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not available from pure silicon or pure non-silicon devices alone.

One method for heterogeneous device integration has been the hetero-epitaxial growth
of dissimilar materials on silicon. To date, such hetero-epitaxial growth has realized a high
density of defects in the hetero-epitaxial grown films, largely due to the mismatches in lattice
constants between the non-silicon films and the substrate.

Another approach to heterogeneous device integration has been wafer bonding
technology. 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 materials if the
dissimilar materials include materials with low decomposition temperatures or temperature
sensitive devices such as for example an InP heterojunction bipolar transistor or a processed

Si device with ultrashallow source and drain profiles.
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Integration) compatible, highly flexible and manufacturable technology, using that to form
stacking three-dimensional system-on-a chip (3-D SOC) is highly preferable. The 3-D SOC
approach can be seen as the integration of existing integrated circuits to form a system on a
chip.

Moreover, as the integration complexity grows, so do the demands on the integration

process to robustly unify diverse circuits at low temperature, preferably at room temperature
resulting in lower or non additional stress and more reliable circuits.

Low or room temperature direct wafer bonding of metal between wafers or 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
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SUMMARY OF THE INVENTION
An object of the present invention is thus to obtain mechanical and electrical contact
between wafers and die with a single bonding step
Another object of the present invention is to provide a low or room temperature
bonding method by which metallic bonding between wafers or die of semiconductor circuits
can be formed in ambient without using external pressure. |
An additional object of the present invention is to provide a low or room temperature

bonding method by which metallic bonding of layers of any metal between wafers or die of ’
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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 region to the
second non-metallic region, or by reflow of metal in the vicinity of the first and second sets
of metallic bonding pads after direct wafer bonding of the first non-metallic region to the

second non-metallic region.
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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. 3D is a schematic depiction of an aligned metal bonding of two dies or wafers,
according 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;
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metal material exposed to the surface on two devices prior to direct wafer bonding of the non-
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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.

FIG 7C 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.

FIGS. 8 and 9 are graphs of room temperattire bonding energy versus storage time;

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to the drawings, wherein like reference numerals designate like or
corresponding parts throughout the several views, and more particularly to FIGS. 1A -1D
and 2 illustrating a first embodiment of the bonding process of the present invention. In the
first embodiment of the present invention, direct metal-metal bonding is generated when

metal contact regions on separate wafers upon alignment are contact pressure bonded by the
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insulator such as oxide-coated surface. The surfaces may be prepared to pgod%ce a smooth,
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activated 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 5-154, preferably no
more than 10 A, and more preferably no more than 5 A
In more detail, for the example of the bonding layer, the bonding layer may be any

solid state material or mixed materials which can be deposited or formed at low temperatures
and can be polished to a sufficiently smooth surface. The bonding layer may be an insulator,

such as Si0O», silicon nitride, amorphous silicon formed using chemical vapor deposition

(CVD) or plasma-enhanced CVD (PECVD), sputtering or by evaporation. Other materials
such as polymers, semiconductors or sintered materials may also be used. The bonding layer
should have thickness greater than the surface topography of the layer on which it is formed.
Preferably, the bonding layer is a deposited silicon oxide.

The surface of the bonding layer is planarized and smoothed. This step may be
accomplished using chemical-mechanical polishing. The surface is preferably polished to a
roughness described above and is substantially planar. After polishing the surface may be
cleaned and dried to remove any residue from the polishing step. The polished surface is

preferably then rinsed with a solution.
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The plasma process may be conducted in different modes. Both reactive ion etch

(RIE) and plasma modes may be used, as well as an inductively-coupled plasma mode (ICP).
Sputtering may also be used. Data and examples are given below in both the RIE and plasma
modes.

The VSE process etches the surface very slightly via physical sputtering and/or
chemical reaction and preferably is controlled to not degrade the surface roughness of the
bonding surfaces. The surface roughness may even be improved depending upon the VSE
and materials etched. Almost any gas or gas mixture that will not etch the surface
excessively can be used for the room temperature bonding method according to the invention.

The VSE serves to clean the surface and break bonds of the oxide on the wafer
surface. The VSE process can thus enhance the surface activation significantly. A desired

bonding species can be used to terminated on the surface during the VSE by proper design of
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The post-VSE or post-cleaning process may or may not be needed to terminate
surfaces with desired species if the activated surface bonds by the cleaning or VSE process
are subsequently sufficiently weakly surface reconstructed and can remain sufficiently clean
before bonding such that subsequent bonding with a similar surface can form a chemical
bond.

The wafers are optionally rinsed then dried. Two wafers are bonded by aligning them
(if necessary) and bringing them together to form a bonding interface. A spontaneous bond
then typically occurs at some location in the bonding interface and propagates across the
wafer. As the initial bond begins to propagate, a chemical reaction such as polymerization
that results in chemical bonds takes place between species used to terminate surfaces when

the surfaces are in sufficient proximity. The bonding energy is defined as the specific surface
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fact bilit h f th d
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depeﬁ&ﬁgluﬁgn HeqhRe8alfRAA ByeRiBad. W@eﬁ{? Td/uriﬂoituﬁ’srlﬁ uStially preferable.

process. The term VSE neans
r oBhe storage Sinedis demrdcm;umugmvgs of plesna pfocesscusedr ¢hem1ca1 bonds

tl etched urface. re ns. at r pXi
may B oBtaingt] 15are B i A E%esr Rl wh LB BB A tiooBRes such as
an AP Plakith B}eAiEREN FoPéxaniié, 5815 ah] /e BoiRAvele BBt dUR dnicbRitely after
material and the nethod used for rempval. T pi cal

bondingansk ever 8AQudAN avese ouserHedaat § bowss for dgppsited oxides etched by an

0 possible to renbve nore
Arpﬂ?r?%?&%q%&i\}g}glwso " cI udes the breaki ng of bonds on
t hAnheadiap ehke boitded weferaddringibonding may increase the bonding strength. The
annealing temperature should be below 200° C and may be typically in the range of 75-100°

C. Storing the bonded wafers under vacuum may facilitate the removal of residual gasses
from the bonding surfaces, but is not always necessary.

All of the processes above may be carried out at or near room temperature. The
wafers are bonded with sufficient strength to allow subsequent processing operations

- (lapping, polishing, substrate removal, chemical etching, lithography, masking, etc.).
Bonding energies of approximately 500-2000 mJ/m2 or more can be achieved (see FIG. 8).

In an example, SiO> is deposited on a Si wafer containing devices. The surface, after
the plasma (such as argon, oxygen or CFy4) treatment, is mainly terminated by Si-OH groups

due to the availability of moisture in the plasma system and in air. After the plasma

treatment, the wafers are immediately immersed in solution such as ammonium hydroxide
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FIG. 9 shows the fluorine concentration profile of bonded thermal oxide covered

silicon wafers that were dipped in 0.05% HF before room temperature bonding. A fluorine
concentration peak is clearly seen at the bonding interface. This provides evidence of the
chemical process described above where the desired species are located at the bonding
interface.

Since reaction (2) is reversible only at relatively high temperatures of ~500° C, the
formed siloxane bonds should not be attacked by NH; at lower temperatures. It is known that
H, molecules are small and diffuse about 50 times quicker than water molecules in oxide.
The existence of a damaged layer near the surface of an adequate thickness i.e. a few nm, will
facilitate the diffusion or dissolution of NHj;, and HF and hydrogen in reactions (2), (3), (4)

and/or (5) in this layer and enhancement of the chemical bond. The three reactions result ina
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If a relatively thick (~5 nm) oxide layer is formed, it will take a long period of time
for the water molecules to diffuse through this thick layer. On the other hand, if after the
plasma treatment a thin oxide layer is left or a too narrow defective zone is formed, water that
can reach the silicon surface may not react sufficiently with the silicon and convert to
hydrogen. In both cases the bonding energy enhancement will be limited. The preferred
oxygen plasma treatment thus leaves a minimum plasma oxide thickness (e.g., about 0.1-1.0
nm) and a reasonably thick defective zone (e.g., about 0.1-0.3 nm) on the silicon surface.

In a second embodiment, the VSE process uses wet chemicals. For example, an InP
wafer having a deposited silicon oxide layer, as in the first embodiment, and a device layer
are bonded to a AIN substrate having a deposited oxide layer. After smoothing and
planarizing the InP wafer bonding surface and the AIN wafer bonding surface, both wafers
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dependent upon the type of plasma process used.

wafeCharfaces followred Dy spitydiyingbt ai ned nore quickly, in a

i ; .
)y ST A E PREaS Rt
electisdrhad WetRd ebpRimeadn RIE nvded Fat edypaafsbrrsome wafers were treated in

plasma mode in which the wafers were put on the grounded electrode. An oxygen plasma

was used with a nominal flow rate of 16 scc/m. The RF power was 20-400 W (typically 80

W) at 13.56 MHz and the vacuum level was 100 mTorr. The oxide covered wafers were
treated in plasma for times between 15 seconds to 5 minutes. The plasma treated silicon
wafers were then dipped in an appropriate solution or rinse with de-ionized water followed by
spin-drying and room temperature bonding in air. Some of the plasma treated wafers were
also directly bonded in air without rinse or dipping.
The bonding energy was measured by inserting a wedge into the interface to measure
the crack length according to the equation:
— 31'172 Eltil E2t372
" =16 EL, + Eyty)

w.
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bondi ng and over 800 mJ/n2 were observed after 8 hours
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wooMM#Fo di p. Anneal i ng the bonded waf ers dur ipggus2004/002006

onding may increase the bonding strength. The

anneal i ng tenperature shoul d be bel ow 200 C and may be

t yBiasdtwyare thetYamgiyigedwns sl thighness forswaiersepetand two and tb is the
thlcl&gékdo% %@cfa%% rﬁse&‘t@ﬁ %Ew;’er%g Wafe%ﬁh&é r%ﬁh@ é{é g‘%varfﬁjl%ﬁa%uon of

resi du SSes Sur S

lengﬁdtﬁ@h/ﬁyedgea@ﬁhswafersAll of the processes above may
arrled out at _or npear roomtenperature.

7 Toom empsraiete bandinssnerey s adpnciongf @quasealrm phhpnded plasma
(|
treatéd’ i8d H@\Fétrecpﬁﬁ&ﬁﬁbﬁﬁs RRRSBA !ilPF’lﬁ’{‘ kY 'ﬂﬁ?ﬁ e, a%‘lné #3588%d room

strate renov m cal
tempmm gndiagengrgy vBonsl stotpgertomegfos ¢ differapipeased amhew;z The results

can ¥ ugippaf o oL 00 6 g Frishd AP TRiadpented dhide waters
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after-@Ph inaireet 4 JovvaqMmy (ZUREE mederesults inchighexiboading |en9rgms than
s ) P ORSEPUBTAT S bl b Hovi s

small 6r seplligibl©hcpeasdirlsondremerdyt (4) NId/GH idieafis p‘i/é@ma treatment shows a
2004/ 071700 PCT/ Us2004/ 002006 ( NHAOH), NH4AF or HF for

much highes Beregsrch headingraneay then walgr 1ingp; cbiregsbonaingin air after

| b
plasif EEHIcROwith o HRIEE Pl 0w ol R otk B oo BN chergy with
timet The bending ¢nevgynof the: kirrecnttwbomiad wefr pars im2SdiaGly after room
2NHAOH 2 t ly, S| - .
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Si - NH2: Si - OH groups or Si-NH2:Si-NH2 groups across the
boRHp.rshowsfracmdcmperapiee honsding ef Sitand N wefmewﬁh BEEVilhoxide
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were observed.

Comparing different bonding materials, the bonding energy as a function of storage
time of O, plasma treated thermally oxidized silicon wafer pairs is similar to wafers with
PECVD oxide, although the values of the room temperature bonding energy are somewhat
lower. .

After ~24 h storage in air at room temperature, the bonding energy as high as ~1000
mJ/m2 was reached in the RIE mode plasma treated and NH4OH dipped PECVD oxide
covered wafer pairs. Since the maximum bonding energy of a van der Waals bonded silicon
oxide covered wafer pairs is about 200 mJ/m2, a large portion of the bonding energy is
attributed to the formation of covalent bonds at the bonding interface at room temperature
according to the above equation.

Surfaces are sputter etched by energetic particles such as radicals, ions, photons and
electrons in the plasma or RIE mode. For example, the O, plasma under conditions that bring
about the desired VSE is sputter-etching about 2 A /min of PECVD oxide as measured by a
reflectance spectrometry. For thermal oxide the sputter etching rate is about 0.5 A/min. The
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Si-NH2 + Si-OHSi-OSi + NH3 (2) Si-"H2 + Si-NH
SI-NNSI + 2H2 (3) Alternatively, the HF or NH4F
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energyrnhancement effeat ivelse praall Frepingsothereopditigne unchengedewhen the O
bonding interface. Since reaction (2) is reversjble,
plw%v%@@n&‘@wqr&émyd migHPleenp@rds itk f%ﬁﬂ REpoge, thgiching of
oxid{ QriREs 8 'n'egl’f%’ﬁl% RAHS 0L Hﬁ&qﬁ@é d%% ndt &mggdn@qﬂat%o@ﬁ
ower tenperatures. It 1s known that H2 | ecul'es are
temperatirt bamting efidrgy ¢ @idp 385 50/m? vemparad ¢k £00Q meymAelt RIE treated

nol e in oxide. The existence of a damaged | ayer
Wafeﬁedﬁ?ecm%g'urface of an adequate thickness i.e. a few

NNDHek bas plhded has shbSmtEmelbf et OOF O, RIE Sl WséPd refhove ~4 nm
NH3, and 'HF and hydrogen in reactions (2), (3), (4)
of PEG\Dmxidesforn the water satfiages ariar orvadingnthe beridingenergy of room

oS5 Ry DI BB S ek fcanty
this Minndt 68 StceldHI0ad]/Ad dfRr shfficiearatbeP il (séecalsd FET. 83

eriod of storage tinme to allow NH3 or H2 to diffuse
gv\ég; argon plasma hasga?so been used for the VSE with a nominal flow rate of 16

sce/m. The RF power was typically 60 W at 13.56 MHz and the vacuum level was 100

mTorr. The oxide covered silicon wafers were treated in plasma in RIE mode for times
between 30 seconds to 2 minutes. The plasma treated silicon wafers were then dipped in an

NH4OH solution followed by spin-drying and room temperature bonding in air. The bonding

energy reached ~800 mJ/m2 at room temperature after only 8 h storage in air.

