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TITLE

METHODS FOR DIRECTLY BONDING TOGETHER SEMICONDUCTOR
STRUCTURES, AND BONDED SEMICONDUCTOR STRUCTURES FORMED USING
SUCH METHODS

TECHNICAL FIELD
[0001] The present invention relates to methods of directly bonding together

semiconductor structures, and to bonded semiconductor structures forming using such methods.

BACKGROUND
[0002] The three-dimensional (3D) integration of two or more semiconductor structures
can produce a number of benefits to microelectronic applications. For example, 3D integration of
microelectronic components can result in improved electrical performance and power consumption

while reducing the area of the device foot print. See, for example, P. Garrou, et al. “The Handbook
of 3D Integration,” Wiley-VCH (2008).

[0003] The 3D integration of semiconductor structures may take place by the attachment
of a semiconductor die to one or more additional semiconductor dies (i.e., die-to-die (D2D)), a
semiconductor die to one or more semiconductor wafers (i.e., die-to-wafer (D2W)), as well as a
semiconductor wafer to one or more additional semiconductor wafers (i.e., wafer-to-wafer (W2W)),

or a combination thereof,

[0004] The bonding techniques used in bonding one semiconductor structure to another
semiconductor structure may be categorized in different ways, one being whether a layer of
intermediate material is provided between the two semiconductor structures to bond them together,
and the second being whether the bonding interface allows electrons (i.e., electrical current) to pass
through the interface. So called “direct bonding methods” are methods in which a direct solid-to-
solid chemical bond is established between two semiconductor structures to bond them together
without using an intermediate bonding material between the two semiconductor structures to bond
them together. Direct metal-to-metal bonding methods have been developed for bonding metal
material at a surface of a first semiconductor structure to metal material at a surface of a second

semiconductor structure.
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reduci ng the area of the device foot print. See, for exanple, P. Garrou, et
al. "The Handbook of 3D Integration,” WIey-VCH (2008). [ 0003] The 3D
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[0013] In additional embodiments, the present invention includes further methods of
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semiconductor structure comprising a second metal feature at least partially surrounded by a

dielectric material. The second metal feature of the second semiconductor structure may have a
second major surface directly bonded to a portion of the first major surface of the first metal feature
of the first semiconductor structure. A cap material may be disposed directly between a surface of
the dielectric material and another portion of the first major surface of the first metal feature of the

first semiconductor structure,

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] The present invention may be understood more fully by reference to the following
detailed description of example embodiments of the present invention, which are illustrated in the
appended figures in which:
[0018] FIGS. 1A-1G are simplified cross-sectional views illustrating example

embodiments of methods of forming bonded semiconductor structures of the invention;



[0019] FIGS. 2A-2F are sinplified cross-sectional views illustrating
addi ti onal exanple enbodi nents of nethods of form ng bonded sem conduct or
structures of the invention; and [0020] FIGS. 3A-3G are sinplified
cross-sectional view illustrating additional exanple enbodi nents of nethods
of form ng bonded sem conductor structures of the invention. DETAILED
DESCRI PTI ON [0021] The illustrations presented herein are not neant
to be actual views of any particular material, device, system or nethod,

but are ner i d i epresent ations th .are. , : i
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are cited herein, the entire disclosures of which are incorporated herein
intheir entirety by this reference for all purposes. Further, none of the

cited references, regardless ﬁ%¥ﬁﬁﬁﬁfﬁﬁﬁﬁﬁhﬁﬁgiﬁd herein, is admtted as

prior art relative to the invention o e subject matter clained herein.
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also include fully fabricated sem conductor devices, as well as
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described in any specific heading are generally applicable in other sections throughout the entire
specification.

[0023] A number of references are cited herein, the entire disclosures of which are
incorporated herein in their entirety by this reference for all purposes. Further, none of the cited
references, regardless of how characterized herein, is admitted as prior art relative to the invention

of the subject matter claimed herein.

[0024]  As used herein, the term “semiconductor structure” means and includes any
structure that is used in the formation of a semiconductor device. Semiconductor structures include,
for example, dies and wafers (e.g., carrier substrates and device substrates), as well as assemblies or
composite structures that include two or more dies and/or wafers three-dimensionally integrated
with one another. Semiconductor structures also include fully fabricated semiconductor devices, as

well as intermediate structures formed during fabrication of semiconductor devices.

[0025] As used herein, the term “processed semiconductor structure” means and includes
any semiconductor structure that includes one or more at least partially formed device structures.
Processed semiconductor structures are a subset of semiconductor structures, and all processed

semiconductor structures are semiconductor structures.

[0026] As used herein, the term “bonded semiconductor structure” means and includes
any structure that includes two or more semiconductor structures that are attached together. Bonded

semiconductor structures are a subset of semiconductor structures, and all bonded semiconductor



[ 0025] As used herein, the term "processed sem conductor structure" neans
and includes any sem conductor structure that includes one or nore at | east
partially formed device structures. Processed sem conductor structures are
a subset of sem conductor structures, and all processed sem conductor
structures are sem conductor structures. [ 0026] As used herein, the
term "bonded sem conductor structure" neans and includes any structure that
i ncludes two or nore sem conductor structures that are attached together.
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and/or on the exposed major surface of the processed semiconductor structure.

[0030] As used herein, the term “back surface,” when used in relation to a processed
semiconductor structure, means and includes an exposed major surface of the processed
semiconductor structure on an opposing side of the processed semiconductor structure from an

active surface of the semiconductor structure.

[0031] In some embodiments, the present invention comprises improved methods of
directly bonding a first semiconductor structure to a second semiconductor structure to form a
bonded semiconductor structure. In particular, embodiments of the invention may comprise

methods of forming direct metal-to-metal bonds between metal features of a first semiconductor



[0031] In sone enbodi nents, the present invention conprises inproved

met hods of directly bonding a first sem conductor structure to a second
sem conductor structure to forma bonded sem conductor structure. In
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structure and nmetal features of a second sem conductor structure, such that
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t he bond pads 108. The oxide material 114 may al so si rrpltythresult from

exposuretivsfsutfprs 198 néithe digss saroigondyciar grustuse Sk jLton dgormation of the bond pads 108,
an oxide material 114 may be disposed at (e.g., on or in) the exposed major surface of the bond

pads 108. By way of example and not limitation, the bond pads 108 may comprise copper or a
copper alloy, and the oxide material 114 may comprise copper oxide (e.g., Cu,0). The oxide
material 114 may result from intended or unintended oxidation of exposed surfaces of the bond pads
108, and may result from one or more previously performed processes, such as a chemical-
mechanical polishing (CMP) method performed during fabrication of the bond pads 108. The oxide
material 114 may also simply result from exposure of the bond pads 108 to a gas comprising

oxygen (e.g., air).



oxygen (e.g., air). [0036] Referring to FIG 1B, the oxide materia
114 may be renoved fromthe bond pads 108. By way of exanple and not
limtation, a wet chem cal etching process or a dry plasma etching process
may be used to renpve the oxide material 114 fromthe bond pads 108. For
exanple, dry argon plasma etching processes may be used to etch the oxide
material 114. As additional exanples, inorganic acids such as hydrochloric
acid and/or nitric acid, as well as organic acids such as citric acid
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exposed to a first plasnma made fromhelium after which the bond pads 108
may be exposed to a second plasma nmade from a reducing gas to renove copper
oxi de fromthe copper surface. The bond pads then nmay be exposed to sil ane,
which reacts with the copper surface of the bond pads 108 to sel ectively
form copper silicide. After form ng the copper silicide on the surfaces of
t he bond pads 108, the bond pads 108 may be exposed to a third plasnma nade
from ammoni a and nol ecul ar nitrogen to formthe copper silicon nitride on

t he surfaces of the bond pads 108.



[0041] After formng the cap layer 118 that includes a netal, silicon, and
nitrogen atons (e.g., CuSiN), the bond pads 108 nay be directly bonded to
netal features of a second sem conductor structure. Referring to FIG 1E
the first sem conductor structure 100 may be aligned with the second

sem conductor structure 200 such that the bond pads 108 of the first

sem conduct or structure 100 are aligned with the conductive netallic bond
pads 208 of the second sem conductor structure 200. As shown in FIG 1E,

t he second LfO ol SLi i ncl 1] - ' devi ce
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108 maygielsidpg one or nore bonding surfaces 120 of the bond pads 108, and
exterior exposed surfaces of the bond pads 208 may define bondi ng surfaces

220 of the ¥M48] pdesonxogntndineds, fererp bveluld o spmptivingtilivea neye further [ 0043]

Ref erri I AF after b.Qn I %gm I e 0 may
be ali 5 ﬂ‘g’éé“%“ F)hr%s%%’léncgﬁl é%%@é\%ﬁ%agga}rset ?E(%:t re )}2:%5&%@5% a?(ﬁg‘%tqlt léél{“gnc’)n pads
108 of chfryér Irl6compridimporiliton treay be texprstditoe g6 Or pleenadongnisalg wittogert NHz) to
conduct ve netal | i ond d 08. of the secopnd sem conquctor structure
500t s Py A BRI R Baf it ad WisBRhalprise FRaRr A Lok REP S o
second cERGHiERAGWE Wvach Blelcdf layerel 13QBmBHER chipat siliti@e RYNWUSY,), 3k doppasilitide of

t he bond pads 108 of the first sem conductor structure 100 are abutted

di r ect mayhgsxpesed ohEbplpwnaty fermy soppasilizopnigide (RESHON Y praof oxamns andmet
second;sent: r . - i 1G the
Bondi ndSnpEacH 3ty 136 P RpsEig 8 nidae may bR SRS AL SRR o

st r uct uypplitHon PablicatieyNb.088/02 39y Al owbliel putdishdveScptsnbendy 2608 indbeman®2d of

t he bond pads ,208.0f,.the segco sem conduct or. struct.ure 200 to form a
bonded 1688 Hofiaanis ik Prut sLP B BoR ot B 1 e AR bRl 220
of t he cRangle FaEBondPEdOTOStE IReRpdREd SeTiic O shnel adde Siomdi wrg a R Gvhidhthde
directly bonded to the bondi ng surfaces 120 of the bond pads 108 of the
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pads 2@8g.> Sueh) thapondmade Hi$ mawhediretly hapdedto ropgdpatgpeefaiecand a di stinct
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vias 204, laterally extending conductive traces 206. Although not shown in the figures, the second

semiconductor structure 200 also may comprise transistors.



may be processed to renove surface inpurities and undesirable surface
conpounds, and may be planarized to increase the area of intinmate contact
at the atom c scal e between the bonding surfaces 120 of the bond pads 108
and the bondi ng surfaces 220 of the bond pads 208. The area of intimate
contact between the bonding surfaces 120 and the bondi ng surfaces 220 may
be acconplished by polishing the bonding surfaces 120 and t he bondi ng
surfaces 220 to reduce the surface roughness thereof up to values close to

the atomc o\ | Ln s 120 and
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m ght result fronttenperature fluctuations to which the structures may be
subj ected during subsequent processing and/ or operation.



