount sufficient to remove
the material outside the recess but not sufficient to remove the material in the recess,
3) patterning a metal feature that transverses the recess but does not entirely cover
the recess, leaving an exposed portion of the recess, and 4) removal of the removal
material in the recess by accessing the exposed portion of the recess. An example of
a compressible non-gas solid material is a low K dielectric used in semiconductor
manufacturing. The depth of this region is typically comparable to or greater than
the desired height of metal abové the non-metal surface. Another die to which the
die of FIG. 5A is to be bonded may also have a region such as region 83 in a
corresponding position beneath a metal pad to be bonded to pad 80. This is
illustrated in FIG. 5C, where it is noted that FIG. 5C is a schematic drawing and is
not shown to scale. Here, pads 80 and 86 are bonded by the compressive force

generated by bonding of layers 81 and 87. The upper die in FIG. 5C includes a
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at |l east one of said first and second substrates el astically being
11. A structure as recited in claiml, conprising: a void forned
beneath at | east one of said first plurality of pads. 12. A structure as

recited in claiml, conprising: a void forned in a |ayer of material
13. A structure as recited in claim1, conprising: a materi al
beneath said pad deforned to extend into said void.

def or ned.

said voi d.

substrate 91 and layer 90 with pad 86 formed over void or low K material region 89
in layer 88. Layer 88 is formed on layer 89. Again, the upper die may have many
layers.

In this embodiment, when the wafers are bonded, the metal surfaces are
contacted and deformation with respect to each other occurs during the chemical
bonding process. The deformation relieves some of the pressure applied by the
bonding process, but sufficient pressure remains to maintain the metal surfaces in
contact and maintain an acceptable minimum contact resistance between th¢ two
metal surfaces on the two separate wafers. As the metal deforms into the region
under the metal, the bonding surfaces are allowed to come into contact in a lateral
annulus very close or immediately adjacent to the metal, resulting in a maximum
bonding area between the non-metal surfaces. A minimum chemical non-bonded
region of 1 — 10 microns, or less, adjacent to the metal contact, can thus be formed
by the present invention.

The deformable region is designed to have a minimum width to maximize
the number of possible electrical interconnections. The deformable region width
primarily depends on the metal thickness and the metal height above the non-metal
surface. These parameters are approximately determined by the following relations.

Stress = (2/3)*(Young’s Modulus of Metal)(1/1- Metal Poisson’s
Ratio)*(metal height above surface/half width of region)”

and
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14. A structure as recited in claim1, conprising: a deformable materi al

di sposed beneath at | east one of said first plurality of netallic pads. 15.
A structure as recited in claim 14, conprising: said deformable materi al
havi ng an area of reduced thickness beneath said at | east one pad. 16. A
structure as recited in claiml1, conprising: a deformable | ow K materi al

di sposed beneath at | east one of said first plurality of netallic pads. 17.
A structure as recited in claim 16, conprising:

Pressure = Stress*4*metal thickness*metal height above surface/(half width
of region)?

Where the pressure is that generated by the bonding process. A reference for
these relations can be found in the “Handbook of Thin Film Technology”, Maissel
and Glang, 1983 Reissue, ppl12-24.

For example, for a metal thickness of about 0.1 micron and a metal height
above the region of about 0.1 micron above the surface and a region width of about
1 micron, the pressure generated during bonding is approximately sufficient to
deform the metal into the region (assuming compressibility of the region can be
neglected). Note that this 0.1 micron metal height would have resulted in an
unbonded annulus or ring width around the metal of about 1 mm if the metal was not
deformable. The manufacturability is thus increased substantially by requiring less
control of the metal height above the non-metal surface. Furthermore, the non-
bonded area is substantially decreased allowing a significant increase in the number
of metal to metal contacts that can be made and resulting in an increase in the
chemical bonding energy. If the compressibility of the region can not be neglected,
than the thickness of the metal needs to be reduced accordingly and/or the metal
height above the non-metal surface needs to be reduced accordingly and/or the width
of the region needs to be increased accordingly. Note that the percentage amount

the width of the region needs to be increased is less than the percentage amount the
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said low K material deforned in an area beneath at | east one of said first
plurality of pads. 18. A structure as recited in claim16, wherein: said
low K material have an area of reduced thickness beneath said at | east one
pad. 19. A bonded structure, conprising: a first plurality of
netal lic pads disposed on a first substrate;. a first non-netallic
region located in a first surface of said first surface proximte to the
first plurality of netallic pads, an upper surface of said first plurality
of nmetallic pads being below said first surface;

metal height above the non-metal surface, or the metal thickness, needs to be
reduced.

A fourth embodiment of the invention further relaxes the mechanical design
constraints in the vicinity of the metal contacts described in the first, second, and
third embodiments by relying on a low temperature, post-bond reflow anneal to form
reliable electrical interconnections between chemically bonded wafers. A
description of this embodiment is provided with reference to Figures 6A-C and 7A-
C.