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 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
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In this exanple, the plasma treatnent nmay create a
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s Lﬁnfm@r@ﬁetaélu ahthevapiourfcesgincludingfthe metal bamding padsnontact at room
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the cpé@emftenueqlumdm genilpgeasene WithaHdho prrgereg elcbismastalgpads, the
wafefs%gé]?%oglﬁ\sl S:gk?]s% he F@%G\{r%f%se Rgé&&lﬁl%:tgltﬂé gke%&% 1%3ntlon, the

preseacs @flthe unetdl pédls owhibd mﬁerr&}ﬁﬁithhSI B&Ldilmg/ séemn depwednt @ opposing
| s at

watefy (1565 Bk DDA ARTGHG M1 e WHFEPaRdiig. Do i dismallability and
ductifiCOf gﬂeﬁﬂe&?b&ﬁlﬁng BX@@% greééuré %@ﬁ@rﬁt@&% rtﬁé \hémidat Wafer-to-wafer

materials may al sO” be deposited
bondamomoqurmnenpﬂnbmsmam deszultemu @aﬂorqeelac Mﬂumhsnmpéanar and/or rough

regiopt PRarrigh ey PEffoRed §oBinEin ey pisRity angips rovghness

of thé fnefa? Ha®Oand ihtiiiatd conblee betwleen thelféth p%d@f'md p@ssufr@ berfehled by the
wat er nol ecules to diffuse through this thick |ayer.

chemiypl bpeding Fevuffigigat toj qbvigte the nepd forsiesnal pressutierte be agplied in order
for tiedb Tetdt 'pggs {oa%ee {odd n?atél? I Cted tb %gc}pgtﬁ&? % gt%r%qn taflic bond can be
zone 1's - Torned, Wa e

can

formedibéimeen tryintiniatele a@ﬁtastad frietdl @add, gvam athrobhetesipetah@s, due to inter-
and convE_rt to h droi%f In both cases .t he bondjng

diffugign  ofy sefrdtfiseane Rms 9 the qmating inteefres.r edhis 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 around 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

16



oxygen plasma treatnment thus | eaves a m ni nrum pl asma
oxi de thickness (e.g., about 0.1-1.0 nm and a
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on the silicon surface. In a second enbodi nent,
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energ%ie&gﬂpgce thAwh bdshermideH psya\,/ﬁxtl:a%‘la (sBERMLGhE %18 fonship between the gap

roscope) neasurenents. ut deroni zed wat er
height Chsnd theeidinverfsmambosdsidrares. iVéknethel defordatiion ¢fithe wafers obeys an

ambient, air at yoom,t enperature., .The resul ti .
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accordirgeto TheObingRe ithedty lof fhilbrdefbdiRal 6Nd thihbRtd)omdedidth W of the
pair at 75C'the bonding enertgy of 1500 mlJ/ n2_was '
§

unbopdadagrae gan by eughdy gstirgated hyrthe fellowipg equationsior ¥ X étw, where the
i L |
metel Fhe bk BOF oBl iy § BERH 1 AR i SPRUL R 0L

wi th deionized water after the HF dip, the bonding
energg@at A00C i.5 rl;gduced to 200 mJ/ n2, that_is about
on¥ T HAEHRwOY (3Rht bt ai ned without the ridde. This

il]lustrates the ference.of K to OH as a term nating
s palied sgtvep 85 BTGl THE P Soe BaiBoms King, 1 hree i noh
<1RBas bdenlgBduiadCiint With d8crégigslh, the kitgationWhbedes didtieally. See

used. PECVD oxi de was degposited-on some of the silicon

for ewemenle, UrofSoesddepand <@nY. t hengmaProsxi Hiezed stntli cdymposium  on
. o . ] .
s VG g kR ORI SRl DEkEms 159
If Wséaleulated biyeEqaflrisadsrosyubadsi bbby . Wek i=Q6,, dosresigmadirigh odh< herie
wher B oD i e & B A A ARS8 SOBROSeA 18 gpgur, leading
to anRbbdbd¥Rs: With hRlcHRhale WelRMS iRRBEdeRPoMWafeP thidiBRss ty, and is

oxl de and to
given by:

W~ kh @)

where k is a dimensionless constant on the order of 1. Experimentally, as shown
in Fig. 2D if h < 300 A, W is much smaller than what is predicted by Eq. (1). Further
work by the inventors of the present application has shown that, if the spacing between
metal bonding pad pairs 2R is smaller than 2W, the wafer 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.
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snooth the front oxide surface originally having a

root nmean square of the mcro-roughness (RMS) of
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was used to clean the wafer surfaces foll owed by
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reat in R E node. For corrparl son,
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VHz angPtJ\{f Jgcuum | evel was 100 miforr. The( ?fna

covere Ers were treated in pl asma for times

b ednteelienlW. Seﬁﬂﬁﬁsfdlmvﬁngﬁsmbtﬁﬁed The plasma treated

silico S hen di pped in an appropriate

sol uti _\336%1 w? ) de-i oni zed water fol I(g)/ved by

spi n-dryi ng and room t enperature bonding in air. Sone

of the plasma treated wafers were also directly

b ofatebbnided ailiconi whfsnt whicrestheometd! ppdanbaveTheightomdif 0 A and the

bondffy et & Y0 R, e oo RSty e colbbi e pads is about
1 GXIG{i Qlf%@lé/élh*z o, 130batindsphetds Bince 'tﬁﬁ'(—)preisﬁfet is suffi€idht®y hitR for metal
WO 2004/ 071700 PCTl US2004/ 002006 E and tw are

bondmge thegriisgposnaed da lanply any extaredt peessure sluring bendingn dVhangmetal height

his % aoqqesisbw 2 ith?s a{tigfig# Elgcf ?neg uﬁ%}lf@eoqgﬁle' &?1 eéa?l% is in the order of

etween the tvvovvaers

50003&mosphkciedif BE1 id a3gibdl from the edge of the wafers.
The room tenperature bonding energy as a functign of
st rensesxempde of thedigeempediment ok the RraanoRVeRioRe § arBliameter Au

bondﬁi‘g gur gxgﬂﬁfae{]ﬁclin%sss RV 360 B afid ' Wpsratibl HiRarkdiO¥51 mm were

deposited on oxide covered 100 mm silicon wafers. Since the Au bonding pads were formed
on the surface of the oxide, they also had a height of 300 Angstroms above the surface of the

oxide. However, h can be much smaller than actual metal thickness since metal cam be
partially buried in oxide or other insulator and h is the height the metal extended above the
die surface. A room temperature bonding technology has been developed that cleans and
activates 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 without 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 Aw/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 the silicon surface. As
mentioned above, a strong metallic bond can be formed between the intimately contacted
metal pads at room temperature due to inter-diffusion or self-diffusion of metal atoms on the
mating interface to reduce the surface free energy. The inter-diffusion or self-diffusion
coefficient between metal atoms increases exponentially with temperature, in order to shorten

the storage time to achieve full metallic bonding, annealing can be perfofmed after room
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FIGS. 3A-3C are schematic drawings of a process according to a second embodiment

of the present invention, by which two different fully processed dies are bonded. The dies are
shown to have planar but uneven layer thickness, to demonstrate that the invention may be
used in other instances other than even and planar layer thicknesses. In this process, as
shown in FIG. 3A, a separate die 30 (only 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 Si0O5. 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 SiOy layer having a width w have been removed to expose metal pads

19



electrons in the plasma or R E node. For exanple, the
02 plasma under conditions that bring about the

wdoesiafoethoy/SE i s sputter-etching about 2 A /m npeluRkfeyeo2006
oxi de as neasured by a reflectance spectronetry. For

t hermal oxide the sputter etching rate is about 0.5
35. Fhe surfageeof lpyen/gs 39 beate¢ 23 slesquibd Wszopendin apmications 09/410,054,

i i . . . t
oo R85 06 . BB LKA ARl AL BRI Mg IR
aVIﬁL Blfed 3C; gems%ondea\mtﬁ«f]rem plcdsnpa:}so 8,|earieis gﬂf fllled Wi?m metal, and
. etchin asnha_has not o cle the surtace
Interqopnegts jg%?%wﬁéﬁ (%L%‘B{!rt {rg?ncsa@ws@t‘*%&}y% aBYigicH Behaibeight . Surface
41 of ey BS B%]‘c%nttlltéﬁteﬁ@ﬁ{@ Isuside BL 88 disHiRNEY Move! NBe %1%%?8 giees 30 and

roughness of plasna treated Oxide surfaces nust
37 ard edjgnetbandhgorttacicd vud in gnqsherde psodusk therbarsled estrentuse soowa in FIG.

t,C ared with the initial surface roughness, the
3D. w’r&%t&??%%%r%”ﬂé Pt eat ed oxide wafers was -2 A and
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were treated in plasma in R E node for tines
The bond begins to form on contact and the bond strength increases, at room temperature, to

form a metallic bond.

As in the first embodiment, wafer surfaces 32 and 41 including metal pads 33 and 40
contact, the contacting non-metal parts of opposing wafer surfaces 32 and 41 began to form a
bond at the contact points, and the bonding force increases as the contact bonding area
increases. Without the presence of metal pads 33 and 40, the wafers would bond across the
entire wafer surface. According to the present invention, the presence of metal pads 33 and
40, while interrupting the bonding seam between the opposing wafers, does not prohibit
wafer to wafer bonding. Rather, the pressure generated by the wafer-to-wafer contact in the
non-metal regions translates into a force by which metal pads 33 and 40 are contacted. No
external pressure is required.

The method of the present invention can be carried out in ambient conditions rather
than being restricted to high or ultra-high vacuum (UHV) conditions. Consequently, the

method of the présen‘i invention is a low-cost, mass-produétion manufacturing technology.
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poi nt or points rve
The present ilbehtier alimirmtasathe need foe theas pestd®nd 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 electrical interconnection with a smaller footprint and reduced
electrical parasitics between bonded wafers. The method is compatible with other standard
semiconductor processes, and is VLSI compatible.

As such, the present invention is compatible with 3-D SOC (three-dimensional
system-on-a chip) fabrication. This vertical metal bonding of' metal pads or interconnects
using plugs between bonded dies significantly simplifies the SOC fabrication process and
improves the SOC speed-power performance. The direct metal-to-metal bonding of the

present invention is scalable and can be applied to multi-die stacking SOC.
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acoorg Orihe GERPRR B GRRe D3P el DL PSSR op Sutaces o the meta

bondﬂlgf efﬁ?aﬁ@.s%’!nt eREmpR, IAPLENRL BIn2Bardldane@ sy Qltraviolet/ozone and
roughness of the netal pads and intimte contact

nitrogent plessre with noeixide lpfios theMhwefapesessur e generated by the
chem cal bondi.ng i.s fficient tq.obyiate.the ed, f o
experifier sTahodiifett of e PISAR, btipho Ao EREY of fisspoiting metl
pads (RbAtatRBELY ckEmPR fidth MBI buchGRM138 Riart Qotad vitht dxedatioA resistant
strong netallic bond can be forned between_the

metalsngyclers 4 exeommle siBEold (AY) gralatinuay &) lyer. odiee both Au and Pt are
inert gﬁé@g{rg(f U{ut e vgi'ﬂe!get ?chrhfgh S thg's s O P Enﬁxﬁél gﬁag:ﬂﬁ 434 @hinimum

atons a e mating rnterface. usi on
amouns oftdxéderbetyveanmi Awlok YPtcimidviie Host methlcepitiee cheaningcand evaporation

free ener nd i s enhanced for .netals,that typicall
depoi{igR af P D e Prefiip PlySMEPAINALY BFiOTa the hordingpigeess.
C ofgf {mﬁa At&ion B8R Bk erlddimitosy teCsebdrt iRRHioA! @ Rin metal
result of a cohesive energy that is typically nostly
overabat kayeri maylbbfortied onrthdinetal padanddhanded andesaribechahoves For example,

not di styrbed_ by the notion, of nmetal i durj h .
a ey v, PO A6 A Arulprarm A et SSsetthl APl Pfbonding at
roon RAmRRide. TREERRS, Mbldk fichestAu ek bt fusédbs amaﬂg lagér, enabling

bet ween net al pacfs on the two different wafers. The

almoglealhmetalctol beawidlized dhn direci bondivg of rearm tempRIgiarnbY) retprpeedures of

v USE BN ST BB BRBR 5B, vt s

contabl bpdhinidieare Grmedtonl the uididlgads flloed by \womwial éspositioa with thickness
Krecl uded from contacting (see Flg\(a 1D).. aﬁs | ong as
100 Anporerthak hesdepliy obhe contact windowsnibe meial pads oW ik extended above

oo B Y50, 08 LS S R e .2

pm. snal | unbonded area around each netal pad. This is

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.

In another modification of the first embodiment of the present invention, a UV/ozone
cleaning exposes the surfaces of the metal bonding pads to high ozone concentrations under a

UV light to remove hydrocarbon contamination. Residual hydrocarbons on the surfaces of
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illustrated in FIGS. 2A-2C, where wafer 20 with netal
pads 21 is ready to be bonded to wafer 22 with pads

wé3e04070@® 24 i s between adjacent pads. The neper/uRs#H002006
are contacted (FIG 2B) and the wafers elastically

deformto bond in thetalgaps 24 to formbonds 25 (FIG
the @l bondlngspads]d@mrlet metel bording, vad greomelqatior sites fop hublde formation

borw @68 Bbu e Ry SO BOR b AL O b s,

t EE)fﬁeﬁ?mts hﬁg&lﬂmvﬁalthairwwztonear@ﬁnéﬂw canfmevent 1dﬁeﬁ‘ace bubble
t he bond
formiions 4 LB i O oG b deadsgp AR ber G gHeS that are terminated

t {10 t t h
ke ey
concemifatios combired avith 883sA iand 2646 BallV igiadiation froxotwi235 W UV lamps

ot 0B a1 By Pt B R S0P e B! b B i
of HladipBde‘ h?&%{aﬁ‘oblé Eificoh %ﬁré"%&ferdt&%o Hﬁé}f&@s 8dbBleLApdnHMnBAing from

rou i mated by the Tollow ng equation for W>

300°Crtoy, fer 1 hdus ﬁ’emh temparatiye péﬁaglyagdlaam thenef{astise removal of
he vvafer surface: = [(2E tw3) /
hydr?%%ntsﬁ:onh&»fv?a??rs% IS given by E(l v2) with v
beFdigAEQal:ﬁlspt; i6 ig aﬁeqmatel to hes hweromeugigathge beforatbonting without
decrea3| n the situation changes drastically.

formptg}n ?@xm{g orcthesiptal sprdaces.- Yor piicy matels éhat—;qqg%oomdlzed by

RGN RS e T
e.g. iméfdion IileEhOéHbdfyreEhmnd(ng) Ih eddition,plasaiatesatinehtomthinerttgases, for
corret,n%ond to, h<

exan}}ge: p ﬂé?m n}s B qqgthveawnat%%ﬁgmlvgg} only inert gasses such as

mtrogé?f' bt ¥n Hi® FHRRP SRR, QaCittordiRadi thE prdseéntdfvention can clean
tnbonded area with much smaller Wthat is |ndependent

metab$urfeséeand ¢nhanoretbe bomlma Quiergy at gxonemnwyram ifor ath metal/metal and

ox1d%J}ﬂr 3 k > alﬁ}:&eggges B%g SlﬁYe%L 1&1{131%5” glégc&etr 2 %‘ggwgewlasma can
be used td&e@ﬁbv% hiafindtivarrodh te dusfabé 6fknetaRGubly afflu abd Pt.