[ 0051] In additional enbodinents, exposed surfaces of one or nore active
features of the second sem conductor structure 200, such as the exposed
surfaces of the bond pads 208, may be processed as di scussed above in
relation to the bond pads 108 of the first sem conductor structure, such
that the bonding surfaces 220 of the bond pads 108 conprise a cap |ayer
(like the cap layer 116 and/or the cap layer 118), which may conprise a
conpound or mxture (e.g., a solid solution) that includes one or both of

silicon and nitroge [
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o apsd et Op R b En AR o R0 FliPiross L@ PG PR
TechnoIpaglj/lel&bﬁfed:bﬂdﬁ:ienteﬂ"ﬂ@&etwueeﬂwdmmbpais 108 Badrthg bm@l @d@BQS prd thgdoBR; and
Yokoga Tr adeof Char i, sti.cs Betwee e

Rel i ablplaiiﬁépgfr[ﬁy haye,p 850 %ﬂssd? AN SR %lﬁﬁafépét ﬁiﬁ% allefj gﬁg@%tg i ons On

El ect r qRivieeN tHe@dnd WYals-108 &nd thie borlkd paEQQOﬁﬁél-cﬁfferé Fomuie firsPO68)sectivhialchagmrof
incorporated herein_ in their entireties this reference. Q055] In

sone eriipbiingwadss] 08 hremdimentaiy whighsthe h‘l ey | ¢faand thbony @F“é\sg?é)gtdhﬁf%l{‘hes s of
about fQr eyth 9:81 £\fértﬁe§aﬂ9:d?mffe9€ntkl?e°ss about twenty nanoneters (20 nn) or
u

| ess, or i/en about ten nanoneters or less prior to the bonding
process. [0049] In additional embodiments, the bond pads 108 and the bond pads 208 may have at

least substantially the same cross-sectional size and shape at the bonding interface therebetween. In
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[ 0056] The netal cap |ayer 416 may be formed on and/or in the exposed

surfaces 115 (FIG 2B) using, for exanple, one or nore of an el ectroless
pl ati ng process, an electrolytic plating process, a physical deposition
process, a physical vapor deposition (PVD) process, and a chem cal vapor

deposition process (CVD). [ 0057] After formng the netal cap |ayer
416, the bond pads 108 nay be directly bonded to netal features of a second
sem conductor structure. [0058] Referring to FIG 2D, the first

sem conduyct I t or

tr ucr o1 Sl ler 8 OB ol o B TR aCaRaRRIEL RFRGRIYE | 0
second yfiefehtie@tly atialigsddrwiti ancan@f@. may i nclude a plurality of active device
features, which may ipclude, for exa , on re of bo 208,
verticarl y DioBh bR Srhbdineys WpEsE Boondes Rl or PR AT i
conducty gt biedieie a@@shaﬂ-@ﬁldﬁﬁtaie\/rﬁlsﬂﬁﬁb&ﬁmﬁ 8ad éﬁ’oﬁﬁar Qf lehsﬁ‘ Q poReAdEthe cap

sem conductor structure may be surrounded dl electric material 212.

The fi fayer B@ringwaduwprsrof ﬁterh@ed prds 148 maprapt dhat wainghémi WY potbg diredlyond

seri CORAURLON 51 LUGLLE, 290 3ol L1ak o0 HEOUL BRSPS 8L, el

sem con or's cture are align RAUCET Ve ta'"lrsl ¢ bond
pads 2 ﬂ&l@fnctﬂieeermm haireend icothed batdyrads 2 12) ddrexan@®0These poﬂno{lm&ﬁ)e] caﬁlhybac es

of the t al ca e d pa def i

bondi néﬁﬁﬁ’ﬁ‘é‘@ (y5’ 59?“‘13%12 @’Bﬁ&’qﬂ%@rﬁ f‘fg H’&F‘?ﬁ'a@‘?ﬁ% d?ayé?ggggg‘ygtfﬁ? Aees of
the boﬂﬁo%%n@ﬁﬁlsmuﬂﬁfﬁoﬂ@mg%dioﬂ@ SddrDReLBe B&(Bﬁﬁst@iﬁ Thensh pads 208 of

t he second sem conductor structure 28 Referring to FIG 2E,

af t er &mbgdimenssthe BrEscneneicd lrasi erortioswof thewcap @yerddsah e i fage bejiygen the

senm co gﬁn% }9
sem co %gﬁlcﬁ%a% 1@% %{tﬁ%ﬁélgeﬁgg n%%glgla%bg‘ﬁg%ﬁ the con ég)?ltn%g\wr}g% a elﬁl?%: bond
pads 2(igtinfe antifer Bamovedhs mrfarmama@f dhe endutive steucR0Es fotrhesl i theadjgised eawdduct or

struct ur he Seco semnm.con cture 200
Suen’t mads O audBY HoRL PR PP E AR P e B ST O G T SRR HE e G

sem comgineb®the Sbfidigdddn 68 élﬁﬁhameleacﬁu iraggiall 12664yl hindeg ai Iﬁlﬁ{/en't hasseinehofgit
surfaces 220 of the bond pads 208 of the secondmfemc uctor structure

200. the interfagsdpivasa ff@rhomim gadsd Ofpies! the dielecisic npassy AR LAYUGH0 ¢ he
bond p qgsex%ggleoélecttljaﬁnéréﬁ(ﬁt THE PlecOREBEHLL Ea]:)slﬁj}ét' q 8’ 51@0 fh@g sﬁﬂib?é@s RYchfreftd ect 'y

bonded to t he bondi ng” surfaces 220 of the bond t he second
sen cormdundesirablt th@rmomeeh@wl phenéroena sugh ap é@fd%@mslémr@@mhl@tcbangﬁ fuct ure 500

shown in Fl G t he
second r@%rr%s%ugﬁuéé:@? egs{)%tg}g fg(%é% S%r';r%)g/ ﬁéégﬁﬁgs‘é{gpﬁ/aﬁ é@%%?rg%?% Q{)ondi ng
sur f acesbjéR€l difring bsbsbaprea: padssingl8/w@bpértdorf | r st sem conduct or structure 400

as previousl scribed with reference t GS. .1F and 1G.in | ation to
The tivst odthstbndbediont] érhetdfhns Seasibrines oot et rrebR dirkicbro e
st r uct We@nd niconductor structure 200, such as the exposed surfaces of the bond pads 208, may be

processed as discussed above in relation to the bond pads 108 of the first semiconductor structure,
such that the bonding surfaces 220 of the bond pads 108 comprise a cap layer (like the cap layer 116
and/or the cap layer 118), which may comprise a compound or mixture {e.g., a solid solution) that
includes one or both of silicon and nitrogen (e.g., CuSi or CuSiN).

[0052] In the embodiments described above in relation to FIGS. 1A-1G, the cap layers
116, 118 are not metallic in nature (i.e., the atomic bonds between the atoms are not substantially
metallic bonds, but rather ionic and/or covalent in nature), but are rather dielectric materials,
although they comprise metal atoms such as copper (in addition to non-metal elements such as

silicon and/or nitrogen). Additional embodiments of the invention include methods similar to those
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[0062] As shown in FIG 2F, in sone enbodi nents, upon directly bonding the
bond pads 108 of the first sem conductor structure 400 to the bond pads 208
of the second sem conductor structure 200, one or nore elenents of the
netal cap |ayer 416 at the interface between the bond pads 108 and the bond
pads 208 may di ffuse into the bond pads 108 and/or the bond pads 208, such
that the nmetal cap |layer 418 is no | onger present as a distinct phase at

t he bonded interface between the bond pads 108 and the bond pads 208. At

| east i on.  of r '
porti ode Bt BByEh AR IB RS AR AR AR R IR LANME s Bl BB3IE |
a por t Eaampiks dfivachehialdimas dradecrbdithemewith tedertrieedo Bt 2AGHF. subsequent to

t he bondi ng_proce y. be beneficial for reasons vi.ousl y di.scussed
herein wit h[q%égler iiﬁg‘i\ Blupages a%f@‘:‘t Sf?mlcon(?”ﬁ@égf“cflﬁe fuﬁi %‘Bﬁ'&sﬁéﬂﬁlﬁl descri bed
above, jqmli@l tAREGRE schmiBde sut@hRi 100 of BXENA, MEintlGas abidve dEPIceVificluding
characteristics of directly bonded netal features. In additional

enbodi fergisiorsf 03, wertirllyerrtending cenductinevags 108 doizenalesxtanding sprductivedragesioped
with o t r : ] ' erw se
opr ovatesang BRiehelE R o LRBR R R EPicE: BE) BBl B el e

met al  fesdrial BIQ. Thx fing besi ca@fdustucdtruendotiOmgrnsomation dsowof, ey ibadtdeanwixide
reference to FIGS. 3A-3G [[0064], F BAillustrates. a first

e comtitiehbH et i eitore Seteeae P80 s ias vl e st pdelpigndp e

seni corgthisbifuctt st ROOIIRTOS 1 £ Kor edfnpls, thdedndipaes RIBThEdeipekOs metal HiCt Ur €
600 i ncludes transistors 102, vertically extending conductive vias 104, and

hor i zomekl pYoyelege SoRNSE cernsadiav CeSt. Rdedic-h oe! thypuide matsriaks Hdieayrfauetisn

struct ) | F&MH%‘ [SToT r QR Rf ads 608
t her eoﬁﬁg’&ﬁ?gﬂﬂ%ﬁg&tgﬁ%&ﬁb‘%pﬁe RPRI RS S gggie@_ej%gﬂ %ﬁt’%ﬂ&% ﬁglﬁg%’gbﬁads 608
(FI G 3Dowedfiohehelopedaduli8ngingafor exzatplon wet chehacd otehing atwe6082 das

descri bed mﬁtg.reference to FlgS' gﬁv3§$ [0 othﬁkgq?pdinents, however, the
bond pRUS™BESE R B S IBREY PP FSF BRI B Gt hE Bokd pads 608.