Figure 6A shows substrates 60 and 61 with planar surfaces. Recesses 62 and
63 are formed in substrates 60 and 61, respectively, and metal pads 64 and 65 are
formed in recessed 62 and 63 respectively. The planar surfaces are suitable for
chemical bonding as described previously. The metal or combination of metals
making up pads 64 and 65 can reflow at low temperatures. Examples of such a
metal is indium that reflows at a melting temperature of 160 degrees C, and such a
combination of metals is 96.5% tin and 3.5% silver that reflows at a eutectic melting
temperature of 220 degrees C.

| After the surfaces in Figure 6A are prepared for direct chemical bonding and
the surfaces are placed together, a chemical bond is formed between the planar
surfaces. Compared to embodiments 1 and 2, there is no gap near the metal contacts
because the contacts are recessed, although a reliable electrical interconnection is

not yet made.
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a second plurality of nmetallic pads di sposed on a second substrate; a
second non-netallic region located in said second surface proximate to the

second plurality of metallic pads; a portion of said first plurality
of nmetallic pads directly contacting respective ones of said second
plurality of metallic pads, respectively; and said first non-netallic

region in contact wwth and directly bonded to said second non-netallic
region of at |east one of said first substrate and said second substrate.
20. A structure as recited in claim19, wherein said portion conprises a
refl ow portion. 21. A structure as recited in claim19, conprising:

sai d second pl u/&ﬂs%ri th c@gmimt@cl i i F@@ﬂé 6%&3%6&@0%?5 V§f&rééﬁf§€foﬁﬁé@ndi ng

above a surface Of sald second substrate.
by partially metal-filled recesses from both wafers. This void does not impede the
wafer surfaces from coming together and forming a chemical bond like the metal
contacts do in the first and second embodiments. A maximum bond area is thus
realized that maximizes the bond energy. After this high bond energy chemical
bond has been formed, a low temperature reflow anneal reflows the metal in the
recesses resulting in wetting of the metal from the opposing wafers together and
resulting in an interconnected metal structure with high reliability. Portions 67 are
formed by the reflow to connect pads 64 and 65. This reflow is assisted with a
combination of capillary action for recesses with high aspect ratios and gravity as,
for example, if the wafers are rotated during the anneal.

In a fifth embodiment, similar to the fourth embodiment, one of the surfaces
in Figure 6A has the metal recesses replaced with metal plateaus, such, that the
height of the metal plateau above the planar surface on one wafers is less than the
depth of the metal recess below the planar surface on the other wafers as shown in
Figure 7A. Substrates 70 and 71 héve respective metal pads 72 and 73. Pads 72 are
formed in recesses 74. In this case, the metal surfaces do not, in general, touch after
the planar surfaces forming a chemical bond are placed in contact as shown in
Figure 7B. The surfaces of substrates 70 and 71 are prepared for direct chemical

bonding and the surfaces are placed together as in the above example, and a

chemical bond is formed between the planar surfaces (FIG. 7B). After reflow, the
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22. A structure as recited in claim?21l, wherein: sai d upper surface
of said first plurality of netallic pads being below said first surface by
a first distance; sai d upper surface of said second plurality of
metal li c pads extendi ng above a surface of said second substrate by a
second di stance; and said first distance being greater than said second

di stance. 23. A structure as recited in claim19, said second
plurality of metallic pads having an upper surface extending bel ow of a
surface of said second substrate.

metal on the two different wafers is wetted together, forming portions 75, in a
manner similar to Figure 6C, resulting in Figure 7C.

Hence, the present invention offers numerous advantages and distinctions
from prior low temperature wafer bonding techniques. The metal to metal direct
bonding of the present invention is spontaneous and requires no external forces at
room temperature. The pressure applied on the metal posts that is required for
metal-to-metal bonding is generated by bonding process itself, and not external
forces. The metal-to-metal direct bonding of the present invention is performed
under ambient conditions and the following are realized: wafer level or die size
bonds, strong metallic Au-Au, Cu-Cu or metal-to-metal bonds formed at room
temperature, and strong metallic bond of metals other than Au and Cu can be formed
at room temperature by covering the metals with a ~50 A Au layer. Thus,
simultaneous bonding of metal/metal, oxide/oxide and metal/oxide can be achieved.
The metal-to-metal direct bonding of the present invention is compatible with
standard VLSI processing and therefore, is a manufacturable technology. The metal
to metal direct bonding of the present invention is compatible with bonding of
materials covered with silicon oxides, silicon, or silicon nitride.

Facilitating the metal-to-metal direct bonding of the present invention is the
direct bonding of the non-metal regions proximate to the metal bonding pads. As
previously discussed, it is the direct bonding in these regions that generates the

resultant force on the opposing metal bonding pads. The direct bonding of the non-
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24. A structure as recited in claim19, conprising: said first
substrate having recessed portions in which said first plurality of
nmetallic pads are disposed. 25. A structure as recited in claim 24,

conpri si ng: sai d second substrate having recessed portions in which
said second plurality of netallic pads are disposed, an upper surface of
said second plurality of nmetallic pads being below a surface of said second
substrate. 26. A structure as recited in claim19, conprising: sai d
second substrate having recessed portions in which said second plurality of
metal lic pads are disposed, an upper surface of said second plurality of

nmetallic pa .bei ng bel ow,.a su .sai c e
eneqe?lhc reglgns, according %o I:[}];eagr%se%ct lgvaeln 101§,ec%(\)lglgnt?}llj Bgrtu{sai%%lr silicon

dioxide or other insulator covered wafers. Other materials can be utilized, for
example, fluorinated oxide surface layers that may also be dipped in an ammonia
solution prior to bonding. More generically, any material with an open structure
surface that can be terminated by OH, NH or FH groups, and porous low k materials
when brought into contact at room temperature can form a covalent bond.