Further work by the inventors of the present
appihile aumsroussar e piepanation tieptments andaetaimetel gad axide/oxide and

semiconductor/semiconductor examples have been described, other surfaces and preparation

procedures could be used, according to the present invention, in which the corresponding
metal, insulator, and semiconductor surfaces are sufficiently cleaned prior to contact such that
the formation of room temperature bonding is not inhibited. In the case of Au protection or
Au bonding, the process developed by the present invention is metal and silicon dioxide
compatible. After CMP and surface planarization and smoothing of the oxide surfaces, metal
bonding pads are formed on bonding wafers as described above, a modified RCA 1
(H,0:H,0,:NH,OH =5:1:0.25), UV/ozone, and plasma treatment clean the surfaces of both
metal and oxide without roughening the bonding surfaces. A room temperature standard 29%
NH4OH 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
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netal bonding pad pairs 2R is smaller than 2W the

waf er pairs may not bond to each other. However, when
WORo0p4/@MYoosur f aces between the two unbonded ar eRST/US2004/002006
around the netal posts will bond and the netal posts

wi I.I be bonded and electrically conngecteqg. 17
shows 4y 657 oA BBy Qe speiEss 0w g5 ggsgwepm eg ypf the present

. | \ =90 .
mve(ﬁ;@{%l? H 539 ré%ﬂgbeg %: sdohd %Enﬂoauﬂﬁﬂ 85 8h6hin kmdﬁ@s. leﬂqC? %séhere wafers

surr ng area can be expressed as: P =
incluging\@ietdl( 8MAint¢r8ynrEotitmsn areg beded3io wi sthalley. die) HFIG( 27 depicts a

w he fall ' bt ai ned: =.8 v/ 3h,
ual 58 i ot 8 R B St £ B! B e et
interbdrhebis! a8 bmbedddeHh a cilikcof Wo:RAN UL Er 52 |shlPAs WAPERESD oxide, thermal

where the netal pads have height "h of 500 A and the

oxidp,oorcipirgor igasgylniesca@ectnsl nextendmabovo i kyst §2 tpadwight es discussed
pos g LR RO BB b o7 8 b A MR Thon i

layessH.ficiently high for metal bonding, there is no need
to gﬁply any external '&;gessure durlwtg bondi ng. Wen .
neFellowag fatming ansingulgting dayer 8§ on digs,0ff & materiad spedyas silicon
. d,t u on, 4t I [ IS 0 -t e .
cioxfin SRS BEn Y ABTHE LAOMES by el A Rlileal potish and
surfatgla erefuintiesit amfr’amdlb 'Wrbd payé dth&laypﬁeﬁfdr bomdangf | BIG. 4B depicts a pair of
_ jameter Au . bonding pads with a thickness Jess th
OPPOSHE WalshY VATl éﬁ%?@ﬁ%oﬁ‘eéqis‘?%ﬂé@ Bﬁgsl%ﬁmé 33- TG R shows the
. . ] L
o b R KL, o U K bond 5.

ofHaryyas bxfade, the henyding sDtheadnanétel mhions ged@ateAthggtquisite forces to
bove the surface of the oxide. . However .C b .
form (R HAGHAITEA PSFPTREE{r SRS o AR eIl B AT Ty the bonding
of theCAHTIDRyeRaehbtes ¥hd HguRtte Ibdn@b d6rce foPBREdt rhdiBlltoah&hl contact of
and h is the height tqhe net al extended above the die

the mefgt parding Rado dfand e faprlwdityfdliesyS3 sedmbs prppatedsnd bonded to
substi %D, H2Y8LAPEGEAD, ¢l eans and

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 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 um) 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
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activates the nmetal and the oxide surfaces conpatibly

and sinmultaneously. The An posts forned a netallic

bond by roomtenperature bonding at wafer |evel in
Wono40T1700i t hout using external pressure afterPGL/USAKE002006

inair for a period of tine, e.g. 60 hr depending on

he petal . thickness and bondi ng energy. \Wen the ..
mem@vapréwnﬁa iThis Jefoumatipn-aliqws &érgéf’af{eéﬂ?eheﬂée%élé"%\"%@o be significantly
redum%lj_?ﬁﬁ%@&n the bonded interface, either the Au or
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i nThe abjectopftthadefotmabie nedteriad imtheaticibivy df thermetel matsrial forming the

electBpfIRHEE 1§ RO sineBreasive Aencdited B ot bojdihe OF e hon-metal
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defoxglfaﬁb?egtggt 7 gsngwgiagée%%ggﬁ-h}%%} bgﬁ:%ﬁ:e%ﬁ&s%rthg %lfé:s%mtehg%nerated by
the vRegbittodivhfet Sh@fical BeAdihg i£fipidally wbet omd part & 9000 or 1% of 1% of
i ncreases exponentially with tenperature, in order to,
that rquired fo defeamstypicalmetdlsre The raeass of dhe metal iptoaits pespective surface

allow 8 baingIRBR of U GBH SF5RE LB TS sBbifital ke K be'Kdbstantially
highektRap aférethe eecesnin@als significantlyf mereasdsahé taletancsdi ofthe metal surface

between the_ Au osts shortene s the tepperatyre .
required Ko BSRAe B8 rVERFS foralgnding ap ﬁﬁ?%‘i“é’ﬂ@rﬁhédn acfyggbility of the

' Y - ( )
embcﬁhéx%ag?t. TheCdefdrtRatfon 23d ﬁlbgﬂajtﬁlgfs r%%rgefgﬁ gﬁr?gﬂﬁté?] the non-bonded

s require [ower tenpera an
regioniraiodrtheratetd] slldwing @ stiistantinl ijprressainghepmabeat eftobyedtions that can
bondi ng. of non-netal surroundi areas., The 1i.nme f.or
be AR B R B B7Q HrASIHECED GAE0 SEeTeds 0 fas st FPd iffprponnected
artsat el evated tenperatures becones |onger as the An
thi ckness (i.e., height) increases. For exanple, when
t hEhe Aefornatinn isfenablef dusthn ingugon of 2 npmatahegpgpungegneath the
tahl i o) i = '
motal GEREE STUMHRITRERS: o RSl fpfhose £7 800, By palf ) formed
on a layeedi ahads @ be bbhded tohe capdspondibglldyepiohcinother dbdu¢. Region 83,

1000 pm Therefore, an unbonded area_wi.dih around the )
adelupalie peawactelapterial sugh apalom Kedigleciricgratppglnis formed in

fillediyithy
layer ;%SIQ)II gg{@%&:ﬁf%ﬂggﬁ%&gﬂy, 8lihg 008 dRpESGHidE Mchniques. 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, orit
may be a compressible non-gas solid material with a sufficiently low 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
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area widths substantially |less than this anmobunt can be
obt ai ned by this nethod. For exanple, experinent aI
results show that when h = 200 A, Wis 20 m and wh
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to denonstrate that the invention may

bad §6 ER 14 Lk B Tk a1, NI S vcie 1 By S0 Ghpofohematic drawing
and §91nGKY o%?x?%o sé% %féj/ %tagscgé Sin ga§q arcéhgéﬁgeh:}?)}; hg‘oc%@nregswe force

sep ara e die e oxl ayer
genesdited\nby boading @ﬁv@erﬁﬂcmd &7, Tae pipparadie o FIGaEC iretwales padisstrate 91

o S B0 el St B SR, A Ry e 5. Laver
88 isferhag 88 1@& 89, Qanl@»%é r 3% hePHVeSn@lyt Bferd CMP

oper ati on. shown in FIG 3B,” vias 36 have been

f olmthiy eamb:bdﬁmbﬂltewhm the wafeal aré bosdudnthe tmethl Surfab®t &b contacted and
31,. metal interconnects 33 are forned gn wafer 30

defofR D Witk FoReP S Pt el 0?%“3 paRg 8, chemical bonyling process. The -
defoﬁﬁatfoﬂ' 1elBR3Ssdnte on’che'S Por gh@d ggnﬁgllﬁhﬂﬁg gi%tc?srs' Blit sufficient

is formed on waf er
pressuzey i lrﬂgalas \/&0 dmhingein h‘hv embbab lsulrfams vmdcdm)acé Xquels ma[malal an acceptable

04/,071700, PCT/ US 02006 5.
mini B conlets SRR O pP Bl S0P s (g TR separate wafes. As
the nEtfleiRfrAG iaRPthe ¢edibR MRAEIhE Hdtdldthe boA&ing Qhrfaée3 a@é‘ dllowed to come

09/ 532, 886, i ncl uding pollshlng or FO|IShIng and
into eqntaghi in a},la&r@lfﬁq@glus 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
Pressure = Stress*4*metal thickness*metal height above surface/(half width of

region)>
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In FIG 3C a second wafer 37 has pads 38, vias 39
filled with netal, and interconnects 40 formed as
w@?&yy@ 7#,pterconnects 40 have a width W and apbengbdos/002006
ace 41 of wafer 37 has been treated like
surface 32, as discussed above. The separate dies 30
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s SRR SR 258 e BB 354, gonmes st
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r t

che ﬁgptsldllgg € er nr%g e & i lggs%%tgaog%%éegéggorn %I&xﬂ:og g)e%glected, than the

thickaeds@ifhe el ﬁéedam@lbb eddveahadcbrlinglf and/en’dlfa amia;l. heigfttabove the non-

b—q

bond begins to form qn cont act dth th
meta ﬁerrf%c&s@ds 19 e Biace r?ﬁégrg‘t Séag gt ﬂ?eg of i Festn needs to be
t
1ncre,l%?egidzhcif@t?irl]xl(lgT{I Iﬁﬁ)é:é trr}%lt? atr@%@@%‘t%%ou%ﬁfévg%lﬁ ggtﬁﬁsre%%n needs to be

increasult ia ddss tanrthe peretwingp amountdhe metpdbeight ahive thesnors-metsd surface, or
apd, 41 began to form.a bond at the contact points,
the%@t&qgn &{tﬁ%aﬁmfl?ﬁrggu‘feﬁcreases as the contact bonding
ar ga fourflf reddsodsmetl bhoMe indentiine Tamiee sflaxeet e pedbandéhl design
and 40, the wafers would bond across the ent| re waf

constraintsaine theAgictniti of) theomerpé ontastsndeseribachin g firste second, and third

e t 4 8
emb?#‘r'ém_ 5;@' {:}yg‘gaﬁf‘ b@? Weeh & e?i&grop o%ti'%dwa ke)?’ts%ﬂ gfégd @&m reliable
electficalnidtéfconnections between chemically bonded wafers. A descnptlon 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.
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wafer to wafer bonding. Rather, the pressure generated
by the wafer-io-wafer contact in the non-netal
wOeBl4Erohr ansl ates into a force by which net alpcpasso03802006
and 40 are contacted. No external pressure is
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exanmpl e, T. Shi rrat‘?{ljJI . H Mol | emas:S D. I\/bnsrrg, é (gsan gravity
as, foxexampledif heowafestizrerotateddpring the angglnet . 33, 3495

(1997 the. ' atihl e w -
(R0 Bl A5 G55 PR e e o i
6A haertnel)mml mmFesvxﬁbwg_sd a\ri&lf fmathal ylaxaas caphcthaflthe lcﬁigllfmif the metal
met al -t Q- net a ndi ng of the present invention also
plategy pboyeother RIgpATY %ﬁ%@? RPN WRiRE Wgletsothan therdsatheet; Wermgetal recess

belmg {t%fgi@r éﬂrfafcg RNAE ofter Wé?ér?@é ﬁﬁmﬂ? .F'fzﬁgxéer %‘%ﬁ&rﬁ? %0 and 71

al s have significant I gher
have ezspactiveomeimbpéids 73 emt 3.t Rads 21 biecformed irsidcessesn 74. In this case, the

metaffcE dp el i B (oA G S0P RE.SOrHS ofpgyfhemiol bond e

placdd'i¥ @Bhiabias IMorEinMhurei 7B.t €He bRt fddBs of YiHsBWeST0 and 71 are prepared
exanEIes, bonds het érogeneous surfaces such that
&l

for direst shemisehbonding end bgisudaces arvi placed toguherssiin thorahove example, and
a che%%@&l%%ﬂg oY f’o%rn/eg )Eleth%en the planar surfaces (FIG. 7B). After reflow, the 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
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and/ or netal /oxi de regi ons can be bonded between two
waf ers at room tenperature. Nunerous advantages are
w6hbffosthopy the present invention. For exanpl epcoius8gr04/002006
nmet hods of wafer bonding and electrically
i nterconnected constituent electrical contacts
bondingefl the prasertrinvention i eompatitde withrstandsrd VLI progessing anddgherefore,

s o BB BH e 56 58 rRP A oo BB PG ket imvenin.s
compiti®lewith bbedifig bPmbitialseloeered gt silidontoxidus)wikedn, onsilicon nitride.
Advant ages of this elimnation jnc

| yde the. | .. .
el Fagikiatng theometpb-doranstal afirect honding @glﬁléf‘eﬂreé?“t iggentjog is the direct