[ 0065] As siowsd] | Refening t3ARIGr BTG asss copRysrayl 6 hewyfbefomdion ahdier ihithiest

sem conduct or structure 600 at | ocations at ich it is ﬁﬁfé&g%ﬂto form
bond p&YeosebBIriepascl> e berghpads AT restoxitdh et RAERIARI- e\ Ry he

Pr 0Ces3e$acaRYr thebdhaeddd sl AhBNRUE &g:@;@&?@ﬁlaﬁﬁw dtotdpBsifibd itredRMr&RRAAUCT OF
structure 600. A liner material 632 may be provided over (e.g., on) at

| east tchepeposé thedond padsd 08 fant may bevd aenmngeition seediqdde hindeBIPraeRthi n t he
recess (o) . i j - I sited
over - atnfanae BbROHAi] il ARk R pReEnERY HEnRBDHALTR YRGS,
sem cormgterddco forgicd dutingr aesub8: nera ostimyprocass. FAG n@Alimifng ekam@e, theatetal @b 632
may conprise, for.exanple barrier erial havj conposi tj el ected
Lo hi ndEr B sraRFsh Tt Al Bl Teodsh eoBle typeenapRg st aomsiCBHER ¢ e
l'iner neek @b 1832conBiisW@CoWP %3P FRmad dsiféledtiodst latiiproédiges Wither
material 632 nmay conprise a material such as, for exanple, TaN or TiN. The
li ner sirehylamingrane{PMyB hieduqivsageninat ke vwadnihe gHd fiet Birtherdetidls.ee @00 usi ng
one or : ; > e bl ) ss, a
Py oS e B o e SR o ¢ on
(PVD) proess EERnteatoonsct Teamelogy Epofsienie A0oAhDnapipnad e 8, Jusn2D0anpe B8SEr ol ess

pl atin ess. 0 Wth continued.refere . F . ~a_doped
et ol " SeBY SRR et Tabolnl et s SRR O S ARG a8 The
doped nRiRdsesBdcimtas, TREE GothsattyndiBn BRegor Devies] Volt 55, &lot hepdefesi tion of
additional bulk nmetal naterial thereon, as discussed in further detail

bel ow Wapary P& eneh ag neprgoratgd hepgin {Rdleipentisstiss By BUSKEHSE | mitation, the
doped netal gasfl TG @hbRRfediBhefe RS 1:30L418lnha RO h3pe Bici@edRiral O
nmetal alloy. As one non-limting exanple, the dopéd netal seed nmaterial 634
may be abedsdorgmanambtgrs¢éinpn) erdeksofboaidpprly namonadgrp 630 rah) ayyess, Thevalicibewd teret al

seed materi al §1§4 rga%lfurtir}grthienc}lé{de Qane or nore dopant el enents. As
non- | i rﬂa??%egeré rﬂWe SRR %parlff) eleRERTE may conpri se one or nore of

al um num silver, and manganese. The dopant el enents may be introduced into
the netal seed material 634 during deposition of the netal seed materi al
634 on the liner material 632, or the dopant el enents may be introduced
into the metal seed material 634 afterl3forning the netal seed material 634
on the liner material 632. The doped netal seed material 634 may be

provi ded on the sem conductor structure 600 using one or nore of, for
exanpl e, a chem cal vapor deposition (CVD) process, a physical deposition
process (e.g., sputtering), a physical vapor deposition (PVD) process, an
atom c | ayer deposition (ALD) process, and an el ectrol ess plating process.



[0067] Referring to FIG 3B, after formng the doped netal seed material
634 over the liner material 632, the netal seed material 634 nay be used to
facilitate deposition of bulk netal material 636 thereon in, for exanple,
an electrolytic plating process. For exanple, the doped netal seed naterial
634 may be substantially conprised of doped copper or a doped copper all oy,
and the bulk nmetal material 636 may conprise bul k copper netal, which may
be deposited on the doped netal seed material 634 using an electrolytic
plating pro . L] I teei al 636
onto the dogg'g&%eggf s teaﬁe‘ga(fﬁg{eérﬁ\lE éaﬁ%%g%?b?@h%&?%}dgﬁ%@?ﬁeg%%g u%tr%l?gassltq ? ucture
600 maylibe 2Bigires; fo dxdniplamnann@atei afign pleciodsss plating prosas,tah eleculadpanplatélgenent s
(e.g., A, Ag,, M tc.) to diffuse.into the hul k al materjal 636, The
br esenbiele. S Ehionatsss PRyinlapel &padton PNED ook wise Hhapiak
benef i ghstr dbgisitiof peRes (dvpgussed in further detail bel ow. The concentration
of the dopant elenments in the bulk netal material 636 may be selectively

control | ed B33kl éder panipademmetal gap dayer ko, theiberdieagls 10$mak be direcHe bearssdd

nmet al I i J r the liner mterial 632, as

di scl oziﬁgﬁaﬁ%}g{ggggﬁ@éﬁ %P%Bm(?r?gfug&gf Al Doping Effects on Resistivity
and El ect r ofl0§8ht Refermfg tCHPRLID., It fnstcremimodisctorIsE&EIE 480 smy be alimed witbavi ce

d Ma i als .Rel.i abili | 8, | ) 16 -21 2008) ,
oA s@ondiniri Rt inbabes 208, Aok S Do B rte s plc B the SERORA
[ 0069] sémicaslibiclol @RRturerttatiyBEuge Phlutaiey dMawveridevide fdatieesbwhich AR alchuisf er i al

636 na¥ be deposited on the liner material 632 using _one or nbre processes
ot her tH&XaBACE Ot METe/fivendpasts ¢desrticpbrexispdingcandichy ¥ n#idal  mater i al
636 may,fendAn skt Bk aiRGive RERR080 R RlivadSRRTeA@ks ¥8ROkERIPOSI ti on (CVD)
process, a physical deposition process (e.g., sputtering), a physical vapor
deposi s¢rowordavioy simcoeedl), manbesuomingied by dieladaisasdteriabAl . AR)irgsenssaductond an
el ectrql.e in S i e S as
Tt s upad iy S BIREER By RN R i BRI atlchlte OB RRNe BURREL 2, T3
636 mayodef e figssdndcbridoctarstraviarealdo atdulipghketessh thhabndustisuhéthltic eoid pads 208 | east
substan%i ally fill the recesses 630 (FIG 3A), and excess bul k netal

mat er i 8f P8 5eORLFEIHEOMPHAHCHET he active surface 610 of the first

sem conduct Qpss} I WGkades oPRO metd b layepé £16 dntBe béhdPals 1 BGmaydddife ofteRosdrt i Ng
the bul k nmetal material 636, excess bulk netal material 636 may be renoved

usi ng, bPeingesuafapisd20 ahthe betdl pags prb eed exterior garasechiunegsiob dedend prds 08 may
chem C%Eﬁﬁé%ﬁéiﬂ%%kac?s%ﬁ%ﬂﬂé%oﬁ 35,208 QP £5 Secold sé’?niQ&RmHoﬁ%%ﬂcﬁge ﬁ@?‘”p' e, the
the may be

active surface 0 Irst sem conductor structure 6
subj ect ed t {0040k hRelerdne trdtGalE, efiér ghighing fiksh genpicoclestsr tocuendiPend feess bul k

netal material. 636 fromth cti.ve surface 61 t leavin ul k net al
ot or i ARoRGEPRror MR P el bRt s Al R ER el e
conduc by greigtd pdthsh&QBdudtive RextA6d hond pady J0BGE tHe kcdnb 3¢mieemukios Srichge

vol unes of the doped bulk netal nmaterial 636 disposed within the recesses

630 ( FP&Y. thplyrst semiconducfasgtryqrurad 04 st pptier epaimpihe geqond semigendugies may be
deposi { tlﬁ'% 2p@aﬁh uflY B bR fa%ééréﬂcz@%?ﬁw%tm& @ggeygftﬂéﬂ&t &Qﬁ?m@n&oﬁav be

deposited at [east substantially entirely ove e active surface of the
first sewtoodtaeebutetdiredtlyragaiggahe Bydingpuddceei2hgfltes bimd padit 208iofitheat i on,
the cap_| ayer .61 compri.se a |layer of a material, such as a carbide
(e.qg., S%ﬁop%fé%wc%r%tl‘l%%s&uftﬁge 0|%tri de (e.g., silicon nitride), an oxide (e.g.,
silicon oxi @el] etRefertin: @G 210 al boading siiRed 420 dfte loaP phdsyles o6th8 fieay
conprise a nmteri al as@&revi ous|y described herein_ in rel ationft%o the cap

| ayer pargicondygtog SHCIus then may be directly bonded to t%e bonding surfaces 220 of the bond
pads 208 of the second semiconductor structure 200 to form the bonded semiconductor structure
500 shown in FIG. 2F. The bonding surfaces 220 of the bond pads 208 of the second

semiconductor structure 200 may be directly bonded to the bonding surfaces 420 of the bond pads
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118, or the cap layer 418, and nmay be formed as previously described in
relation thereto. By way of exanple and not limtation, the cap |ayer 116
may be formed to have an initial average thickness of about forty
nanoneters (40 nm or |ess, about twenty nanoneters (20 nnm) or |less, or
even about ten nanoneters (10 nm or less (i.e., prior to bonding and/or
ot her subsequent processing). The cap |ayer 618 may be formed using, for
exanpl e, one or nore of a physical vapor deposition (PVD) process, a

chem c vapor depqasi t,i Qn proces CVvD). an 1.G.: r kil ALD)
ot ocesd0s SR st FBe AR BURRE DY Pl AR BRGNS EERITGY' Rl
di rect hig ibedsid td the fitdt sdmit@aluoesrueiural Memd it semdsanduaduotor stuciet 2O0e.
[0072] Referring to FIG  3E, the first sem conduct

t t 60 b
al'i gned wi t W82k e A6 showrin FGnai:d srmegmbpdimsnds, ver: d(?l‘rﬁgt%b'agfg@}“%&@q ‘gﬁﬂgggr@? ' bed
W th 1 eheLeRE first @nlitdAdud& setiBBreSPO 2 Hhe $610 FA8 A0 bhe SbhiCdeHi@ndRbormay

include a plurality of active device features, which may include, for
exanpl etructire 200, onpermat clsmedtspiths nx0E cawleyeridd 6t the itarBeeibsigeandhelbaidi ve vi as
204, an iz | ] X i Ng. i t i j ce
Feat ur BRSPS eAEE Boldp B 8P e RORNGHE K B¢ By RO il Ul SEH T

di el ecthak the Mt capplaye? U428 isHadorder plesebiesd cdistihocplnge & thelohdedenficerrywden

al i gne ith t econd sem co cfar structure 200 such th t he bond pads
08 or herhond pidi o8 B 6 RS 20 Aidbast ePubor o bl B biradeuil Fis b
conducii,&er Fek alhbitlon RO bBAFISad2 988, AE sHd¥ i BUONY . IR HERAREGE ANeasi d pption €

200 [0075] Surfaces of the cap |layer 618 on the bond pads 608 may

def i ne obthe mstal reir leyasdel YRy thehond peds 198 oubsequentiohsrhongiaasrases maxbe ext er i or
eXpos egg%gﬁggﬁ)g gegg(%nfs %ﬁ?&ﬁgg%i&%@éd #0280 % delhQGo RN _surfaces 220 of

t he bon a cond sem conductor structure 200. [0074]
Ref erring t §006BIG. IB3fRe eabbdimentsidgserihel dhiovs tmesa andondunetoal cepping layerea800 and

t he second sem conducfar.structyre 2 ) hat -t he,.bon ads 608 of the
ot oo onaras rnekies of Bt Burled s e b AR RLREm O bk I
bond paaeniZ@8iheimdid) eahiReans) IseRicentiddped withlod€ biure 20Pant tldfciits tsieduce

sem conduct or structure_ 600 nmay be abutted agai nst the second sem conductor

st r uct glegtrorpigrasign B etherviseHBPIE R BT FRImatgerand/es onsaiopad| liggtimepaf the ditegdy pond pads