According to the present invention, silicon dioxide formed by any method
such as deposition, thermally or chemically .oxidation, and spin-on glass, can be used
in pure or doped states.

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
of the appended claims, the invention may be practiced otherwise than as

specifically described herein.
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CLAIMS:

1. A bonded structure, comprising:

a first substrate having a first plurality of metallic pads extending aboile a
first surface of said first substrate;

a first non-metallic region located in said first surface proximate to the first
plurality of metallic pads;

a second substrate having a second plurality of metallic pads extending
above a second surface of said second substrate;

a second non-metallic region located in said second surface proximate to the
second plurality of metallic pads;

said first plurality of metallic pads directly contacting said second plurality
of metallic pads; respectively; and

said first non-metallic region in contact with and directly bonded to said
second non-metallic region by elastic deformation of at least one of said first
substrate and said second substrate.

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

at least one of said first and second plurality of metallic pads connected to a
device.

3. A structure as recited in claim 2, comprising:
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said first and second plurality metallic pads each having a thickness
substantially smaller than a separation distance between adjacent ones of said

metallic pads.

4. A structure as recited in claim 3, wherein said thickness is less than 1000

5. A structure as recited in claim 4, wherein:

at least one of said first and second non-metallic regions comprises a silicon
dioxide layer.

6. A structure as recited in claim 5, wherein said silicon dioxide layer has
been exposed to an oxygen plasma.

7. A structure as recited in claim 5, comprising:
metallized via holes in said silicon dioxide layer.

8. A structure as recited in claim 7, wherein the metallized via holes
comprise:

a protruding metallic pad formed on one of said first substrate and said
second substrate; and |

a recessed metallic pad formed on another one of said first substrate and said
second substrate not having said protruding metallic bonding pad.

9. A structure as recited in claim 1 wherein at least one of the first substrate
and the second substrate includes an integrated circuit.

10. A structure as recited in claim 1, comprising;:
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at least one of said first and second substrates elastically being deformed.

11. A structure as recited in claim 1, comprising:
a void formed beneath at least one of said first plurality of pads.

12. A structure as recited in claim 1, comprising:
a void formed in a layer of material below said void.

13. A structure as recited in claim 1, comprising:
~ a material beneath said pad deformed to extend into said void.

14. A structure as recited in claim 1, comprising:
a deformable material disposed beneath at least one of said first plurality of metallic
pads.

15. A structure as recited in claim 14, comprising:
said deformable material having an area of reduced thickness beneath said at least
one pad.

16. A structure as recited in claim 1, comprising:
a deformable low K material disposed beneath at least one of said first plurality of
'metallic pads.

17. A structure as recited in claim 16, comprising:
said low K material deformed in an area beneath at least one of said first plurality of
pads.

18. A structure as recited in claim 16, wherein:

said low K material have an area of reduced thickness beneath said at least one pad.
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19. A bonded structure, comprising:

a first plurality of metallic pads disposed on a first substrate;

a first non-metallic region located in a first surface of said first surface
proximate to the first plurality of metallic pads, an upper surface of said first
plurality of metallic pads being below said first surface;

a second plurality of metallic pads disposed on a second substrate;

a second non-metallic region located in said second surface proximate to the
second plurality of metallic pads;

a portion of said first plurality of metallic pads directly contacting respective
ones of said second plurality of metallic pads, respectively; and

said first non-metallic region in contact with and directly bonded to said
second non-metallic region of at least one of said first substrate and said second
substrate.

20. A structure as recited in claim 19, wherein said portion comprises a
reflow portion.

21. A structure as recited in claim 19, comprising:

said sepond plurality of metallic pads having an upper surface extending
above a surface of said second substrate.

22. A structure as recited in claim 21, wherein:

said upper surface of said first plurality of metallic pads being below said

first surface by a first distance;
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said upper surface of said second plurality of metallic pads extending above
a surface of said second substrate by a second distance; and

said first distance being greater than said second distance.

23. A structure as recited in claim 19,

said second plurality of metallic pads having an upper surface extending
below of a surface of said second substrate.

24. A structure as recited in claim 19, comprising:

s.aid first substrate having recessed portions in which said first plurality of
metallic pads are disposed.

25. A structure as recited in claim 24, comprising:

said second substrate having recessed portions in which said second plurality
of metallic pads are disposed, an upper surface of said second plurality of metallic
pads being below a surface of said second substrate.

26. A structure as recited in claim 19, comprising:

said second substrate having recessed portions in which said second plurality
of metallic pads are disposed, an upper surface of said second plurality éf metallic

pads being below a surface of said second substrate.
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