- hi N o | e . 5 .
L
discusket; titr isctht direciniaxtdimgnin thekeeregiomks ¢blatt generateds| the resultant force on the
dj mensi ons,..resuj ti i.n a e‘ligé:it i,cal interconnection ..
opposjugHmsial bariding Padsor Tk difech honding F He nourBet|licoiyeions, acdording to
the pesca iiﬁ%@ﬁo@,@&%%t@'oﬁ&ﬂ; edie lsflicon NBokiE Netdothér insulator covered

conpatible with othér standard sem conduct or
wafepy. €leer anaterials oan ke wilied clonpsample dluosinated erxide; syeface layers that may

resent.invention is.c ti ' - . .
aso B FRGR i AR SRR 58 bSdhd. by psticptiy goy material with
an opéh struéRiré bwélce TRAtaan B Netiigated byrOH/NH @i FEDgroups, and porous low k

I nt erconnects . using plugs between bonded dies

mategiplgriviendaenghy inp epntast 4 soqm tengrratieisan defn 8 foprletderd.
an I - I
< Ao ORG e SRR BRSE SR el SRRCEy ol octiod o
depositioantticamallys os hbmidatly conidation, hed apin-oredldssy canl bé uskdein pure or
st acki ng SOC. 21 WD 2004/071700 PCT/ US2004/ 002006
dopelslditfes generation of the requisite force necessary to
f okggff@atti@hé Bﬁﬂﬁ%ﬁé’sjenf:ﬁ’a&ﬁ%' iR8l8de bllrPh&S fitted AURMdaPihtegration
recogni zes that "l ow resistance i s desirable for the ]
of pedcessed i inteigratédh ciroaits ferc Db O C,r winroped duagkeging,olow-cost and high-

anot her. . Low resi stance,net.al bonding is.facil |t d
PerfGiERBE RS BR G DIPCUBA EORIORnPrSh oty Pisheafe Helhiimanagement
andﬁlﬁ%ﬁéd’ev%@s@%cﬁﬁ:&%u&lﬂbﬁﬁﬁ&ib@s‘edebﬁemt al  bonding netal

pads. For exanple, An surface can be cleaned, b

ul Numerasisenpdifiestionsrad varigtionseaf the RESERL iV entios’ w3 pagsible in light
Left t.h | FRptof
o a3l 358310t By PSS I WIBEE ol e append

claims, the invention may be practiced otherwise than as specifically described herein.
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pads (fabricated for exanple fromnetals such as A or
Cu are coated with oxidation resistant netals, such
as for exanple with gold (Au) or platinum (Pt) |ayer.
Since both Au and Pt are inert netals, no oxide wll
be formed on the surfaces. To ensure that there is a
m ni rum anount of oxide between An or Pt and the host
metal , sputter cleaning andygvaporation deposition
are enpl oyed, preferably imediately prior to the
bondi ng process. In a nodification of the first
enmbodiipgms of the present invention, a thin netal
overcoat | ayer may be forned on the netal pad and

bond?géq§8%§§§%mgﬁﬂfﬁﬂﬁ§§l:For exanple, a |ayer as

thin on an Al pad produced

successf ul tal .pad honding.af . roomte ratyre.
Ther Brarine fBrapuREieta e b upE AUl Pafb i s
| ayer, enabling  alnost all netals to be utilized for
nep-metdlipbendingyegionmsermatnigdhamgrallicnads pa the iFsembseate;
of the present invention. Wen an insulator layer is
depopegamng asdcuhd yulptreedssiag asef@rd Mwdlityoafmeteliic pads and a
openings are forned on the netal pads followed by a
satBh@holaraglid baiing feBiohPréXiRRESto tADReRAlINFAs bh @ik debénd
depth of the contact w ndows, the netal pads now are
mﬁ%ﬁ%@?ed above oxide |ayer only 100 A the pads can
e separated each other by a very small distance, e.qg.

ot 11 s R bl s f s Pl ol Sup B vty

ayer,, Pd ha od oxi dation resistance.. The surface
Oﬁinﬁtfa K R?ﬂf vltgﬁgfsastme plf’agl itiom, 34 SeCﬁnﬁalufaégnp mstplliGpads;
significant mass transport of Pd even at room
t enpéirestlycentagtinmssidfifsy nonymetatlic bendirngmegionitpgaid second non-
pressures exerted on the netal bondi ng pads by the
mtaflch bugdofg refienyeid- net al waf er surface regions. The
nati ve oxi de between the two Pd bonding | ayers, if

any, nonidhdsivedy PEHRa aEdtitsy n6h-SRENSEBoRIALNLE 16 QAR sedfid

coverage with Pd of the physical interface between
1 nmet al bondi ng pads. In another
n%%%?#%@ﬁ??@&@%%ggﬂé first enbodi nent of the present
i nvention, a UV/ozone cleaning exposes the surfaces
of the netal bonding pads to high ozone concentrations
under a WV light to renove hydrocarbon contam nation.
Resi #ufhmetipdras deaitse 4 Clghn d neomdpiisiig es of

polishing each of said first and second non-metallic bonding regions to a
surface roughness less than 1.5 nm; and
etching each of said first and second non-metallic bonding regions after said

polishing.

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



22 WD 2004/ 071700 PCT/ US2004/ 002006 the netal bondi ng
pads degrade netal bonding, and are nucleation sites
for bubble formati on between the bonding interfaces,
resulting in out-gassing between the contacted
surfaces. Experinents have shown that UV/ ozone
treatnents can prevent interface bubble formation. An
HF dip of silicon wafers | eads to hydrophobi c surfaces
that are termnated nostly by H The hydrophobic
silicon wafers are treated with 4.77 g/nB of ozone

concepfifiatd QRhePIRNFRd anl kbeold Eﬁgnl?néﬁlﬁc 28ffindrddions to a

|rrad|at|on fromtwo 235 WUV lanps at room
for foll owed by a second HF dip

ﬁ%%eg; °r§8%%§é palrs of HF di pped
hydr phob| ilicon ma ers generated no interface
bubbaeé‘ﬁﬁﬁﬂfﬁﬂﬁgthﬁ§eF %O§@§@P¥o 700C for 15 hrs
at each tenperature clearlg indicating the effective
r emoYeiming at lpgsti parpadaeiegid firshplurrbitivef réﬁtaﬂlsrrﬁad%@shavg@n
Au and Pt, it is adequate to use UV/ ozone cl eaning
upmreuﬁadmmxmﬁrﬂ@gvdbbh@msurféo@ rofa4id dinstafonmattallic byvndiag e¢gion on
the nmetal surfaces. For other netals that can be

sAdingddtzapkdie; agzone, a thin layer of Au on the netals
can prevent oxidation, or the oxide can be renoved by

€. 9. fdrFPH?%E‘t‘ 1048 bk o RELOS sﬁ%ﬂ Y métdli Wgﬁa& ﬂo%we an

pI asna at nent i nert ga Ol' exa

treatnents t

upi o SR Aro g SW?%CF 3h st S PgB A Wgn%flg g%%w
cha nber can according to the present i nvention can
0%F@Qﬁ“”ﬁéﬁ5@“@%%faces and enhance the bondi ng energy

at roomtenperature for both netal/netal and

oxi de/ oxi de bonds. Further, the present invention has

di scovered that an oxygen plasma can be used to

I enpy eA agsii@iasiratitedrin thabimn 1t hdeit §ad diraftlyreehak8ngsiidat

as Au and Pt. Wil e nunerous surface preparation

1ch§tRAkL PR Et%? B pAREHohdBE Fhe ﬁa@gplﬁﬁlﬁlﬁ 6%\3@1110%5&@3 to the

sem conduct or/ sem conduct or exanpl es have been

&an?ém%gg%op%gghli&Q%aces and preparation procedures

ing to the present invention, in
whi ch the corresponding netal, insulator, and
sem conductor surfaces are sufficiently cleaned prior

to contact such that ) o
6. A method as recited in claim 1, comprising:

elastically deforming at least one of said first and second substrates.

7. A method as recited in claim 1, comprising:
depositing metallic pads on the first substrate after forming said first non-

metallic bonding region on said first substrate.



the formation of room tenperature bonding is not
inhibited. In the case of An protection or An

bondi ng, the process devel oped by the present

invention is netal and silicon dioxide conpatible.
After CVMP and surface planarization and snoot hi ng of

t he oxi de surfaces, netal bonding pads are forned on
bondi ng wafers as described3 hove, a nodified RCA 1
(H20: H202: NHACH =5: 1: 0. 25) , / ozone, and pl asma
treatnment clean the surfaces of both netal and oxide
W t hQUi QHENENBEed ilii%let?ﬁn%'l_vﬂ%r_le%g BERRRRe DnlpPiREs depositsing

tenperature standard 29% I'p renbves particle

nd .oxi d t etal surfaces if any w thout
{3t REPE R P PRl SitREe sur  aces. A cor

spi n-dryi ng and room t enper at ure bondi ng and st orage,
strong coval ent bond and netallic bond are forned
spont aneously at bonding inter face between oxide

| ayePsAath%wanecmdrma;@e@,l,ﬁaﬂpe@@mpmﬂyg: Besi des t he
near planar bonding structures 23 WO 2004/071700

PCT/ us260dd CaRfd0matishfram surfaéds@F.thd Besfahd @cbuet plurality of
structures can also utilize the principles of the
nRig8EPdds. 1 nvention. For exanple, a second enbodi ment
is shown in FIGS. 4A-4C, where wafers including netal
via interconnections are bonded to a snaller die. FIG
4A depicts a magnified view of a substrate 50

i ncl udi tal intercopnects,51. In FIG 4A .the

ot a0 A el led S PRRE S, Baisin foholtd qol et oxi de
| ayer 52 such as a PECVD oxi de, thermal oxide, or

spi neErPsEIRsail metatlisnadnivcan Varoakiredigeabove the | ayer
52 to a height as discussed previously. FIG 4A also
shows smaller die 53 having netal contact 54 and
silicon dioxide |ayer 55. Follow ng form ng an

I nsull atA agtholyre&ftdan clabh h, comsrisfig:a materi al such as
silicon dioxide, a standard via etch and netal fill,

Fol | pykghdthe HQHE 3comB pRAMIGVf nkRAIliS Bacﬁr}ﬁvir%olértflﬁﬁﬁess

treatment” are used to preparé the layers 58 r

S e R R R Lo e QRARIE 5 €

shows the contacting and subsequent bondi ng of these
MERICRAISsi ng substrates, forming bond 59.

12. A method as recited in claim 1, comprising:
forming said first and second plurality of metallic pads to a thickness less
than 100 nm

above a surface of said first and second non-metallic bonding regions, respectively.

13. A method as recited in claim 1, wherein said step of directly contacting

comprises forming an unbonded area around contacted ones of said metallic pads.



Here, as before, the bonding of the non-netal regions
generates the requisite forces to formthe

netal -to-netal interconnections across the dies. As
depicted in FIG 4C, the bonding of the oxide |layers
generates the requisite bonding force for direct

netal -to-netal contact of the netal bondi ng pads 56
and 57. A plurality of dies;p3 may be prepared and
bonded to substrate 50, as shown in FIG 4D. In the
netal -to-netal direct bonding of the first and second
enbodi nents of the present invention, the thickness
of bonding netal filns extended above die surface is
prefefpa I I

o ouﬁgft? etﬁJHtJérwtoes'a‘tlg ‘% hﬂgreﬂ{@g%ffﬁpﬁgg%r& sﬁ?strate

ndi ng net al s scal eabl e, and VLS| conpatible
gf@@p HPgﬁS@gggéPtﬁﬁﬂ%“nﬂﬁﬁeﬁe made and bonded. Wen

the metal filmthickness is below a certain value, the
wi dt Forméng arhexide sy eriematrlpasgong efhe Srss sehsimicemdthesecond
reduced so that the spacing between netal posts
sybstratethaviapal surfagaoiupineseng mosd hap )5 et ween t he net al
bondi ng pads to be used. A third enbodi nent of the
invention allows a significant increase in the netal
hei ght above the non-netal surface and/or significant
" edugl | RihdibdIRRebRAGR A0 QedNidhe metal while
mai ntai ni ng an accepta e electrical” connection
betme& met al ortggns formed on separate wafers. In
t hi sP H% Bt mation of material in the
vicinity of thermtal material that forms the
el ectrical contact is designed to result fromthe
pressure at the netal surfaces fromthe
waf et6.tdomggtfodras eerateil dmrlabo i 8i ognmofsinghe non- net al
portions. This deformation may result in | ess
pr esstiiag agidlox&ld Ihyertatier suid pdlishfrdger t he bondi ng
process is conplete, but adequate pressure to form an
acceptabl e electrical connection between the 24 WO
2004/ 071700 PCT/ US2004/ 002006 netal portions. This

e L g AP PSP RS 05

t he. def ngble raterial in the vicinity of the netal
COr’P%RréSF?%ﬁe PAY A t he

depositing the oxide layer by chemical vapor deposition;
depositing the oxide layer by sputtering;

depositing the oxide layer by a spin-on glass process;
forming the oxide layer by thermal annealing; and

depositing the oxide layer by plasma enhanced chemical vapor deposition.

18. A method as recited in claim 14, comprising:

exposing said oxide layer to an oxygen plasma.



el ectrical contact is to allow the pressure generated
by the chem cal bonding of the non-netal surfaces to
be sufficient to recess the netal materi al
sufficiently into its respective surface so that the
gap near the netal surface can be significantly
reduced or elimnated. In general, the defornable
material is conprised of no? et al portions because

t he pressure generated by %e waf er -t o-waf er chem ca
bonding is typically about one part in 10,000 or 1% of
1% of that required to deformtypical netals. The
recess of the netal into its respective surface

allo t [ 0 tal surface above
t he ﬁ%nkqgt&%ﬁ%d? %gggf%n%l Em%E$$ ially higher than
after. the r s signi.fi.cantly |ncreases.

ol efaiis Bt pRadinelder of Md Ga el BaoTS LR o
the wafers for bondi ng and subsequently the
phaslity Q€ metadlig padsy of the enbodi nent. The defornation
al so substantially reduces or elimnates the

non- handeglan opginginaawiuingt bdndingdhpdr oabt ldctagl anes of said first
substantial increase in the nunber of connections that

pﬁﬁﬂﬁybﬁnﬁﬁﬂ@;% s given area and increasing the bond
strength of the bonded and i nt er connect ed parts. The

def ORsR{iA PR sdc3nEB 11%9 la?ér &F?alél RebLHS k@R, @ non- et al

regi on underneath t surface, as illustrated

in FLG .5 tal e 85 has a neta
c0 18V Sabﬁsegov%“%‘fﬁgﬁ of P Ehts 35 s S HeuigR Mver.
rres di ng Iayer on anot her devi ce. Regi.on 83
sai§l et RIS of BreEHHieBAds CRERSIRIIE 'HAPRFPEh insidiinsts
low K dielectric material, is forned in |ayer 82 by
bendangitayer; pidt ol i t hogr aphy, etching and deposition
techni ques. Layer 82 and region 83 are forned on
| ayedir@Aly cAntactimgrized figst ahdyenad beydibelayersmed on
substrate 85. Also, region 83 may be nuch | arger or
| ayer 82 nmay be forned of the ow K material, as
shown in FIG 5B. Region 83 may also be a void
cont g4 nj i r
o R RSN B8 (AT KSR rfR sd sl of
a |C|entl | ow conpressibility that the pressure
Hﬁ§ﬂ§¥%¥%8°@9n%ﬁe bonding will deformthe netal into
the region. The void may be formed.in a_man
si ni foamingonerpfian aluspingp, pepmer angd @lumuam plley lawr BRq fpyaing
common in
one of an Au, Pd and Pt layer on said layer.