608 of f ] oL b agai nst
Che bobdl g e FoREE I3RS e ke ona

sem cofftu8.t3gr-36t ruct ure 200. [0075] Referring to FIG 3G the

bondi ng surf | B) of the b f | i .

seniconductgﬁggfr%@Sﬁ&gﬂ@Eﬁ%?%gﬁmﬁﬁ?uﬁg&%%¥g%@ﬁ$@%@%g%ﬁé?%“%ﬂ@ikggﬁﬁ%g

sur f acdg Z2GefdofaducBstradturt NGO bOFId. pAads thaDiBe sedmitdrelustecandiuseftiOdeiatiest or

structure 200 to forglthe onded senicoonctor structure %@0 shown in FIG
Hél t

3G Th&BdTr A daricabetons e cidactivapyiag 0% yd hoprentallyiengisg cgiduehs second

seni CORdUGtIOn $he HG dtfrfeod@@tdRiuREre @00 8EFIC, 3ROSRl Riok REfRAABL BBdsHeET aces
640 (FIG 3E) of the bond pads 608 of the first sem conductor structure 600

as pr ewpedipidy 6B tercppearhich arp shastnen &K 3. dnspiasembedizeris, e handpedsiiBon t o
the fi rﬁffecggg}n%%éi&&gea uithd 4658EEn 3PRe BOh 138 6L EOMLARIVIRNENEL Y to

struct
FIGS. 3A-3C. In other embodiments, however, the bond pads 608 may be doped after formation of

the bond pads 608.

[0065] As shown in FIG. 3A, recesses 630 may be formed in the first semiconductor
structure 600 at locations at which it is desired to form bond pads 608 (FIG. 3C). For example,
standard masking and etching processes may be used to form such recesses 630 in the first
semiconductor structure 600. A liner material 632 may be provided over (e.g., on) at least the
exposed surfaces of the semiconductor structure 600 within the recesses 630, although the liner

material 632 may be conformally deposited over at least substantially the entire active surface 610
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[0076] As shown in FIG 3G in sone enbodi nents, upon directly bonding the
bond pads 608 of the first sem conductor structure 600 to the bond pads 208
of the second sem conductor structure 200, one or nore elenents of the cap
| ayer 618 at the interface between the bond pads 608 and t he bond pads 208
may di ffuse into the bond pads 608 and/or the bond pads 208, such that the
cap layer 618 is no |longer present as a distinct phase at the bonded
interface between the bond pads 608 and the bond pads 208. At |east a
portion,.of .t he ca g iﬂﬁy a of t he bond
pads 68§t% QES': du%X “&9&‘ ﬁéﬁ%seﬁg}ggéf trg% ﬁ'l%(,sar ?er%?%%dr 1I‘on of the
cap | ay@nprist Sopsinpid) e bheietmpads hﬁﬁﬁgsu@ﬁmumntseltaﬂed todnirklenali prgyepr ocess may
be benefjcial for reasons_ previ cussed. h with reference to

i G 1 Giusion of ong s SASIGPEVFUBSH e oraratial i Tt beeteaiple et tlopant
el emenjigidhfion 46 Hn@r hierid1eBsmag g&n@% aTRterR® sRA AS frbiCdx@inpleTAN of BRStThene
aspect. For éxanpl e, the dopant ments nmay segre%tte at grain boundaries
and i nhmmwl 63nohyibl provided erhtbe pemtieordagter HrchetPltusiagionner PAGOLER and

t he ca r. 61 t ffusion of
et al gt 5:1 ne Cacﬁelglcal vaﬁor cﬁ?&s?tﬂ)% C@q/[gﬁ)po%gs Eélﬁ}lgﬁnglrc%em}'%}y &'1‘1 (thdm gration
lifeti @jﬁm@ifmg)hepl@@iaﬁlmpm&psdiﬂimMPmprcn'iea‘s; anetborhiy [dvRedepdjivom@d.[Henetepads 608

of the f] [n%[(&)lnductor structure 600 and bond pads 208 of the second
seni coﬁ‘&ﬁﬁ‘c ‘?CtrQeF FEProEes [0078] The presence of such dopant

el ements i ngoag) bawich RAEHuLIS ARV to G EDSQ doP& hes] bd Mht%MalQSBLIHA@bEO”d pads
608. Hence, the concentration of the dopants in the bond pads be

sel ect depositestpvienthe lingranatesisil 633. VTWOPWF"F\ISSG%E% maigrigiééd B%aél?F éseldé9 @1011“55% such
that t I

{00791 TR LA BloRE Rl ni® MG Gor s L AR 3 Rl Bl RO R

r ef er e ndfereta@ tp FHE.885 |B§gwa)jf oﬁelxmnble raokl pradlmxtaﬁon, e dopedsineisbseed magusltGh

structure n_and/ ond
pads \Aﬂaﬁ%gé%/k?@'f‘gﬂ yo°8 ﬁ'tseadgcﬁléirfgﬁlé’ fal ?IE togﬁﬂ?%f @&méﬁ rR%l ’herdorpeaal lic
f eat ur agetdbecMeutdrial 634 B be@Bstuaialy cahprisel uf @ppersod ebpresaltsye The dopede
conductive vias 104 and/or conductive traces 106 nay be exp Bsed at an

act i ve mstpl pegd anatgripl prdmpefugherdadudsng or WW@%‘E&legﬁB@eAlsﬁo? M4i1%n to the
bond p%%ﬁn 18 he 1B an@@leﬁbﬁt@ﬁ{ag%o@&'@%ﬂe Bpmﬂﬁtcﬁlaiu'rrﬁmfn?%H%r%d‘?ﬁan@ar&@&0nd
sem con tor str cture in a manner simlar to that described in relation
to t he Thodebapaelementsiuidy bé trafiuopd irite thic sneted meed mpitariab 654 dwaing derosition alidei ve
features f t.he sec S Qn t he
bond. palee s P Bfer BF GG MGl bl HE b 3l Ay RIRORIRNG 6L L7
be pr o(ﬁﬁﬁd ecbdasatels 634 dfed fdreim) the inbtal @bdmarialt 634tohehddordmpiadsl 632. The fir st

ol ng PHE M-SR TA! Fil Ge Pt R B ST EARALET SFYFERI O T8 of as

an al t gxpabf, ¥ ekfnplBrQhedihhpsf ddhpbati OIS Hry@sd, & phti@BdPbsilifieprbidsst
semi conductor structure, prior to directly bonding the one or nore

conduct.gesmgeing csphysical vapas elepssitios $RY Bopaeess.cin akiic byerdepesiion dLEY nor e

conductive feat m conductor. [0080] Additional

non- | i %rqcfgsr?g&gdxaé ?ﬁ%u&esﬁgjl%inﬁz}%cggof t he invention are described bel ow
[0067] Referring to FIG. 3B, after forming the doped metal seed material 634 over the

liner material 632, the metal seed material 634 may be used to facilitate deposition of bulk metal
material 636 thereon in, for example, an electrolytic plating process. For example, the doped metal
seed material 634 may be substantially comprised of doped copper or a doped copper alloy, and the
bulk metal material 636 may comprise bulk copper metal, which may be deposited on the doped
metal seed material 634 using an electrolytic plating process.

[0068] After depositing the bulk metal material 636 onto the doped metal seed material

634, the first semiconductor structure 600 may be subjected to an annealing process to cause the
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[ 0081] Enmbodinent 1: A nethod of directly bonding a first sem conduct or
structure to a second sem conductor structure, conprising: formng a cap

| ayer conprising a metal and silicon at a surface of a first nmetal feature
on the first sem conductor structure, a surface of the cap |layer defining a
first bonding surface of the first netal feature; and directly bonding a
second bondi ng surface of a second netal feature on the second

sem conductor structure to the first bonding surface of the first netal

feature on the fi em nd tructur ' 2
The rreg?ﬂ?(‘}t gem %@r’r@n‘g}%’ fuf t l’fﬁlcs,% rt;'J"s3 g%llé megal m ane%?%% i E%IS%{%

f eat ur gheldapsi BlRMkSE iCOPPEK metal materﬁ%ay&féﬂﬁﬁhﬂmmf0r3easd'ﬁ$eils¢wsétbﬂ of

Enbodi ment 1 or. Enbodi nent 2, wherein formng t ayer S|ng a
metal  Hntesdarihsiove ohisrGonesatratianat s d&@%ﬁ@&@ﬂ‘éa}@é@ﬁ@ %t%iaﬂgi ' con at
the sugf ?Fﬁé:ctl%ly E&ﬁroilb& ﬁ%sé@%ﬁ@éi E&%an@ the thicknes$ S3Mitnh dEEBGSEIMRMI sésd The

nmet hod any one of od |nen s 1 through 3, wherein form ng the cap |ayer
conpr i siategiabb34es édpoawd oserl the ke owtepial €@sasdiscirsedyinal akegawa & al..cAnadysis of

[ 0085] ﬁ\'lz'ﬁgjom eftﬁ 811 gg%gt}vrgg gné) Elegtror%gﬁtl&q &r&d E{Tﬁ%g%)%%ttss 1ERE L4

wher ei conpri rcon conprises

f or m ngn detiap aﬂcﬁM@ﬂ’ert@l@I@lﬁdbﬂitﬁQ\/ duries 'dllssuaﬂlﬂpps 216 Qarivarct 2008 whieh is

[ 0086] . Enbodi nent .6; . The neth glof ancy one of Enbodi nments 1 through 5,
furthanCB’é’ﬁ’ﬁ“idsheFF&’mﬂ@rePﬁ“QI%YH sf§fERhondi ng surface to have a first size:

and form ngrdogs| S&ERMIAANMHGnSHES FER: 1h€bnh@:y%eaatﬁ@ﬁeﬂapkn§tbﬁzﬁ 636 flagbent from
the first size of the first bondi ng surface. 7 Enbodi nent 7: The

met hod deffositgsonghelinst nEfsieEIRIFING 026 PHNOIGPHOCESSCY @}h%rﬁ HPRHBFOCTsEdni ng
B e
t he fi dsposhiondCVD) procésacrphysical deposmon process (e.g., sputtering), a physical vapor

deposition (PVD) process, an atomic layer deposition (ALD) process, and an electroless plating

process, and may be doped with the dopant elements as it is deposited.