21. A method as recited in claim 1, comprising:
removing an oxide layer formed on said at least one of said first plurality of

metallic pads.

22. A method as recited in claim 21, wherein removing comprises:



conmpound sem conductor integrated circuit fabrication.
One exanple of this fabrication is as follows: 1)
etch a recess in a planar, non-netal surface, 2) fil
the recess with a renovable material |ike photoresist
such that the renovable material is in the recess, but
not outside the recess. This may, for exanple, be
done by conventional spin cgatding of photoresist,
resulting in a thicker photoresist in the recess than
outside the recess, followed 25 WO 2004/071700

PCT/ USROG RPRRAIIAIBRRRY oAl cR@tdrer ned) et chi ng
of the photoresist of an anmount sufficient to renove
the material outside the recess but not sufficient to
renove the material in the recess, 3) patterning a
nmet al,,feature that. transverses the recess but does not
entiPé1§r%%%§¥m?ﬁ@“¥é8§§§?I’FQQQVﬂﬁghn exposed portion
of the recess, and 4) renoval of the renoval naterial
in t Beposingsakkiitgyangdoiceand wgsiraies O@poueecpplasNamdf t he
recess. An exanple of a conpressible non- gas solid
mat erdnadvingamoxidevlagedfreineaid metallegeds.n sem conduct or
manuf acturing. The depth of this region is typically
conparable to or. greater than the desired hei ght of
nmetal above the non-netal surface. Another die to

Whi ch 06 Riredlefin $irh3, bRy bonded may al'so have

a region such as region in a correspondi ng

positjon.beneath a netal pad to.be.bonded,.to ad 80.
o s BB T bty SRR e Bt it MR ofoBR e
FIG 5C i tic d i d. i h t
suBeLEigS, Spgl el JpA angie1cL 0B bR eath PRI BR DR Vinge [east one third
conpressive force generated by bonding of layers 81
mgtadficgrad; The upper die in FIG 5C includes a substrate
91 and layer 90 with pad 86 forned over void or |ow K
mat ecormhcting@aidrat BAsti anelpay eomPHsesloayiectin@Bthisl mhealiepadnf
| ayer 89. Again, the upper die nay have many |ayers.
edch off Bhig tERPQHSHRBS withlas of §i8d Walosl Pluilfy RO hitedic %{]&

met al surfaces are contacted and deformati on w

es pgi?éctlg%oﬁﬁ%goélgﬁzﬂrisgg ?%ﬁt?%?féraj tH8d Fxgﬁ‘-n‘fé?zﬁm Bgllldi¥g ﬁ%on

r
bondi ng process. ifon rel1eves SONE O

l t bondi , Lbut. : .
of P B R BT e IE it AP R bpMinfggeign of sad
surfaces in contact and mai ntain an acceptable
second substrate; and

said bonding comprises bonding said third non-metallic bonding regions to

said second non-metallic bonding region.

25. A method as recited in claim 24, wherein:
forming said plurality of third substrates comprises forming a plurality of die

each having a substrate portion.



m ni mum cont act resi stance between the two netal
surfaces on the two separate wafers. As the netal
deforns into the regi on under the netal, the bonding
surfaces are allowed to cone into contact in a

| ateral annulus very close or inmediately adjacent to
the nmetal, resulting in a maxi num bondi ng area
between the non-netal surfages. A m ninmum chenica
non- bonded region of 1 - 10 mcrons, or |ess,

adj acent to the netal contact, can thus be fornmed by

the 7gr gs0akod BRI clalhla , ARERIMBRKQ fHRPARg kad first
designed to have a mninumw dth to naxim ze %he

r f i.bl.e_ el Lcal i rconnections. The

S e PP EE SR SR SRR s PP BeSande on the

met al. thi ckness 8ndﬁ?ge met al hei ght above the

non- HETHRE & iliear dioxidsdae T par anet ers are approxi matel y

determ ned by the following relations. Stress =

( 2/ 3patteyning gaid sNis@uldiexids laxast al ) (1/ 1- Metal Poisson's

Ratio)*(nmetal height above surface/half w dth of

r egi orjrizngavid hols és said eilicobtiioa sk ldyarpdrsal

t hi ckness*net al hei ght above surface/ (half w dth of

regi efndngZ® méfl 440 44 €48 vi416452004/ 002006 Wher e

the pressure is that generated by the bondi ng process.

A reference for these relations can be found in the

"Handbook of Thin Film Technol ogy”, Missel and d ang,

1983 i ssue, ppl.2-24.. For, exanpl.e, for a netal

t hi c%‘ﬁ?e O%aaﬁag“tl%g.“i‘:lﬁf%lloﬁo 651%g'rret al hei ght above

the region_of about 0.1 micron above the surface and

a refreng Hishoyide aysnen sadifEst SHbstaks  pressure

generated during bonding is approximately sufficient

t o désfroing sahkfirse phiralitn pometadlic paslg iestendiag shavengysurface of said

conpressibility of the region can be neglected). Note
fitshatide hysr;0. 1 mi cron netal hei ght woul d have resul ted

i n an unbonded annulus or ring width around the netal

of forming a second oxide layer on said second substrate; and

forming said second plurality of metallic pads recessed below a surface of

said second oxide layer.

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

preparing a plurality of first substrates each having at least one first metallic
pad and a first non-metallic bonding region proximate to said first metallic pad on
the first substrate, each of said first substrates having a planar size smaller than a
planar size of said second substrate;

contacting said at least one first metallic pad from each of said first plurality

of substrates with at least one of said second plurality of metallic pads;



about 1 nun if the netal was not defornable. The

manuf acturability is thus increased substantially by
requiring less control of the metal hei ght above the
non-nmetal surface. Furthernore, the non-bonded area
IS substantially decreased allow ng a significant
increase in the nunber of netal to netal contacts
that can be nmade and result@pg in an increase in the
chem cal bondi ng energy. If"the conpressibility of the
regi on can not be neglected, than the thickness of

the ggptaly d?)%%qﬁré% gai?%rgt eHHGSda18E %Qﬁcﬁhg‘ S oYorPOYa@k, of 88d

net al her'ght a he non- metal surface needs to be

educed.accar di ngl nd/or the wi dth of .the regi. .
pyERHE B AT SR LR Rbattlf el bt Ssdng WO b SfHE Bonaing
percentage anount the width of the region needs to be
192 é8%ed is | ess than the percentage anount the netal
hei ght above the non-netal surface, or the netal
t hi ckesling earhedsait dirfieonadeieldid bonding uegivnseaisaidi saeand nop-
the invention further relaxes the nmechani cal design
meehlsd baidiigsregiont he vicinity of the netal contacts
described in,the first, second, and third enbodi nents
by relying on a | ow tenperature, post-bond reflow
anneal to formreliable electrical interconnections

betmg&q%%%gﬂﬁgﬁkgxwgqggﬁﬂgggf&ﬁ?ﬁmg descri ption of

this e I'S provi reference to Figures
6A-C and.7A-C Fi gqure.B6A sho substrates 60 and, 61.

o © ropi et st St Rt SRHE RSt Sreapand R gy of
in substrates 60 and 61, respectively, and netal pads
diggagihbp Vs apubstafemeiamn recessed 62 and 63
respectively. The planar surfaces are suitable for

chem cal bondi ng as described previously. The netal

or conbination of netals naking up pads 64 and 65 can

r ef | 80v Ainetind astredieeiatlaies, cdoypigges of such a netal

is indiumthat reflows at a nelting tenperature of

160 Q8a{8Ry dorRRY =3 UGl Ghe¥RUTRL! 28 sedondBuBdtaitdsSo
96.5%tin and 3.5% silver that reflows at a eutectic

[ti .
R e i T Ty

bondj ng and the surfaces are placed together, a
chen?@%ﬁmﬁﬁﬁ@nﬁétﬁﬁ H%ﬂtB%ngﬁﬁaPﬁe pl anar surfaces.

27
expanding said bond between said first and second substrates across a

substantial portion of said first' and second non-metallic bonding regions.

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

forming a void beneath at least one of said first plurality of metallic pads.

32. A method as recited in claim 31, comprising:



WD 2004/ 071700 PCT/ US2004/ 002006 Conpared to

enbodi nents 1 and 2, there is no gap near the, netal
contacts because the contacts are recessed, although
a reliable electrical interconnection is not yet nade.
After the chem cal bond in Figure 6B has been forned,
a void 66 is forned by partially netal-filled
recesses from both wafers. g'ié voi d does not i npede
the wafer surfaces fromcom ng together and formng a
chem cal bond Iike the netal contacts do in the first

and %ﬁﬂﬂ? sSARORI ifBNhyer O@R{CWEE[“ Roath A1&8 e &qgﬁlﬁsﬁrst

realized That maxim zes t nd energy. After

i.gh bon I chem cal bond has been fornmed, a | ow
pl%%%@fb?%?gﬁgpg¥lom1anneal reflows the netal in the
recesses resulting in wetting of the netal fromthe
opposi ng wafers together and resulting in an
interconnected nmetal structure with high reliability.
Por t i38né meathed as reoiteded chymtHecompiivng:t o connect pads
64 and 65. This reflowis assisted wth a conbination
of capfdrinargya matetialnbehedth seides fast onetpad o gttedbimecsaid void.
ratios and gravity as, for exanple, if the wafers are
rotated during the anneal. In a fifth enbodi nent,
simlar to the fourth enbodi nent, one of the surfaces

|0 FhdUA e IS IRLAL LSRERSRS [oP! aced i th

nmet al pl at eaus, suc the of the netal

pl at eay above the, gl anar surface on e.wafers is |ess
{han s PaeeRoor e a1 ¢ dE8Lte doridii e ian
surface on the other wafers as shown in Figure 7A )
phydy phmetalliopads gsipg a vieid dispessp eraximateie saifl aplgas opg of said
and 73. Pads 72 are forned in recesses 74. In this
ficsgnd s¢cad phidldy of mefadloesaddo not, in general, touch
after the planar surfaces formng a chem cal bond are

pl aced in contact as shown in Figure 7B. The surfaces

of substrates 70 and 71 are prepared for direct

chenggad yhanddi RY-and iﬁ@ﬁirﬁlﬂ&ﬁﬁﬁﬁsiﬁéz,e pl aced together
as in the above exanple, and a chem cal bond is

for rfac El 7B f
oSS AR iR PN BELSARATLR oL
wetted.together, formng portions 75, in a manner

pg?ﬂﬂYﬁf“?%ﬁﬁﬂﬁgﬁe 6C, resulting in Figure 7C. Hence,
the present invention offers nunerous advantages and
di stinctions fromprior

36. A method as recited in claim 35, comprising:
reducing a thickness of said deformable material in an area beneath said at

least one of said first plurality of metallic pads.

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



| ow t enperature wafer bondi ng techniques. The netal to
nmetal direct bonding of the present invention is
spont aneous and requires no external forces at room
tenperature. The pressure applied on the netal posts
that is required for netal-to-netal bonding is
generated by bonding process itself, and not externa
forces. The netal -to-netal girect bondi ng of the
present invention is perforned under anbient
conditions and the follow ng are realized: wafer |evel
or digg, %Eiﬁg akelg%algfﬁ%\g 'Rgmgﬁ:fri%i bdrathtafitht 1dasr da¢ oFsaid first
netal-gb- tal bonds fornmed at room tenperature, and
itrﬁngfn§$ﬂélicsbond of nmetals other than Au and Cu
IR QT MGG PIAS  5om  tenperature by covering the
nmetals with a -50 A An | ayer. Thus, sinmultaneous
bondi ng of netal/netal, oxide/oxide and netal/oxide
can be achieved. The netal -to-netal direct 28 WO

2004 /38 7A 7egh®CH rgszgion cbor@d6comhpmdingig of the present
invention is conpatible with standard VLS| processing
and dbpieigr@id lowsK anai@iulbaedats slid et [best bnobOgid firfhplurality
metal to netal direct bonding of the present invention
of fhetdlQpALi bl e with bonding of materials covered with
silicon oxides, silicon, or silicon nitride.
Facilitating the netal -to-netal direct bonding of the
present invention is the direct bonding of the

non- et al regjons .praxi mate, to,the netal bondi ng pads.
As pggvgéﬂgﬁgimﬂ??@ﬁ§§§ﬁ%”%t’W?mFHb di rect bonding in
these regions that generates the resultant force on
the reshistsiathickpesaiol pin e pageal mqe aga heppath spidiahlpast
of the non-netallic regions, according to the present
ohewesaid Orst plwalay ehtetallpopedls. i n air silicon dioxi de or
ot her insulator covered wafers. Oher materials can
be utilized, for exanple, fluorinated oxide surface

| ayers that may also be dipped in an ammoni a sol ution
prionot 8 ROREH Necildarif cBEAQT L&AbliMng:any material wth
an open structure surface that can %e term nated by

O_L yﬁu%{n%%ﬁ LI%[)QI?CPC%’&I‘ naqOIB'loC{ aqliléaS{ 81¥¥ S&Ml‘g{ | ls%cé’mle n

br oug {0 contact at roomtenperature Can forma

N S R LN T I

deposition, thermally or chemically oxidation, and

) y :
legpti aneih sgiddissf, and aecopd plgalityiof magalbc pads.
41. A method as recited in claim 1, comprising:

forming a chemical bond between said first non-metallic bonding region and

said second non-metallic bonding region at about room temperature.

42. A method as recited in claim 41, comprising:



doped states. Applications of the present invention

i nclude but are not limted to vertical integration
of processed integrated circuits for 3-D SOC

m cro- pad packagi ng, | ow cost and hi gh- perfornmance
repl acenent of flip chip bonding, wafer scale
packagi ng, thernmal managenent and uni que device
structures such as metal bagg .devi ces. Numerous

nodi fications and variations of the present invention
are possible in light of the above teachings. It is

t her ef@fifg §0d BRerhidslesont ®Rfvdeh 3hidirkthioR-hB81IR WOREIne fregion
t he appended clainms, the invention may be practlceég

. ' e : . 0
o0 O MR B G PR R R Bl Gt VL B preid
dersé substrate having a first plurality of netallic
PAEPUPS first non-netallic bonding region

proximate to the nmetallic pads on the first substrate;
preparing a second substrate having a second plurality
of nmetallic pads and a second non-netallic bonding

regi 43 prnwthadetsectidtihelametlatdmprigpagls on t he second
substrate; directly contacting, wthout sol der, at

| eastorpige Machst o SAidfifst 4l sepbndd @utaliyy ofohetdBicaalis ® have
pads with at | east one pad fromsaid second plurality

a QbperRiAhdd ©ibRaUASIly BblaR&t With &9 Gg}gei?ghﬂgcestﬁggstfajnﬁ $tcond non-

non-metallic bondirng region to second non-

llic.bondi ng regi.on; and nonadhesively bondi ng
mgga:ﬂg:l?qn?dé rﬁglr?flrfer?ﬁ%ﬁ“ﬁe%ondi ng region to said second
non-netallic bonding region. 2. A nethod as recited in
claim11, conprising: polishing each of said first and

second non-netal lic bonding regions to a
44. A method as recited in claim 1, comprising:

forming said first plurality of metallic pads in said first non-metallic bonding
region; and
chemical-mechanically polishing said first plurality of metallic pads and said

first non-metallic bonding region.

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

heating said at least one pad from said first plurality of metallic pads and said
at least one pad from said second plurality of metallic pads after said step of directly
contacting said first non-metallic bonding region to said second non-metallic

bonding region.

46. A method as recited in claim 1, wherein:



surface roughness less than 1.5 nm and etchi ng each
of said first and second non-netallic bondi ng regions
after said polishing. 3. A nethod as recited in claim
2, conmprising: 31 polishing each of said first and
second non-netallic bonding regions to a surface
roughness no nore than 0.5 nm 4. A nethod as recited
inclaiml, conprising: forpjng at | east one pad of
said first plurality of nmetallic pads to have an

upper surface extendi ng above a surface of said first
non- alih¢ Gaild GRS RU oAiriRBs préfrthe d die havib altiBd@ie
and formng at |east one pad of said second plurality
of. metallic pads to have an upper surface extending
P{S%e a surface of said second non-metallic bondi ng
region on said second substrate. 5. A nethod as
recited in claiml1, wherein said directly contacting
said at |east one pad step conprises bonding the

f i r st7ph beadipg yegfodmemarising: pads to the second
plurality of netallic pads. 6. A nethod as recited in
cl ai preparingafirdt Sutsratecaanty acfulst yluckdityoohmegllatpadeast a first
one of said first and second substrates. 7. A nethod
n88-mie@flid Bshdiny feofinPrdxinf@MIths il iiIe Shithd rsiRibairte
pads on the first substrate after formng said first

non- gfé‘ﬁiﬁl’l{é{l %eocgﬁ@ glil&gra{e%ivff& aosréfzérlﬁf %aili\%ﬁ&f rﬁ&gﬁitcrp@ﬁ@and a

32 as recited in cla erern

s%ggc? %éﬁ-n‘%ﬁ%ﬁgpg@ég f’elggq%g[%g%itnila?egto tﬁet: rnletea?l% pa%g %n(%]rxe sFétcbnd
substrate;

contacting at least one pad from said first plurality of metallic pads with at
least one pad from said second plurality of metallic pads;

directly contacting said first non-metallic bonding region to said second non-
metallic bonding region; and -

bonding said first non-metallic bonding region to said second non-metallic
bonding region,

wherein:

preparing said first substrate comprises forming a plurality of third
substrates, each smaller than said second substrate and each having at least one third
metallic pad; contacting said at least one pad comprises contacting a third metallic

pad of each of said third substrates with one of said second plurality of metallic

pads;



9. Anethod as recited in claim1l, further conprising:
renmovi ng contam nation fromsurfaces of the first and
second plurality of netallic pads. 10. A nethod as
recited in claim9, wherein renoving conprises:
exposing said netallic pads to an UV/ ozone treatnent.
11. A nethod as recited in claim1, conprising:
formng the first and se(:ongglZ plurality of netallic
pads having a thickness substantially smaller than a
separation distance between adj acent ones of said

met aHiré&ly%ﬂfactlﬁgeorﬁoﬂ'%ﬁ Resta@ g Lhirk @eninkisllia 'bB?ldlmg region
conprising: form ng sald first and second plurality of

ofBlc olf 'szﬁd ugagtfrfceg ?f'it %gcclnﬁ Rn- ntn?[glrﬁ Jogﬁclhggé%nc%?/ (ﬁfg &id

surtace o secon non-mne

egions, re ctively. 13. A nethod as recited in
g@ q¥t '@ﬁgin said step of directly contacting

conprlses form ng an unbonded area around contact ed
onessad beudigg pernpyises sopding said shigl nop-matahh hesdinggegions to
recited in claim1, wherein the preparing a first

sad bsondnen-nwetadli¢ bmqmgwgidnng a second substrate
conprises: formng an oxi de |layer on at |east one of
the first substrate and the second substrate having a
surface roughness no nore than 0.5 nm 15. A nethod as

reci 4 h{étlﬁyldaa%'i%%tgd i OIRE, 48] prst%l i shing said oxide

| ayer. as recited i'n clfai m 15,

ol | e 1St G B Pl L i Qi g Bave an

wher ein for ni ng said oxide | ay g
upper surface extending above a surface of said first non-metallic bonding region on

said first substrate; and
forming at least one pad of said second plurality of metallic pads to have an
upper surface extending above a surface of said second non-metallic bonding region

on said second substrate.

49. A method as recited in claim 47, comprising:
depositing metallic pads on the first substrate after forming said first non-

metallic bonding region on said first substrate.

50. A method as recited in claim 47, comprising:
forming the first and second plurality of metallic pads having a thickness

substantially smaller than a separation distance between metallic pads.



conprises at | east one of: depositing the oxide |ayer
by chem cal vapor deposition; depositing the oxide

| ayer by sputtering; depositing the oxide |ayer by a
spin-on gl ass process; formng the oxide |ayer by
thermal anneal i ng; and depositing the oxide |ayer by
pl asma enhanced chem cal vapor deposition. 18. A
nmethod as recited in claim}4,.conprising: exposing
sai d oxide layer to an oxygen plasma. 34 0 19. A
method as recited in claim1, conprising: formng a

{1 r stsibandligy hewefioOR @ahf bhsbrishpst rate to cover

said first urality o s; formng an

of “odP il 38 Py L?E%w?*y e *ﬁ?t%ﬁéi%%sstgkoﬁl G

seco d bondi ng | ayer a|d econ substrate formn
Wosue aherem wilits 9&53&% B pecendhaeRs s eliaben R gRanS,

bondi ng | ayer, said second plurality of netallic pads

rggpeetdgpondi ng to openings in said first bonding

| ayer; and directly contacting said first and second

bondi ng |l ayers. 20. A nethod as recited in claim1,

wherein formng said first plurality of netallic pads

conprspsAsnethéd 8 REitIE Rimafy, hersiDHR st@? BPQﬁec@l@/d:ontactmg
aluminumal loy layer; and formng one o

eﬁﬁlxgn%s AYGE aff Qmﬁgﬂd%d a?e\éearroun%i]conéc%yﬁggopssaﬁ %{’ail?c ajdg
C Imd1l, CO

risrng: renoving an oxi ayer orne
said at | east one of said first plurality of

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

forming a first bonding layer on said first substrate to cover said first
plurality of metallic pads; forming an opening in said first bonding layer over
selected ones of said first plurality of metallic pads;

forming a second bonding layer on said second substrate; forming said
second plurality of metallic pads on said second bonding layer, said second plurality
of metallic pads corresponding to openings in said first bonding layer; and

directly contacting said first and second bonding layers.

54. A method as recited in claim 47, comprising:
disposing a low K dielectric material beneath one of said first and second

plurality of metallic pads.



netallic pads. 22. A nethod as recited in claim 21,
wherein renovi ng conprises: 35 0 exposing said
netallic pads to a UV/ ozone treatnent. 23. A nethod
as recited in claim11, conprising: exposing said first
and second substrates to an oxygen plasma; and
renmovi ng an oxide layer fromsaid netallic pads. 24. A
nmethod as recited in claim 4 wherein: preparing said
first substrate conprises formng a plurality of third
substrates, each smaller than said second substrate

and each AN ratitddgaetaifng, mefefh edaﬁto@g}elpgn &id first

contacting said at |east one pad conprises con actlng

sffbsi E{e flq %?e%p%rm# gaIH%gCO% subAGH c?c{m S 9 third substrates

one secon prura > metal lic pads;

directl con actin ri ses contactlng athird

non- g?é‘%%%@@%ﬁkqgg?on of each of said third
substrates with said second non-netallic bonding

r egi BiitesRing spid silicen girkidalesert at e; and said bonding
conprises bonding said third non-netallic bonding

r egi tmmingvia haled irs exdd sidicoiw diorledhyarcadondi ng r egi on.
25. A nethod as recited in claim24, wherein: form ng

sai dfdniead irfebl Sudeiielifl ssihsi Kaées conprises forming a
plurality of die each having a substrate portion. 36

26. A nethod as recited in claim1, wherein each of
preparing said first substrate and preparing said

f:;g?gj Ac' toﬁ%ts?eccit% ncl%um 47f(§%)rrnrgr{]s%1€?l silicon dioxide

forming a first oxide layer on said first substrate;

forming said first plurality of metallic pads extending above a surface of said
first oxide layer;

forming a second oxide layer on said second substrate; and

forming said second plurality of metallic pads recessed below a surface of

said second oxide layer.

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

elastically deforming at least one of said first and second substrates to
generate at least one point of contact between said first and second substrates;

initiating a bond at said point of contact; and

expanding said bond between said first and second substrates across a

substantial portion of said first and second non-metallic bonding regions.



patterning said silicon dioxide |ayer; formng via
holes in said silicon dioxide |ayer; and formng a
metal structure in said via holes. 27. A nethod as
recited in claiml, conprising: formng a first oxide
| ayer on said first substrate; formng said first
plurality of netallic pads extendi ng above a surface
of said first oxide |ayer; %Q{ﬁing a second oxi de

| ayer on said second substrate; and formng said
second plurality of nmetallic pads recessed bel ow a
ST 38CA Mot Pl FSREOALMN AICchRyling 28 A nethod as
reC|te in clarm conpr|5|ng rep ring a plurallty
of fi.rst. substrate avin

et alf g ISR ERn A 1Y 908 of by PR inuan o Pt
proximate to said first netallic pad on the first
Padistrate, each of said first substrates havi ng a

pl anar size smaller than a planar size of said second
substrate; contacting said at |east one first nmetallic
pad fromeach of said first plurality of substrates
W t h5at A heslsdd neciedd is @laimS8cesmprding:al ity of netallic
pads; 37 0 directly contacting said first non-netallic

bondigsiehif £&i@ 001‘élfbeﬁ@£ﬁﬁ‘ 88 aBRh onBbPEAY it pﬁfralﬁt& 0¥ netallic
substrates to at |east a portion of said Second

? hﬂhé Qﬁ?@kﬂgghéﬁgggg and bondi ng each of said

egions to said second non-
netalllc bondlng region. 29. A nethod as recited in
claim 28, wherein: preparing said plurality of first

substrates conprises preparing a plurality of
0.A methodrta% recited 1rF1) cla?m 47, gompr?smg Y

reducing an unbonded area around at least one of said first and second
plurality of metallic pads using one of a void and deformable material disposed

proximate to said at least one of said first and second plurality of metallic pads.

61. A method as recited in claim 47, comprising:
disposing a deformable material beneath said at least one of said first

plurality of metallic pads.
62. A method as recited in claim 61, comprising:
reducing a thickness of said deformable material in an area beneath said at

least one of said first plurality of metallic pads.

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



di e each having a substrate portion. 30. A nethod as
recited in claim1, conprising: elastically deformng
at least one of said first and second substrates to
generate at | east one point of contact between said
first and second substrates; initiating a bond at
said point of contact; and expandi ng said bond between
said first and second substﬁgnes across a substantia
portion of said first and second non-netal lic bonding
regions. 3 1. Anethod as recited in claim1,
conpre,Ssi:ng: .
oo 0 B e N B By A PR Bh T ikl G AN s p have
as recited in clajm3 comprising: 38 0 r i sai
Dt koS p e Seibiser R bR bR sute ! Pl Ysididgon-
said first plurality of netallic pads. 33. A nethod
mgdallie BPRERE TegIWBieFReS Vel onpri si ng: deforming a

mat eri al beneath said at | east one pad to extend into
said void. 34. A nethod as recited in claiml1,
conprising: reducing an unbonded area around at | east
one o#. Aandghdd dsatciaddn skdand, cqhprighd:ty of metal lic

pads using a void disposed proximte to said at |east
one @fmaAk hid fikst plur@RY of BPIGe PAddTiakaill Yir@noABh&hik Bonding
pads. 35. A nethod as ' recited 1n claiml1, conprising:

J: hbng a defornmable material beneath said at | east
r%%&e%?‘asai d first plurality of metallic pads. 36. A
method as recited jn claim35 .conprising: reducin .
¢ hi cRRuRCalgpechagalpeiht SRR R pgalljccpds nd said
beneath said at |east one of said first plurality of
fipg mapimegalhg Bending region.

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

heating said at least one pad from said first plurality of metallic pads and said
at least one pad from said second plurality of metallic pads after said step of directly
contacting said first non-metallic bonding region to said second non-metallic

bonding region.
66. A method as recited in claim 47, wherein:
forming said plurality of third substrates comprises forming a plurality of die

each having a substrate portion.