[0070] In some embodiments, the bulk metal material 636 may be deposited to an average
thickness that is sufficient to at least substantially fill the recesses 630 (FIG. 3A), and excess bulk
metal material 636 may be present over the active surface 610 of the first ssmiconductor structure
600. Thus, referring to FIG. 3C, after depositing the bulk metal material 636, excess bulk metal
material 636 may be removed using, for example, an etching process, a polishing process, or a
chemical-mechanical polishing (CMP) process. As a non-limiting example, the active surface 610
of the first semiconductor structure 600 may be subjected to a chemical-mechanical polishing
process to remove excess bulk metal material 636 from the active surface 610, but leaving bulk
metal material 636 within the recesses (630), thereby defining electrically conductive bond pads 608
in the active surface 610 that comprise the volumes of the doped bulk metal material 636 disposed
within the recesses 630 (F1G. 3A).

[0071] As shown in FIG. 3D, a cap layer 618 may be deposited at least over exposed
surfaces of the bond pads 608, and may be deposited at least substantially entirely over the active
surface of the first semiconductor structure 600. By way of example and not limitation, the cap
layer 618 may comprise a layer of a material, such as a carbide (e.g., silicon carbide), a nitride (e.g.,
silicon nitride), an oxide (e.g., silicon oxide), efc. In additional embodiments, the cap layer 618 may

comprise a material as previously described herein in relation to the cap layer 116, the cap layer
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[ 0088] Enbodi nent 8: The nethod of any one of Enbodi ments 1 through 7,
wherein directly bonding the second bonding surface to the first bonding
surface conprises an ultra-low tenperature direct bondi ng process.

[ 0089] Enbodi nent 9: The nethod of any one of Enbodi ments 1 through 8,
wherein directly bonding the second bonding surface to the first bondi ng
surface conprises a surface assisted bondi ng process. [ 0090]

Enbodi rent 10: The method of any one of Enbodi nents 1 through 9, wherein

directl in e ' ce
corpr i 4% LA eA BB P W2 oS LI By el ih [ lon ARG T SULETS
bond|ngxamﬂéaﬁamkﬁmamumpmkmangﬁUIthabéénnﬁdaimWeah&mmﬂahﬁnxdmdukmhﬂUr
hundred degr ees CeIS| (40 0091] Enbadi nent 11: The t hod of
Enbodi AR ?% naF%‘P?tﬁfé r?%.smﬁomr-‘rﬁ}v &8@%&? e AT fgR 2 ‘?E

bondi ngasdhickéré € 03 of R8s G.8C prst 1 B&Qhﬁﬁnﬂ#& B@lﬁﬁsub&qhéiﬁ pﬁi&é@sfngﬁ Matca@il @
tenperature | ess than abouf two hundred degrees Cel si Us

[ 0092] leabldi merhe formedisingnier txaepds, omndyaaerFreht pmwakmmreienosatm GVRy
pressupg, bet e\"ﬁ%ﬂn{aﬁ‘@ ol Hefp‘osxﬁ&{‘élt Béts F(F‘\é@g%fr‘ ﬁﬁﬂm‘%‘c }?&Rﬁﬂ LSREBZB‘%%GS§ urface

in the“envitonnen enperature an a egr ees

Cel si usfe( 20@Cjormmgphd e dayapdl §y thedpopd p=is 16023mlagbwémtly hendeil tstnetabfeatireg of
surface and.the second bonding surface in an environnent at a tenperature

| ess t ASAOLD STRCHRUCRISIHCWE- degr ees Cel si us (100C). [ 0093] Enbodi nment

13: The net (agr2pf Rerdpad 080G, JE2 theierseinkoA@pRloy kiREuRE BGMEEbOAINEERIth he
first bondi ng surface and the second bonduﬁg surface in the environnent at

a t enpétgid panipesiyctohEmCeREAN). deerevinval sascaibet with reéerrse @ FIGdBChe sppd i ses
app' Y1 G REGRSME &r&ﬁﬂmnéhﬂg[;%% Shiubf f'agm%téfe%@é??ea%&’éé Mi‘i@lﬁ g%ggﬁl%@,o“d' ng

surface 1 n an environment roo nper at ur e.

Enbodi herexarhgle, cheer metergdood pajngloaniertmallyﬁfzdmmdlngmm@ctivet\I’lwﬂﬁémnm further
conpri e fir t net a tur on th i st m_conduct or

corhot BPRkefl Pdin cohuliye B2 pgb PbLieRy Ry Tl HBEBERE bondt ng

sur f acgerhiRodiduetof sthRturd20thMobeSdurbacid by dielectricQ@&rial Erth ottie Feft serdondib@r

nmet hod of any one of Enbodipents 1 through 14, further conpr|5|ng foarmng a

cap | ay&rctyg éB‘P gy AgRliEngdvih tl%?ﬁac%’ﬁls?féﬁﬂﬂdé’ﬁtoés@{?F”F%&@ ofh thakthe BetiR#dtret al

f eat ur go9 B hb&rst KEARThIREHT s@ﬂaa%réo@raresanfgugé WHHEthR rcblqruatl@ rHétﬁlﬁ@ bond fhansigng the
second bonding surface to the first bonding surface, a surface of the cap

| ayer a@ﬂmhémséﬁﬁQQEMGﬂOI%@w%@%%ﬁh metal feature defining the second
bonding surf &ﬁg} OfSuHQC%s 3P @ﬂa g?etr%lw I)S ot pads 608 may define one or more

bonding surfaces 640 of the bond pads 608, and exterior exposed surfaces of the bond pads 208 may
define bonding surfaces 220 of the bond pads 208 of the second semiconductor structure 200.

[0074] Referring to FIG. 3F, after aligning first semiconductor structure 600 and the
second semiconductor structure 200 such that the bond pads 608 of the first semiconductor structure
600 are aligned with the conductive metallic bond pads 208 of the second semiconductor structure
200, the first semiconductor structure 600 may be abutted against the second semiconductor
structure 200 such that the bonding surfaces 640 (FIG. 3E) of the bond pads 608 of the first
semiconductor structure 600 are abutted directly against the bonding surfaces 220 (F1G. 3E) of the
bond pads 208 of the second semiconductor structure 200.

[0075] Referring to FIG. 3G, the bonding surfaces 640 (FIG. 3E) of the bond pads 608 of
the first semiconductor structure 600 then may be directly bonded to the bonding surfaces 220
(FIG. 3E) of the bond pads 208 of the second semiconductor structure 200 to form the bonded
semiconductor structure 700 shown in FIG. 3G. The bonding surfaces 220 (FIG. 3E) of the bond
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[ 0096] Enbodi nent 16: A nethod of directly bonding a first sem conductor
structure to a second sem conductor structure, conprising: formng a netal
cap layer at a surface of a first netal feature on the first sem conduct or
structure, a surface of the nmetal cap |layer defining a first bonding
surface of the first nmetal feature; and directly bonding a second bondi ng
surface of a second netal feature on the second sem conductor structure to
the first bonding surface of the first netal feature on the first
SEreT{)nog?ngéjs%ﬁ é’f th Q%ohhl s§mcond}1f:t<snl' %thlgglz)% %(B’ma dqﬁ:@r%&t \Y ondér&%ltlgecg;/éo?ﬁ?x urfaces
nmet al ahd BIG. 3E) of thd&ﬁ@ﬁidsm@ﬂlhﬁﬁmt s&ﬁicoﬁﬂlﬂétoﬂﬁtuhmeb €0 dsphethiusg Idéscihﬁed)r

Enmbodi rrent 7, r r r| SI the first netal eat reto
conpr i $dthg ‘6’8?‘”01:&8§ 11:[E’(‘j‘ Bﬁlt?rg?&%itéem‘?ﬂfé‘[“ﬁ@f%&%? Wapddhfe of
Enbodi g@dahgsemc(gﬂaﬁ%%@@mjggrt her conprising formng the netal cap | ayer

to conprise CoW,. 0100] Enbodi ment 20: The net hod of any one of
Enbodi ment s [0056} hrﬁélﬁgmm FI5y3¢ hasome apbediinays. fupemilirgtly hendieg the @tﬁpaﬂayer

[ 00101 PR RS RFb bRl 03y nchOAs RARATEL AR el PRI, 20,

f ur t hestromup 20§ iongor horriengntshé theicas taytrdildiantye fiterfaae bettvoerithy boral fadls 618 si ze;

d f th d di f t f
the i pod e buat s ey fREse B hn b el ah o R SEa DS POE sl 220
The nethpdy&fe18Mncab P preRmpRH ARHcEphhSe 4t Mieop e ibterthat ehRden SRMINE PARJ:
form n%gthe first bonding surface to have a first shape; and formng the

second %Bdaifl the bangmade 208 eﬁ\tﬂ%@@@a ReTdeEefie @ﬁéfp’ér O SRet IEREIFQVSTALIeRst & | r st

hape e dhe et hod
gf gnygfg)ﬁ{gngﬂh %%nt%giéﬁ%?ggl(ﬁ 3?2 \M?er éﬁ%ﬁb&%@ﬁ gﬁgon h JJ{‘E’
second ldg@nﬁﬂu&rgresuhc ba&@aﬂm(ﬂ&mbﬁaqnmt tdalhndm@mmﬁea&:may;bmﬂnbﬁfésl falrrewonsr a- | ow

tenper %'{‘elilfgo%sly dqs%g&‘:[se erllcguln ! ferefice to FIG. 1G.

I Se a

[0077]  As previously mentioned, the presence of the dopant elements in the in the bond
pads 608 may be beneficial in at least one aspect. For example, the dopant elements may segregate
at grain boundaries and interfaces, including at the interface between the bond pads 608 and the cap
layer 618. The segregated dopant elements may hinder diffusion of metal atoms (e.g., copper), and,
hence, may improve the electromigration lifetime of the conductive structures defined by the
adjoined bond pads 608 of the first semiconductor structure 600 and bond pads 208 of the second
semiconductor structure 200.

[0078] The presence of such dopant elements in the bond pads 608 may increase the
resistivity of the bond pads 608. Hence, the concentration of the dopants in the bond pads 608 may
be selected such that the resistivity remains at an acceptable level, but such that the diffusion of
metal atoms due to electromigration is reduced.