67. A bonding method, comprising:



37. A nethod as recited in claiml1, conprising: 39 0
di sposing a deformable |low K material beneath said at

| east one of said first plurality of netallic pads.
38. A nethod as recited in claim37, conprising:
deformng said low K materi al beneath said at |east
one of said first plurality of netallic pads. 39. A
net hod as recited in claim 37, wherein: reducing a

t hi ckness of said low K material in an area beneath
said at |least one of said first plurality of netallic

pads glreﬁugrinéa %Eﬁ%& & HaSGglthst ugtli?)% 5t thetaflR g% Shd P frst

redu a area aroun east on sal

firs nd second. plur.alit f allic S~Usin .
g Pt B ioar il Bl SR BT Rt oB ST apo e

| east one of said first and second plunalié% of .

met aPTePatiphesecord subktaERBmeaAscr i ple@libhofchgpiic pads and a
conprising: formng a chem cal bond between said first
seeond nen-aleitdllic bodhguggioagiroximataito thaimgtadlecipadd on the second
non-netal i c bondi ng regi on at about roomtenperature.
subdtrath; met hod as recited in claim4l, conprising: 40 O
form ng said chem cal bond between said first

non- p&tiaddnb Gt RAAINEPall EDHPSRId ARE pRAAIHY SERRAMic pads with at
non-netal | irc bondi ng regi on w t hout applying externa

BT R By e 3 CEeL e

1 ST Ng: Sst’ one of said

first. and second plurality of al |l.ic pads to .have, a

uppefirepreactm Gid itk api-yreiaif biphing i siggerond on-

surface of first and second non- ) ) ) )
metallic bonding region; bonding said first non-metallic bonding region to said
second non-metallic bonding region;

forming a void beneath said at least one of said first plurality of metallic

pads; and

deforming a material beneath said at least one of said first plurality of

metallic pads to extend into said void.

68. A me;thod as recited in claim 67, comprising:

forming at least one pad of said first plurality of metallic pads to have an
upper surface extending above a surface of said first non-metallic bonding region on
said first substrate; and

forming at least one pad of said second plurality of metallic pads to have an

upper surface extending above a surface of said second non-metallic bonding region



metal i c bonding regions, respectively. 44. A nethod
as recited in claiml1, conprising: formng said first
plurality of netallic pads in said first non-netallic
bondi ng region; and chem cal - nechani cal Iy polishing
said first plurality of netallic pads and said first
non-netal lic bonding region. 45. A nethod as recited
in claiml, conprising: hea%éng said at | east one pad
fromsaid first plurality of" netallic pads and said

at |l east one pad fromsaid second plurality of
oH@&Q%k&ﬁﬂ@ﬁgﬁnﬁgter said step of directly contacting
sal irst non-netallic bonding region to said second
non-netallic bonding region. 46. A nethod as recited
inclaiml, wherein: 41 preparing said first
substrate conprises preparing a die having a substrate
port POHA Whor%sﬁéﬁtﬂdﬁ@ CHENKD dCWBRRYRST ng: preparing a
first substrate having a first plurality of netallic
pads deprditmgfrietsilic padnemhie dirtisobsimneafiey fomging said first non-
proximate to the netallic pads on the first substrate;
niRESREbd Tt Breg REVNGa RSt subkgatBavi ng a second plurality
of nmetallic pads and a second non-netallic bonding
region proximate to the netallic pads on the second
substrate; contacting at |east one pad fromsaid first

pl ur g} i f metal.]i.c ds mith at. | east one pad from
Pt A fthod Bl Jn SRR 6/ gqiitising: 7% i U0 Py
contacting said first non-netallic honding region.to
sai digBRRhe AsH.anhspeand PR It H%ft?lgﬁ Pest g & thickness
substantially smaller than a separation distance between adjacent one of said

metallic pads.

71. A method as recited in claim 67, comprising:
forming said first and second plurality of metallic pads to a thickness less
than 100 nm above a surface of said first and second non-metallic bonding regions,

respectively.

72. A method as recited in claim 67, wherein said step of directly contacting
comprises forming an unbonded area around contacted ones of said metallic bonding

pads.

73. A method as recited in claim 67, comprising:



bondi ng said first non-netallic bonding region to said
second non-netallic bonding region, wherein:
preparing said first substrate conprises fornmng a
plurality of third substrates, each smaller than said
second substrate and each having at |east one third
netal lic pad; contacting said at | east one pad
conpri ses contacting a thirg9nﬁtallic pad of each of
said third substrates with one of said second
plurality of nmetallic pads; 42 directly contacting
COnpE: L . ) L 1
Fog) g B RGhNGIAS! oy i BRI e b oIy
gﬁﬁond no?hnet%! i ¢ bonding region of said second
PLYRlEY o5 stalligRAdSai d bondi ng compri ses bondi ng said
third non-netal lic bonding regions to said secong )
non- AETHRE AL ORSHH Rgarddisthpnding layer puetsslected qngs psdd first
in claim47, conprising: formng at |east one pad of
phaality of metallpd padal ity of netallic pads to have an
upper surface extendi ng above a surface of said first
non- fighfhg 4 ccdond domding egeoon euid seahd sdbstrate; subst r at e;
and formng at |east one pad of said second plurality
of Mefilihd SiPAIInd BIRANS of hetMRPHIds DU shidGBc e tdREiInGdayer,
above a surface of said second non-netallic bondi ng
.eqi i . et .
S o SR B i Do Ay L O
&%ﬂs %g the first substrate after formng said first
birdine e ¢ bonding region on said first substrate.

50. A nethod as recited in claimd4y7, conprising:
directly contacting said first and second bonding layers.

74. A method as recited in claim 67, wherein:

preparing said first substrate comprises forming a plurality of third
substrates, each smaller than said second substrate and each having at least one third
metallic bonding pad,;

contacting said at least one pad comprises contacting a third metallic pad of
each of said third substrates with one of said second plurality of metallic pads;

directly contacting comprises contacting a third non-metallic bonding region
of each of said third substrates with said second non-metallic bonding region of said
second substrate; and

said bonding comprises bonding said third non-metallic bonding regions to

said second non-metallic bonding region.



formng the first and second plurality of netallic
pads having a thickness substantially smaller than a
separation distance between netallic pads. 43 0 51. A
method as recited in claim47, conprising: formng
said first and second plurality of netallic pads to a
t hi ckness I ess than 100 nm above a surface of said
first and second non-netallgg bondi ng regions,
respectively. 52. A nethod recited in claim47,
wherein said step of directly contacting conprises

for mﬁgAQHeth‘&)Qs”%gﬁecﬁ% W%efé‘ilrpt acted ones of said

metal lic od as recited in cIa|n147

C et Ging sp PR of i J Sl GRS s Bty e § Bty of dic

nmetallic pads; formng an opening in said first
‘%@h@?@@g?ﬁﬁéﬁmﬁ@@ﬁmmselected ones of said first
plurality of netallic pads; form ng a second bondi ng
| ayer on said second substrate; form ng said second
plurality of netallic pads on said second bondi ng

| ayer7s. aaheths®sorditgl iurcliint67, whkreiveéaehlof prapadsg said first
corresponding to openings in said first bonding |ayer;
sa&qra@é dfiGhrd hrbphrifg @ala%écnﬂ stBdiehid boripripd second bondi ng

l ayers. . Anmethod as recited 1n claim47,

conpréﬁ&ggasgkgggﬁg Il%g%ow K dielectric nmateri al

benea sal and second plurality of
metallic ads method as recited in claim

47, \mté?ra % Sé‘éic‘ﬁhcé’F’ d%?’%ﬁél%/ﬁrg said first substrate
and preparl sai d second substrate conprises: fornng
a si lfowwng @nagml esdn aig silicon giaxida layerganshi d silicon
di oxi de | ayer;

forming a metal structure in said via holes.

77. A method as recited in claim 67, comprising:

forming a first oxide layer on said first substrate; forming said first plurality
of metallic pads extending above a surface of said first oxide layer;

forming a second oxide layer on said second substrate; and

forming said second plurality of metallic pads 1‘recessed below a surface of

said second oxide layer.

78. A method as recited in claim 67, comprising:
elastically deforming at least one of said first and second substrates to
generate at least one point of contact between said first and second substrates;

initiating a bond at said point of contact; and



formng via holes in said silicon dioxide |ayer; and
formng a nmetal structure in said via holes. 56. A
nmethod as recited in claim47, conprising: formng a
first oxide layer on said first substrate; form ng
said first plurality of netallic pads extendi ng above
a surface of said first oxide |ayer; formng a second
oxi de |l ayer on said second §Pnstrate; and form ng said
second plurality of metalliT pads recessed bel ow a
surface of said second oxide |ayer. 57. A nethod as
reci | \ i n
| tggafndgl & agff B'Bsngi%gt\?é%mﬁfdsﬁxglgand%le%gfd sBbtktedREQRE T NG

at Irst and seco substrates to

sARPEra Rl obDGPRER R AR ol B8RS,

said point of contact; and expandi ng said bond between
said first and second substrates across a substantia
portion of said first and second non-netal lic bondi ng
regi d%sA mksh@l H3ecikdriechid 6dscomepritiegd in cl ai m 47,
conprising: formng a void beneath said at | east one
of s#drthifig & $bidWeteah bt pawbneref @lid fiest phaglity obthetallic pads
nmethod as recited in claimb58, conprising: formng

cShiingQind JPaRaakln 84l fgal | east one of said first

pluralfity of netallic “pads containing one of a vacuum
and a gas. 60. A nethod as recited in claim47,
conpri sing: reducing an unbonded area around at | east

one aid fjrst .and seco lurality of metallic
padsg&§§ﬁﬁ%%ﬁgmd?GEQVBF “Hzﬂ’ﬂg?Qﬁ%ﬁEble mat eri al
di sposed

preducing an unbonded area around at least one of said first and second

plurality of metallic pads using one of a void and deformable material disposed

proximate to said at least one pad.

81. A method as recited in claim 67, comprising:
disposing a deformable material beneath said at least one of said first

plurality of metallic pads.
82. A method as recited in claim 81, comprising:
reducing a thickness of said deformable material in an area beneath said at

least one of said first plurality of metallic pads.

83. A method as recited in claim 67, comprising:



proximte to said at |east one of said first and
second plurality of netallic pads. 61. A nethod as
recited in claim47, conprising: disposing a

def ormabl e material beneath said at | east one of said
first plurality of nmetallic pads. 62. A nethod as
recited in claim®6l, conprising: reducing a thickness
of said deformable material <4 an area beneath said at
| east one of said first plurality of netallic pads.
63. A nethod as recited in claim47, conprising: 46

for meaehial a kBaR{calORIdYerSd@inGaid 8 ndDHeRALWBYAding region and
plurality of netallic pads to have a upper surface

s&id gééo%'d‘n'oglrhé{amQ %%ﬁ‘a‘lﬁg regi%r!‘a%%owas{n té#ﬁrg&%&?e."f first
and second non- netal i ondi'ng region
respectively. 64. A nmethod as recited in claim47,
conprising: formng said first plurality of netallic
pads in said first non-netallic bonding region; and
chenidé aft miasledthasi reeitadyin slaimS$a; enprasie:f i rst plurality
of nmetallic pads and said first non-netallic bonding
r egi dormifdsaidciahibaldboad bewaich agidifirstaloalmetdllic bonding region
conprising: heating said at |east one pad fromsaid

ahd §23d sddbod abhinetfic PBiEhS tegiddANShAR pSiding exttind] fAsbure
one pad from said second plurality o? metal lic pads

défid Oﬁﬁgéistep of directly contacting said first
non=netallic bonding region to said second

non-netallic bonding region. 66. A nethod as recited
in claim47, wherein: formng said plurality of third
substrates conmprises .formng a plurality of die each

havi fity % msihsh asdedtegdn clagn .69, comprising:

heating said at least one pad from said first plurality of metallic pads and said

at least one pad from said second plurality of metallic pads after said step of directly
contacting said first non-metallic bonding region to said second non-metallic

bonding region.

86. A method as recited in claim 67, wherein:
preparing said first substrate comprises preparing a die having a substrate

portion.

87. A bonding method comprising:
preparing a first substrate having a first plurality of metallic pads and a first

non-metallic bonding region proximate to the metallic pads on the first substrate;



67. A bonding nethod, conprising: 47 O preparing a
first substrate having a first plurality of nmetallic
pads and a first non-netallic bonding region

proximate to the nmetallic pads on the first substrate;
preparing a second substrate having a second plurality
of nmetallic pads and a second non-netallic bonding
regi on proximate to the nmeta}ld c pads on the second
substrate; contacting at |east one pad fromsaid first
plurality of netallic pads with at |east one pad from
said loj ' Tl

cont Rt ot a5t SR VR e PP BB eI padoand o
sai d second,.non- ..netallic bondi reqlion: bondi sa
sFRpd pORGRILE S5 RE ticn frgTPRLs Dot SR pRBRREsc20hE
non-netal lic bonding region; formng a void beneath
substrateat | east one of said first plurality of metallic
pads; and deforming a naterial beneath said at | east
one eéntgeting  finsgpadoirem akidtfyrstgfluraliy oflmétallip peds wish a second
extend into said void. 68. A nethod as recited in

pad &bm $aifl secompplugalingof hetlticygdat | east one pad of said
first plurality of netallic pads to have an upper

sur f agectBdoneiing sAP GYR ndn 2Wid1ae %o&ﬁn§ Alofbr to's8fd second non-
non-netallic bonding region on said first substrate;

n@gﬂhé§g+$ﬁg%egkgleast one pad of said second plurality
of netalTli a

5§ to have an upper surface extending
above a.surface of said.second non-netallic bonding ..
oo Britiae SigRRs o i EudliR BOLhe g sBe sesoriabnondalic
recited in claim®67, conprising:

bonding region; and

forming a void beneath at least one of said first and second pads having

lateral dimensions greater than that of said at least one of said first and second pads.

88. A method as recited in claim 87, comprising:

forming at least one pad of said first plurality of metallic pads to have an
upper surface extending above a surface of said first non-metallic bonding region on
said first substrate; and

forming at least one pad of said second plurality of metallic pads to have an
upper surface extending above a surface of said second non-metallic bonding region

on said second substrate.