[0079] Although embodiments of the invention are described above with reference to
processing of the bond pads of the first semiconductor structures by providing capping layers
thereon and/or by doping the bond pads with sclected dopant elements, it is contemplated that other
metallic features of the first semiconductor structures, such as one or more conductive vias 104
and/or conductive traces 106 may be exposed at an active surface and may be processed as
discussed above in relation to the bond pads, and may be directly bonded to metallic features of a

second semiconductor structure in a manner similar to that described in relation to the bond pads.
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[ 00104] Enbodi nent 24: The nethod of any one of Enbodi nents 16 through 23,
wherein directly bonding the second bonding surface to the first bonding
surface conprises a surface assisted bondi ng process. [ 00105]

Enbodi nent 25: The nethod of any one of Enbodi nents 16 through 24, wherein
directly bonding the second bonding surface to the first bonding surface
conprises abutting the first bonding surface directly against the second
bondi ng surface in an environnent at a tenperature | ess than about two

hundr e ) 06] nbodi ment. 26. Th t hod of
b AHEORED: 0 SR PSR sty RA oS BT S his R RESrlTRy

bondi nguditsoaé er mmd of he bseEpIE 208) i dﬁﬁdl&iﬂﬂvé 2 €204) afidhe eshdutibRmRbs 206 a
tenperature | ess than about two hundr ed degr ees C€I3|us (20

[ 00107 e P GEcRBA aszcbcsmbﬁéh%mﬁ%ffl%m@r@emmﬁé theﬂﬁéf»f@?lﬁmgﬁf}%. ng
pressur &ﬁkwﬁmﬁg chlsp?ﬁg BARIBGoR MR BPHlg tBHRE 95&1%9%%@9 dSpnf ace

in the enviro nperature | ess than about two hundred degrees
Cel si usleg@OBC) additipn tosmsasap plte;matg'epr ew@ﬂsmgméthmmlmhée feptpees obiba dirshg

surface_and the second bondin nvi r n ure
| ess t RAN'“8H ﬁ{%r Btﬁueaﬁuﬁgf’r iq 4 %ﬂs (Labes Ithsel Ug© %BE?(S)OQdu”EVé feg‘ﬁlbe 8 fg@]mgggoﬁ&
Enbodi mehicomBictol Beuchié fvaghe of mbrdyoddureng feﬁﬂwes\dﬂe Ifiesit B’euaﬁ@id)abtng pressure

bet ween t he flrst bondi ng surface and th econd surface ip the
envi ronment (9180 Adddgianalinep2inmidagexample egﬁt?ﬁtme&‘ﬁ?eo /G td%%@bél si us
(100C3Eﬁgmpr|ses appl yi ng pressure between the first bondlng surface and
the second bonding surface in an environment at about room tenperature.
100109] Enbd@fi8EntEngedinmrine LmAtrheiododt daﬁgtlydmdmg aéﬁ%@@nwmgtonww@@g% 28,
further ¢Q

semcor%eO d%né rucgﬁggﬁg?% &néﬁﬁi%{ &1?%#% ? nh?%%c?ﬁga
second studsd iofig fisst riceat f2atuee drhthe first &tnzd:lmﬂdtttagstmcmfeaﬂ: mrface of the pQUAYD]

Enbodi nept. 30;. The of. a one throu h. 29, further
conpri é’ieﬁ@“@ Bk H@ndg%oﬁ”ﬁg e rStdﬁ‘ﬁal%%?s}:‘érF’ @gdgegbﬁ?oaglgg 8P ‘éb‘%@g@nd net al
f eat ur @u@atelop 8 s&BEPAR S RAIUEANIHE §e@bnBdefridthtii®orRirbQliret@thdifir@ GbhdindanEtay t he
second bonding surface to the first bonding surface, a surface of the

anot herof thetfist neeia) featyre pn e firyi sensigprdygter gruc second netal feature defining
the second gq(ﬂﬁkn %ﬁtﬁfd&ﬁéﬁ? 20frpd Be hﬁ& %P@lﬂb%]tn@lllt if RAdhE &mprising formhthd 1]

Enbodi nment dlrect y ing a first senlconguctor structure
to a sduamdts deawge chwotpose gipperct ure, conprising: doping a first netal

e e A = g e Rt
first meiihg theabplhger@bmphsing & métal SLIGilGon doteprives Sirmitptadopper compound
comprising silicon at the surface of the first metal feature.

[0084] Embodiment 4: The method of any one of Embodiments 1 through 3, wherein
forming the cap layer comprising a metal and silicon comprises forming a metal silicide.

[0085] Embodiment 5: The method of any one of Embodiments 1 through 3, wherein
forming the cap layer comprising a metal and silicon comprises forming a cap layer comprising a
metal and silicon and nitrogen.

[0086] Embodiment 6: The method of any one of Embodiments 1 through 35, further
comprising: forming the first bonding surface to have a first size; and forming the second bonding
surface to have a second size different from the first size of the first bonding surface.

[0087) Embodiment 7: The method of any one of Embodiments 1 through 6, further
comprising: forming the first bonding surface to have a first shape; and forming the second bonding

surface to have a second shape different from the first shape of the first bonding surface.
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[00112] Enbodi nent 32: The nethod of Enbodi ment 31, further conprising
selecting the inpurities to conprise at |east one of alum num silver, and
manganese. [ 00113] Enbodi nent 33: The nethod of Enbodi ment 31 or
Enbodi ment 32, wherein doping the first nmetal feature conprises: formng a
nmetal seed |ayer including the inpurities; and formng the first netal
feature over the seed layer and diffusing the inpurities fromthe seed
| ayer into the first nmetal feature. [ 00114] Enbodi ment 34: The

met hod of a ne -of Enbodi nents 31 [ h furth i si.ng. formng
The firor milipl's EfpaRienEh CHiPodd (S g BnnddighLuf QIR 7 ShBE' SET 70,
met hod diéctigbyndinethe kedonid behidim susfadlio ter fostidondidg sdrfhice bemprizespr wlgagy  f or mi ng

the first bondi ng surface to have a first size; and form ng the second
bondi néfmRgrae dirgeh bending iosetond size different fromthe first size of the

first bondi ypssur EafBdiment 9: TR ofFERDSHE SEIhbment € tIRIAGIwREreRNY ONE
of Enbodi nents 31 through 35, further conprising: formng the first bonding

sur f acdirealythandingithe issoond borading surfhet th drerfirsiponding swtisn gornpitsds meprdae f ace to

have a d _sh i fferent fromthe first shape of the first bonding
surfacggﬁ&%qmn%Fg§%T%T’Enbodinent 37: The nethod of any one of Enbodi nents

31 t hrough BBOOMWhEnhiodingtint Bt The nxahdi ¢fgny bee fdrosud inxandl thepugh Of @heeino t he
rface c ri.ses an ul | ow.te ature.direct

RSN RO N T RN ST e R MR
31 t hr guHin Bl faldBFeBilNadlinsBHE batoROBSHAING shiftfceSh 6P aeliRdameitaga fripbatfe less t he
first bonding surface conprises a surface assisted bondi ng process.

than about four hundred degrees Celsius (400°C).

[0091] Embodiment 11: The method of Embodiment 10, further comprising applying
pressure between the first bonding surface and the second bonding surface in the environment at a
temperature less than about two hundred degrees Celsius (200°C).

[0092] Embodiment 12: The method of Embodiment 11, wherein applying pressure
between the first bonding surface and the second bonding surface in the environment at a
temperature less than about two hundred degrees Celsius (200°C) comprises applying pressure
between the first bonding surface and the second bonding surface in an environment at a
temperature less than about one hundred degrees Celsius (100°C).

[0093] Embodiment 13: The method of Embodiment 12, wherein applying pressure
between the first bonciing surface and the second bonding surface in the environment at a
temperature less than about one hundred degrees Celsius (100°C) comprises applying pressure
between the first bonding surface and the second bonding surface in an environment at about room
temperature.

[0094] Embodiment 14: The method of any one of Embodiments 1 through 13, further
comprising doping the first metal feature on the first semiconductor structure with impurities prior
to directly bonding the second bonding surface to the first bonding surface.

[0095] Embodiment 15: The method of any one of Embodiments 1 through 14, further
comprising forming a cap layer comprising a metal and silicon at a surface of the second metal
feature on the second semiconductor structure prior to directly bonding the second bonding surface

to the first bonding surface, a surface of the cap layer at the surface of the second metal feature

defining the second bonding surface of the second metal feature.
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[ 00119] Enbodi nent 39: The nethod of any one of Enbodi nents 31 through 38,
wherein directly bonding the second bonding surface to the first bonding
surface conprises abutting the first bonding surface directly against the
second bondi ng surface in an environnent at a tenperature |ess than about
two hundred degrees Cel sius (200C). [ 00120] Enbodi nent 40: The net hod
of Enbodi nent 39, further conprising applying pressure between the first
bondi ng surface and the second bondi ng surface in the environnment at a

| bout
00121 EmmeBFenk ARl A et L SRaTEBLRRR £ Bhficeonditanene o |

first sestosdssicindictsitstuciiing eomy@ispipt foinithga thdtalhp Mperedt a badicy Dﬁa fisthadetal
second sem condyctor structure COHprI%FE%ﬂ% second net f.eat t he
6E¥

secondeaBreen the HistsenisAndpeer LYY 2 sW e lpyfe gﬁfth@“%i? @E'PCT"S?‘“’;%O nded
to thegfikksbr e Eﬁ{ mEﬁﬁfeh't'hFe 2d diletl{ borklingS Rt GRANMIHEhE Surfict UES 6hid Al

impurities at a bonding inferface between the first nmetal feature and the
secondfeatiradn the stcandsemiconductpoouepie wiltsdistibonding surfapp ef the itk metgbiependuct or
structur 41 mhereln the inmpurities conprise at |east one of
al uni ngpfredint Sém%g“d%& Ahgahese. [00123] Enmbodi Qm 43: The bonded
sem conduct @09t r Hﬁﬂaudlﬁleﬁf 17Erﬂ3@dmeﬂmaltofﬂnumdinﬁmbb@iﬁmr ce@prisimpeivening thee
inmpuritie ﬁnprlse at. | east Eg of silicon and nitrogen. [ 00124]
Enbodi F¥ YT LI EB Y nduct or structure of any one of Enbodi ments

41 thr Ough fdos\WhenBbiintche! §: MHemhdihRSofEMBAInS@t 86 of BABddiRae 19f fughdal t
tungsten, and_?hosphorous [ 00125] Enbodi nent 45: The bonded
S

sem coeefopisig ferming therfisstafeta dgatBa o WMPESOEWPHent s 41 t hrough 44, wherein at
| east one ofgebhe EldShindhl A FIRHAMAR Fafly biEo SRR f miotgh Y8 GuaRpPr i ses

copper.
comprising forming the metal cap layer to comprise CoWP.

[00100] Embodiment 20: The method of any one of Embodiments 16 through 19, further
comprising forming the metal cap layer to have an average thickness of about ten nanometers (10
nm) or less.

[00101] Embodiment 21: The method of any one of Embodiments 16 through 20, further
comprising: forming the first bonding surface to have a first size; and forming the second bonding
surface to have a second size different from the first size of the first bonding surface.

[00102] Embodiment 22: The method of any one of Embodiments 16 through 21, further
comprising: forming the first bonding surface to have a first shape; and forming the second bonding
surface to have a second shape different from the first shape of the first bonding surface.

[00103] Embodiment 23: The method of any one of Embodiments 16 through 22, wherein
directly bonding the second bonding surface to the first bonding surface comprises an ultra-low
temperature direct bonding process.

[00104] Embodiment 24: The method of any one of Embodiments 16 through 23, wherein
directly bonding the second bonding surface to the first bonding surface comprises a surface
assisted bonding process.

[00105] Embodiment 25: The method of any one of Embodiments 16 through 24, wherein
directly bonding the second bonding surface to the first bonding surface comprises abutting the first
bonding surface directly against the second bonding surface in an environment at a temperature less

than about two hundred degrees Celsius (200°C).
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[ 00126] Enbodi nent 46: The bonded sem conductor structure of any one of
Enbodi nents 41 through 45, wherein: the first nmetal feature has a first
cross-sectional area in a plane parallel to a bonded interface between the
first metal feature and the second netal feature; and the second netal
feature has a second cross-sectional area in a plane parallel to the bonded
interface between the first netal feature and the second netal feature, the
second cross-sectional area differing fromthe first cross-sectional area.

[00127] Enbpdi men 7. The, bonded sem d [ e of
Enboal fent sUPOGNFBIGHFE 2Grar e ey et of ey hadiyir, o

Cr 0SS- pREJutitBlech Nidfrsi bdndinp b@fRe pad tk k&dond boralitpanciedt ih tHeentiaaendaeiiween t he
first metal feature and the secggd met al f%%&%re; and the second netal

f eat ur ETRSEIUE atatabonbae huaeier grapessiikiie P &) pl ane parallel to the
bonded i nt efgoggR BEILVERRN IR THe B BmboRRidA 86, 3drehNgphRtiieksimt al

feature, the second cross-sectional shape dlfferagg fromthe first
cr oss- beweeothafirss hensléng surface anfl G@1seeindibohding srstace wghe gviverve as&ni conduct or

structure QInpri sing: fir 1 : | Sl a first
et o - FEEETES RotBe Sorfrle Hoblied S SETAGIAEEE) LihitlsEs GRIRN e’ |
st r uct béeeaDNp fikss bor@lirg shefaad et satorkldahding suafact eamitenpiasiinicat 4tyn sur r ounded

by a dielectri terial, the second al re of the second

sem pomfweﬁﬂﬁﬁe&%h%?w&\h“ﬁ&egﬁ%%% Esﬂﬁj(&?{)@@xrface directly bonded to a
portion of {dagod] Eaibodmicdf 26 Urear@hef oftEgboliinidut 2TTRéteif gty Epradsutehe first
sem conductor structure; and a cap nmaterial disposed directly between a

sur f acbetpren the fight bonsling surfaepsand theeseconddonding pface By the FHIGAMENMAL#j r st maj or
surfac f fi r fi 1 : ct .
001 2o hsre ek o ek Bl SR E s Celh AL S RRDABAA prelsbis® 1P e,

wher ei betivgen tha firsrhdretingadurfaanmditsescanddiondlieg turface imeneaniviadnment at abofit@GAB 0]
Enbodi ment 50: The bonded sem conductor structure of Enbodi nent 49, wherein
the caF™MRSt&FPal conprises at least one of CuSiN, SiC, and Si N

[00131] Enb g 0N Enfbbdimbne29 oNgafeth@ b ean s Emisdditiat T tethfugheof daitieent 48,

wherein the cap material conprises a conductive material. . ..[00132]
Enbodi fAPrisE dopig thofiaencialieriseniee Bt sricnatire sBreteRpyth MeHtts Piohner ei n
the cap, (ﬁfpetcﬁ}r/ B&ldi&qﬂpéécéﬁﬁbo%\ﬁ@ surface to the first bonding surface.

[00110] Embodiment 30: The method of any one of Embodiments 16 through 29, further
comprising forming another metal cap layer at a surface of the second metal feature on the second
semiconductor structure prior to directly bonding the second bonding surface to the first bonding
surface, a surface of the another metal cap layer at the surface of the second metal feature defining
the second bonding surface of the second metal feature.

[00111] Embodiment 31: A method of directly bonding a first semiconductor structure to
a second semiconductor structure, comprising: doping a first metal feature on the first
semiconductor structure with impurities; and directly bonding a second metal feature on the second
semiconductor structure to the first metal feature on the first semiconductor structure.

[00112] Embodiment 32: The method of Embodiment 31, further comprising selecting the
impurities to comprise at least one of aluminum, silver, and manganese.

[00113] Embodiment 33: The method of Embodiment 31 or Embodiment 32, wherein
doping the first metal feature comprises: forming a metal seed layer including the impurities; and

forming the first metal feature over the seed layer and diffusing the impurities from the seed layer

into the first metal feature.
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[ 00133] Enbodi nent 53: The bonded sem conductor structure of any one of
Enbodi nents 48 through 52, wherein at | east one of the first netal feature
and the second netal feature conprise copper. [ 00134] Enbodi nment 54:
The bonded sem conductor structure of any one of Enbodi nents 48 through 53,
wherein: the first metal feature has a first cross-sectional area in a

pl ane parallel to a bonded interface between the first netal feature and
the second netal feature; and the second netal feature has a second

Cross-sect L@gp]?gﬁﬁohiﬂle& ?J aﬂ‘l% n?eqlrlo%l Og%h)éé’%] gf%g%@g&ge%% ﬂhlr}fn%ﬁ%lg%g Rgkyeen

the first ure and the€ secon re, the se
Cr 0SS - s@fprisiipplorning ehedirftingstal dganfre arockipeisé copper. cr oss- secti onal ar ea.

[ 00135] Enbodi ment. 55: The ded sem _conduct struct ure of any .one of
Enbodi ment s{oﬁélﬂh%‘g’@ﬁf“@&f SndearEoqaiany preq! TR rRuhek S oy

Cr 0SS- s&ahihiA kormiRRe fifdt BonklBRErRR G hdvRla fir& s&e%ﬂ@ﬁﬂliﬁ%ﬂm@ kdcasebhidinpeen t he
first nmetal feature and the second netal feature; and the second netal

f eat ur surfrss taghaye 8 erand sissdiffersot fran Hie fusiaspye of the dirp bandingrarfasd. el to the
bonded inte .r BEHR

feat ure, thiedogg@on b\élgl%%é %bg'cﬁeon%ggéif%lﬁ%g%ﬁﬁnﬁogg%nﬁ%ﬁnttﬁﬁgg?% st {

Cr 0SS- s@aprishna forsiayie firsCboNdiMs surface to hdve aAirstehdpedandffonhing it lsgcobd hehidirg, a
first sem conductor structuyre to.a second, sem.co tor. strpucture,

conpr i §75° 4 A troRd ditpe bt s ey R EEof HrBEH 2t surf ace
of a first pomied EadoUmRNO7:ITIR rhéthed ofABRbANITHIEdAmehty 31Ghisiigh 36 wihkdfelrace of
the cap | ayer defining a first bonding surface of the first netal feature;

and di dseatlypondingiibe gecand bensting yeaer ta ghefirpifbopding urface eqrapischatt Wira4at ure on
the seg( LG oR NG nrstdycture to the first bonding surface of the
first rre?rg%fa%?reat ure onrpg{%e fT'rst semconductor structure.

[00118] Embodiment 38: The method of any one of Embediments 31 through 37, wherein
directly bonding the second bonding surface to the first bonding surface comprises a surface
assisted bonding process.

[00119] Embodiment 39: The method of any one of Embodiments 31 through 38, wherein
directly bonding the second bonding surface to the first bonding surface comprises abutting the first
bonding surface directly against the second bonding surface in an environment at a temperature less
than about two hundred degrees Celsius (200°C).

[00120] Embodiment 40: The method of Embodiment 39, further comprising applying
pressure between the first bonding surface and the second bonding surface in the environment at a
temperature less than about two hundred degrees Celsius (200°C).

[00121} Embodiment 41: A bonded semiconductor structure, comprising: a first
semiconductor structure comprising a first metal feature; and a second semiconductor structure
comprising a second metal feature, the second metal feature of the second semiconductor structure
directly bonded to the first metal feature of the first semiconductor structure; and impurities at a
bonding interface between the first metal feature and the second metal feature.

[00122] Embodiment 42: The bonded semiconductor structure of Embodiment 41,
wherein the impurities comprise at least one of aluminum, silver, and manganese.

[00123] Embodiment 43: The bonded semiconductor structure of Embodiment 41 or

Embodiment 42, wherein the impurities comprise at least one of silicon and nitrogen.
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2. The nethod of claim1l1, further conprising formng the first netal
feature to conprise copper. 3. The nmethod of claim1l, wherein formng
the cap | ayer conprising a nmetal and silicon conprises formng a netal

sui ci de. 4. The method of claim1l, wherein form ng the cap | ayer
conprising a netal and silicon conprises formng a cap |ayer conprising a
nmetal and silicon and nitrogen. 5. The nmethod of claim1l, further
conprising: formng the first bonding surface to have a first size; and

f or m ng t heg@‘i?ﬂe%m%lggdl A ufhe%ond sem gdt%to%?t?%uﬂﬁ.ﬁféﬁeogﬁof erent fromthe

first size di ng surface. 0d of claim1l,
f ur t he EmbotiaichSian ghrohgh 43, W@et%iih&hé inpsititiEododiphige sieabieone of cobaRMengteh) andt

shape; and
phosphorous.

[00125] Embodiment 45: The bonded semiconductor structure of any one of
Embodiments 41 through 44, wherein at least one of the first metal feature and the second metal
feature comprises copper.

[00126] Embodiment 46: The bonded semiconductor structure of any one of
Embodiments 41 through 45, wherein: the first metal feature has a first cross-sectional area in a
plane parallel to a bonded interface between the first metal feature and the second metal feature; and
the second metal feature has a second cross-sectional area in a plane parallel to the bonded interface
between the first metal feature and the second metal feature, the second cross-sectional area
differing from the first cross-sectional area.

[00127] Embodiment 47: The bonded semiconductor structure of any one of
Embodiments 41 through 46, wherein: the first metal feature has a first cross-sectional shape in a
plane parallel to a bonded interface between the first metal feature and the second metal feature; and
the second metal feature has a second cross-sectional shape in a plane parallel to the bonded
interface between the first metal feature and the second metal feature, the second cross-sectional
shape differing from the first cross-sectional shape.

00128] Embodiment 48: A bonded semiconductor structure, comprising: a first
semiconductor structure comprising a first metal feature comprising a first major surface; a second
semiconductor structure comprising a second metal feature at least partially surrounded by a
dielectric material, the second metal feature of the second semiconductor structure having a second
major surface directly bonded to a portion of the first major surface of the first metal feature of the
first semiconductor structure; and a cap material disposed directly between a surface of the
dielectric material and another portion of the first major surface of the first metai feature of the first
semiconductor structure.

[00129] Embodiment 49: The bonded semiconductor structure of Embodiment 48,
wherein the cap material comprises a dielectric material.

[00130] Embodiment 50: The bonded semiconductor structure of Embodiment 49,

wherein the cap material comprises at least one of CuSiN, SiC, and SiN.
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form ng the second bonding surface to have a second shape different from
the first shape of the first bonding surface. 7. The net hod of
claim1l1, wherein directly bonding the second bonding surface to the first
bondi ng surface conprises an ultra-|low tenperature direct bondi ng process.
8. The method of claim1, wherein directly bonding the second bondi ng
surface to the first bonding surface conprises abutting the first bondi ng
surface directly agai nst the second bondi ng surface in an environnent at a

t enperature Bdﬁiﬁai%%%gd%%ﬁ ﬁ%gﬂ ed]ﬁ;céﬁ [oRESrielrS bHEmb &Rt 48 %

The net hod prying pressure between the
first hma@hngea#nﬁa@ﬁﬂa@ﬂmmhga&ﬁﬁeadmbmmﬂhng surface in the environnent at
a temperatu EO%lilSZEiS %mbgglrr]negtb .‘(S)ZUtTﬁeVE\)K())nc?elénsgrrﬁﬁzgn ucg rr%‘ter'\gctllcr:g lof$ llimgoagr%gr%%)l
wherein the cap material comprises CoWP.
[00133] Embodiment 53: The bonded semiconductor structure of any one of
Embodiments 48 through 52, wherein at least one of the first metal feature and the second metal
feature comprise copper.
[00134] Embodiment 54: The bonded semiconductor structure of any one of
Embodiments 48 through 53, wherein: the first metal feature has a first cross-sectional area ina
plane parallel to a bonded interface between the first metal feature and the second metal feature; and
the second metal feature has a second cross-sectional area in a plane parallel to the bonded interface
between the first metal feature and the second metal feature, the second cross-sectional area
differing from the first cross-sectional area.
[00135] Embodiment 55: The bonded semiconductor structure of any one of
Embodiments 48 through 54, wherein: the first metal feature has a first cross-sectional shape in a
plane parallel to a bonded interface between the first metal feature and the second metal feature; and
the second metal feature has a second cross-sectional shape in a plane parallel to the bonded
interface between the first metal feature and the second metal feature, the second cross-sectional

shape differing from the first cross-sectional shape.
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10. The nmethod of claim9, wherein applying pressure between the first
bondi ng surface and the second bonding surface in the environnent at a
tenperature | ess than about two hundred degrees Cel sius (200C) conprises
appl yi ng pressure between the first bonding surface and the second bondi ng
surface in an environnent at a tenperature |ess than about one hundred
degrees Cel sius (100C). 11. The method of claim 10, wherein applying
pressure between the first bonding surface and the second bondi ng surface
in the environnent at a tenperaturectg_ t han about one hundred degrees

Cel sius (100C) conprises applying pressure between the first bondi ng
surface and the second bonding surface in an environnent at about room

t enper at ur e. 2. e nmethod. of claim1, further conprising doping
the first mtal ff’ealf«‘é*f?é Ogalf?qtﬂéftbr’ﬂﬁg@g a SERHSEBISANAHT SERS TR SCRPE

| mpur i iR ofidcRr str@utéte! &edpriéidgondi ng t he second bonding surface to the
first bonding surface. 13. The nmethod of claim11, further

conpr i $orming oean laver gowapsingy aretal enpsiliednyy agurfeaet afist magtpli feriwrem the Bist f ace
of the secong. . I ' ¢ : i.or to
i rect 1y bondnag Pt SEALE LreeoRE o AR R bR U S E B0
surface of fikmse meegd fdatyrerandt t he surface of the second netal feature

def i ni t second bondi ng surf.ace.of the s nd metal feature.

Ta.  TheRri Bt SR Scpsinh bonaing St O£ B sRONS TR FOTHE R TG ol cap | ayer
to conpri ses&Rdbhductor structurd Po thEMRstMBhMAE siaface bBin@fikst nhdtiltibire GANRY fissi NY
formng the netal cap |layer to have an average thickness of about ten

nanomet ers (HOICARAUCISF Strecdige. 16. The nmethod of claim 14, further
conprising selecting the inpurities to conprise at |east one of alum num
silver, and manganese.

2. The method of claim 1, further comprising forming the first metal feature to

comprise copper.

3. The method of claim 1, wherein forming the cap layer comprising a metal and

silicon comprises forming a metal silicide.

4, The method of claim 1, wherein forming the cap layer comprising a metal and

silicon comprises forming a cap layer comprising a metal and silicon and nitrogen.

5. The method of claim 1, further comprising:
forming the first bonding surface to have a first size; and
forming the second bonding surface to have a second size different from the first size of the first

bonding surface.

6. The method of claim 1, further comprising:
forming the first bonding surface to have a first shape; and
forming the second bonding surface to have a second shape different from the first shape of the

first bonding surface.
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17. The method of claim 14, wherein doping the first netal feature
conprises: formng a netal seed |layer including the inpurities; and form ng
the first netal feature over the seed |ayer and diffusing the inpurities
fromthe seed layer into the first netal feature. 18. A bonded

sem conductor structure, conprising: a first sem conductor structure
conprising a first nmetal feature conprising a first major surface; a second
sem conductor structure conprising a second netal feature at | east

partially s rrou ciric e 0 ure of
t he second em cﬁlic\j 8‘%‘? Og‘ﬂ?%flﬁ@rﬂ%g‘a ?fgfya{o °g glg S%ggnor él ur ggléfgcgqgr) ectly
bondedHeGira H@)ﬁﬂffng @ivfak chMrifdsias lthjodr teipEaaeediadct bcblﬁ‘jlfig protesset al featur e
of the first sem conductor structure; and a cap material disposed directly
between a surface of the dielectric material and another portion of the
first major surface of the first nmetal feature of the first sem conductor
structure. 19. The bonded sem conductor structure of claim 18,
wherei n the8cap T methad otdaipr | sdwerein diredtlydioniling e seeond bonding surface to

the first bonding surface comprises abutting the first bonding surface directly against the second

bonding surface in an environment at a temperature less than about two hundred degrees Celsius
(200°C).

9. The method of claim 8, further comprising applying pressure between the first
bonding surface and the second bonding surface in the environment at a temperature less than

about two hundred degrees Celsius (200°C).

10.  The method of claim 9, wherein applying pressure between the first bonding
surface and the second bonding surface in the environment at a temperature less than about two
hundred degrees Celsius (200°C) comprises applying pressure between the first bonding surface
and the second bonding surface in an environment at a temperature less than about one hundred
degrees Celsius (100°C).

11.  The method of claim 10, wherein applying pressure between the first bonding
surface and the second bonding surface in the environment at a temperature less than about one
hundred degrees Celsius (100°C) comprises applying pressure between the first bonding surface

and the second bonding surface in an environment at about room temperature.
12.  The method of claim !, further comprising doping the first metal feature on the

first semiconductor structure with impurities prior to directly bonding the second bonding

surface to the first bonding surface.
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20. The bonded sem conductor structure of claim 19, wherein the cap
material conprises at |east one of CuSIN, SiC, and Si N. 21. The
bonded sem conductor structure of claim 18, wherein the cap material
conprises a conductive material . 22. The bonded sem conduct or
structure of claim21, wherein the cap material conprises CoW,. 23.
The bonded sem conductor structure of claim 18, wherein atleast one of the
first netal feature and the second netal feature conprise copper.

24. The bon ﬂ]CO C ructure of. .claim 18 erein. the first
meial featuld halhemrpdol drigs b e amarsiay Brmr se Sl Raplifer 1o a
bondedmjenyl efd ﬁﬁ&m@@h\é@@ﬁbetolﬂﬁlefsbécﬁfd m@blakatheahuhesaatel idndcariaondstietiad
feature; and the second netal feature has a second cross-sectiqnal .area in

a pl anerigrde gircely hopdingdhgissendbandingrspiface tpdhaarbandinersupiage. asyriaceEieyr
and t hﬁ ﬁ?ﬁ&%@th@%ﬁﬂlme o?ﬂjieq:,re@oqdtﬁ&al%&ﬁ&%eﬁﬁ%?ﬁé&%&ﬂ@%dlﬁ safrac diftge i ng

fromt rst cross-section alr ea
second metal feature.

14.  The method of claim 1, further comprising forming the metal cap layer to

comprise CoWP.

15.  The method of claim 1, further comprising forming the metal cap layer to have an

average thickness of about ten nanometers (10 nm) or less.

16.  The method of claim 14, further comprising selecting the impurities to comprise

at least one of aluminum, silver, and manganese.

17.  The method of claim 14, wherein doping the first metal feature comprises:
forming a metal seed layer including the impurities; and
forming the first metal feature over the seed layer and diffusing the impurities from the seed

layer into the first metal feature.

18. A bonded semiconductor structure, comprising:

a first semiconductor structure comprising a first metal feature comprising a first major surface;

a second semiconductor structure comprising a second metal feature at least partially surrounded
by a dielectric material, the second metal feature of the second semiconductor structure
having a second major surface directly bonded to a portion of the first major surface of
the first metal feature of the first semiconductor structure; and

a cap material disposed directly between a surface of the dielectric material and another portion

of the first major surface of the first metal feature of the first semiconductor structure.

19.  The bonded semiconductor structure of claim 18, wherein the cap material

comprises a dielectric material.
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25. The bonded sem conductor structure of claim18, wherein: the first

netal feature has a first cross-sectional shape in a plane parallel to a
bonded interface between the first netal feature and the second netal
feature; and the second netal feature has a second cross-sectional shape in
a plane parallel to the bonded interface between the first netal feature
and the second netal feature, the second cross-sectional shape differing
fromthe first cross-sectional shape.

20.  The bonded semiconductor structure of claim 19, wherein the cap material

comprises at least one of CuSiN, SiC, and SiN.

21.  The bonded semiconductor structure of claim 18, wherein the cap material

comprises a conductive material.

22.  The bonded semiconductor structure of claim 21, wherein the cap material
comprises CoWP.
23, The bonded semiconductor structure of claim 18, wherein at-least one of the first

metal feature and the second metal feature comprise copper.

24, The bonded semiconductor structure of claim 18, wherein:

the first metal feature has a first cross-sectional area in a plane parallel to a bonded interface
between the first metal feature and the second metal feature; and

the second metal feature has a second cross-sectional area in a plane parallel to the bonded
interface between the first metal feature and the second metal feature, the second

cross-sectional area differing from the first cross-sectional area.

25. The bonded semiconductor structure of claim 18, wherein:

the first metal feature has a first cross-sectional shape in a plane parallel to a bonded interface
between the first metal feature and the second metal feature; and

the second metal feature has a second cross-sectional shape in a plane parallel to the bonded
interface between the first metal feature and the second metal feature, the second

cross-sectional shape differing from the first cross-sectional shape.
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