89. A method as recited in claim 87, comprising:



depositing nmetallic pads on the first substrate after
formng said first non- netallic bonding region on
said first substrate. 70. A nmethod as recited in claim
67, conprising: formng the first and second plurality
of nmetallic pads having a thickness substantially
smal l er than a separation di stance between adj acent
one of said netallic pads.‘yL. A nmethod as recited in
claim67, conprising: formng said first and second
plurality of netallic pads to a thickness |ess than
100 npp RRNEnGafid phaCsn B (78 HbdtdiSir@TEmSRE 904 first non-
non-netal li'c bonding regions, respectively. 72. A
t recited in elaim67, wherein said step of
n%ﬁ?@%??§ﬁn ﬁ%gngﬁEKI%%ﬁ%ﬂ%%'%'forning an unbonded
area around contacted ones of said netallic bonding
pads. 73. A nethod as recited in claim®67, conprising:
49 0 formng a first bonding |ayer on said first
subs PP ab enathpdeasvetitedan alatmrSgt compriping:i ty of metallic
pads; form ng an opening in said first bonding |ayer
over faaliegcthedirsired sedond ailwalityraftmetgdlici padsi Hayingfa thickness
metal lic pads; form ng a second bonding | ayer on said
SSRERRE P shsld Mo a Jepialing dBRinte BAGRAHadhnB s fid
netal lic pads on said second bonding | ayer, said
mesend, Rl urality of netallic pads corresponding to
openings in said first bonding |ayer; and directly
contacting said first and second bonding | ayers. 74.
A nmethod as recited in claim67, wherein:

91. A method as recited in claim 87, comprising:
forming said first and second plurality of metallic pads to a thickness less
than 100 nm above a surface of said first and second non-metallic bonding regions,

respectively.

92. A method as recited in claim 87, wherein said step of directly contacting

comprises forming an unbonded area around contacted ones of said metallic pads.

93. A method as recited in claim 87, comprising:

forming a first bonding layer on said first substrate to cover said first
plurality of metallic pads;

forming an opening in said first bonding layer over selected ones of said first
plurality of pads;

forming a second bonding layer on said second substrate;



preparing said first substrate conprises formng a
plurality of third substrates, each smaller than said
second substrate and each having at |east one third
netal li ¢ bondi ng pad; contacting said at |east one pad
conprises contacting a third netallic pad of each of
said third substrates wth one of said second
plurality of netallic pads;5 di rectly contacting
conprises contacting a thirdsnon-netallic bondi ng
regi on of each of said third substrates with said

secongRR 1B t&ohl ghg@l‘ﬁg o hei 8¢ PRUsUn B s@coﬁﬁ&ﬁlﬁglg layer,

substrate; and sai ondi ng conpri ses bondi ng sa
i C ot all i . . C
S T L R R e

r%fit din claim74, wherein: formng said plurality
bgRdipg {28 &ibst r at es conprises forming a plurality of

die each having a substrate portion. 76. A nmethod as

r eci duectlyncostasting 64id figtiend seroad banding tayspsar i ng sai d
first substrate and preparing said second substrate
conprises: formng a silicon dioxide |ayer;

patterning said silicon dioxide |ayer; formng via

hol €94 A ngthdll 4 rbéite@nn diadxigdewhenpr; and formng a
nmetal structure in said via holes. 77. A nethod as

reci I . Al | S Ag0g ' i oxi de

| ayep et FR R Qfosy SRR A or let A of g

luralit of talli ad xt endi ove a, surface,.

sifstte. ot pBo S TRl LirBRsT v oA Ghd N el gk et
| ayer on said second substrate; and form ng said
n@@%@%ﬁ@%lurality of metallic pads recessed bel ow a

surface of . _ . '
contacting said at least one pad comprises contacting a third metallic pad of

each of said third substrates with one of said second plurality of metallic pads;
directly contacting comprises contacting a third non-metallic bonding region

of each of said third substrates with said second non-metallic bonding region of said

second substrate; and

said bonding comprises bonding said third non-metallic bonding regions to said

second non-metallic bonding region.

95. A method as recited in claim 94, wherein:
forming said plurality of third substrates comprises forming a plurality of die

each having a substrate portion.



S

said second oxide layer. 78. A nmethod as recited in
claim67, conprising: elastically deform ng at | east
one of said first and second substrates to generate
at | east one point of contact between said first and
second substrates; initiating a bond at said point of
contact; and 51 expanding said bond between said
first and second substratesSgCJoss a substantia
portion of said first and sécond non-netal lic bonding
regions. 79. A nmethod as recited in claim67,
CONPIdss Wiethb @b RedflecPinkRlifh P RGRE Bloh FRRdpaARE s firs
said first plurality of metallic pads contalning one
f vacuum and a .gas. 80, A nethod as recited in
B B B B Pond R RSB PSS nced area ar ound
at |l east, one _of said first and secaond. . pluraljty of
et affpm%ln% addices diyidmlay st paitepring saA iliger kil 1y
material di sposed proximte to said at |east one pad.
81. Aompingyth hedesrivshidedidon divxadedagar; arbnpri si ng:

di sposing a deformable material beneath said at |east
one ddrnsiag d nidtalstructptelinakidivwia bblesret al [ 1 ¢ pads. 82. A
method as recited in claim8l, conprising: reducing a
t hi ckness of said deformable material in an area
beneath said at |east one of said first plurality of
met alghi .. ] zi:ted in claimé67,

obi & ngé:'i‘g@dzasgxgcné%l 1%5&!1‘191%76‘%01{@'%1{6

conpri sing: ormng a chémc nd between said
first. non-netal lic bonding region and said second
non- h%‘i"}if’g i 1rs§8ﬁaﬁzr}©yeggais%ﬂ fﬁ?t Sélg%tfﬂte’r oom t enper at ur e.

forming said first plurality of metallic pads extending above a surface of said

first oxide layer;

forming a second oxide layer on said second substrate; and

forming said second plurality of metallic pads recessed below a surface of

said second oxide layer.

98. A method as recited in claim 87, comprising:

elastically deforming at least one of said first and second substrates to

generate at least one point of contact between said first and second substrates;

initiating a bond at said point of contact; and

expanding said bond between said first and second substrates across a

substantial portion of said first and second non-metallic bonding regions.

99. A method as recited in claim 87, comprising:



84. A nethod as recited in claim83, conprising:
formng said chem cal bond between said first
non-netal l i c bonding region and said second
non-netal | i c bondi ng regi on wi thout applying externa
pressure during bonding. 85. A nethod as recited in
claim67, conprising: heating said at |east one pad
fromsaid first plurality ofynetallic pads and said
at | east one pad fromsaid second plurality of
metallic pads after said step of directly contacting

sai d féinfisg sA1@ firdtstiBdtiateCto@anelh figst 8@k BB nippisHaisaidsasond
non-netallic bonding region. 86. A method as recited

hﬂal?tkf A MeBiltic %ﬂ?ﬁr &'sﬂoseg b B3lrs( S 31 dardd urL rst substrate

conprises preparing a die having a Substrate portion.

bondi n nprisi.ng: preparing a first
subs?@gP%gﬁﬁgvgglﬁsPdﬁg tﬁ?%llty of netallic pads
and a first non- netalllc bondi ng region proximate to
the netallic pads on the first substrate; 53 0
preparing a second substrate having a second plurality
of méb&IA methydds regigdan clein Shdcomamisiet al | i ¢ bondi ng
region proximate to the netallic pads on the second
substefatraingaanitadili begeath khid ot lepsidnt padtsaitehd infesdaid void.
plurality of netallic pads with a second pad from
said second plurality of netallic pads; directly
contacting said first non-metallic bonding region to
sai d{§ecP l. d l.on; bonding said
firs ﬁg%ﬂﬁgﬁgg?IQ?%%%%F%HQEZQ&b { Sai d second

non- net al | i n i on; -and
reducing 'an un on ed agea argund at least one of said first and second

=

plurality of metallic pads using one of said void and a deformable material disposed

proximate to said at least one pad.

102. A method as recited in claim 87, comprising:
disposing a deformable material beneath at least one of said first plurality of

metallic pads.

103. A method as recited in claim 102, comprising:

reducing a thickness of said deformable material in an area beneath said at

least one of said first plurality of metallic pads.

104. A method as recited in claim 87, comprising:



formng a void beneath at | east one of said first and
second pads having |ateral dinensions greater than
that of said at least one of said first and second
pads. 88. A nethod as recited in claim87,
conprising: formng at | east one pad of said first
plurality of netallic pads to have an upper surface
extendi ng above a surface ofgsaid first non-netallic
bondi ng region on said first substrate; and form ng
at | east one pad of said second plurality of netallic

pads féreniR@y ehdtilical R hebidchagid 1At RIAGHhBEIIRIYEINS region and
surface of said second non-netallic bonding region on

[ . ited in
B S ISORAMNE YR ity 4 BBLCB0RAEmBREEC Lads on
the first substrate after formng said first non-
netallic bonding region on said first substrate. 90. A
method as recited in _claim87, conprising: formng the
firstO0arfimsgodisg resitge an clayn 494, pepaising: pads having a
thi ckness substantially smaller than a separation
di st &oendsidetemieajbave betweae said ffirgaiod-metelfialbohding actson
91. A nethod as recited in claim87, conprising:
ahdDsaid fegobd@heh-fietslic Bodimeepidd wikhoudhpilyinglextetiatbldssure
pads to a thickness less than 100 nm above a surface
d@finsSBididd r st and second non-netal lic bonding regions,
respectively. 92. A nethod as recited in claim87,
wherein said step of directly contacting conprises
form ng an unbonded area around contacted ones of said
nmetal lic pads. 93. A nethod as recjted in claim87,
conp.lééﬁq%é&%@ﬁmge%@m g%&ﬁa}m@mgayer on said
first substrate to cover said first
heating said first pad from said first plurality of metallic pads and said

second pad from said second plurality of metallic pads after said step of directly
contacting said first non-metallic bonding region to said second non-metallic

bonding region.

107. A method as recited in claim 87, wherein:
preparing said first substrate comprises preparing a die having a substrate

portion.

108. A bonding method comprising:
preparing a first substrate having a first plurality of metallic pads and a first

non-metallic bonding region proximate to the metallic pads on the first substrate;



plurality of netallic pads; form ng an opening in said
first bonding | ayer over selected ones of said first
plurality of pads; form ng a second bonding | ayer on
said second substrate; 55 form ng said second
plurality of metallic pads on said second bondi ng

| ayer, said second plurality of nmetallic pads
corresponding to openings ikgsaid first bonding

| ayer; and directly contacting said first and second
bondi ng | ayers. 94. A nethod as recited in claim 87,

wher @kdpariRE 8 Beédond GuiSstlatk Havirta $UBSE plakRitE OMMEIalRpads and a
formng a plurality of thir substrates, each smaller

00 RO A RaLIFh S, L AN Syl ol

ag %onprises contacting a third netallic pad of each
SOrU"8% d third substrates with one of said second
plurality of nmetallic %ads; directly cantacting

1

conpFPEREINEGh a8t s gad Trom paad Asvh Phasaldy (of enckdlieipasly with at

regi on of each of said third substrates with said
legstomedpad drommestidibdcond bhmality gf megillonpasis; sai d  second

substrate; and said bonding conprises bonding said

t hi r dire@ly-dvataatihg SaildOind inog-nictg1io Bondifg Siich toSakia®ebnd non-

non-netal lic bonding region. 95. A nethod as recited

mefhllfd BodWiregiter ein: formng said plurality of third
substrates conprises formng a plurality of die each

havi i A h .

raci Dt M b G RRIGC ol St o SR Rlpygatic
fiyrst

bonJing region; and

disposing a deformable low K dielectric material beneath said at least one of

said first plurality of pads.

109. A method as recited in claim 108, comprising:

forming at least one pad of said first plurality of metallic pads to have an
upper surface extending above a surface of said first non-metallic bonding region on
said first substrate; .zmd

forming at least one pad of said second plurality of metallic pads to have an
upper surface extending above a surface of said second non-metallic bonding region

on said second substrate.

110. A method as recited in claim 108, comprising:



substrate and preparing said second substrate
conprises: formng a silicon dioxide |ayer; patterning
said silicon dioxide |layer; formng via holes in said
silicon dioxide layer; and formng a netal structure
in said via holes. 97. A nethod as recited in claim
87, conprising: formng a first oxide |ayer on said
first substrate; formng saggl Sirst plurality of
netal li c pads extendi ng above a surface of said first
oxi de |l ayer; form ng a second oxide |ayer on said
secoldpssitht hahRic AR oh BleMirBudatfe %&%Hmfﬂ lsguglﬂrst)ﬁoﬂf

netalllc pads recessed bel ow a surface o second

recited in cIa|n187
n%lg@belﬁﬂxgg reg?)‘?ﬂsc%rlﬁga y %g)?%ate

conprisin rmng at | east one of said
first and second substrates to generate at |east one
poi nt of contact between said first and second
substrates initiating a bond at said point of

cont abl-:A Bisthodsas aerdied 4o slairal 19%renipeisingen sai d fir st

and second substrates across a substantial portion of
sai dfdrining thg fidstsed sexdnd @huraiity alf niecal io paldsi@vinggi itkness
99. A nethod as recited in claim87, conprising: 57 0

sifbetaniialty saaltr thanStsepatbtbn aisRnéObIAYE A £deh§$nés%‘1§£1d
conprising said first plurality of neg lic pads,
méiafROs@d on a first material; and forn1ng said void in
said first mterial. 100. A method as recited in claim
87, conprising: deformng a material beneath said at
| east one pad to extend into said void. 101. A nethod

as r ted in. claim risin
161% A method as rec1te(i3 in clalm 08, com%rlslng

forming said first and second plurality of metallic pads to a thickness less

than 100 nm above a surface of said first and second non-metallic bonding regions

respectively.

113. A method as recited in claim 108, wherein said step of directly
contacting comprises forming an unbonded area around contacted ones of said

metallic pads.

114. A method as recited in claim 108, comprising:

forming a first bonding layer on said first substrate to cover said first
plurality of metallic pads;

forming an opening in said first bonding layer over selected ones of said first

plurality of pads;



reduci ng an unbonded area around at |east one of said
first and second plurality of netallic pads using one
of said void and a deformable material disposed
proximate to said at |east one pad. 102. A nethod as
recited in claim87, conprising: disposing a

def ormabl e material beneath at | east one of said first
plurality of nmetallic padsg; ¥03. A nethod as recited
in claim102, conprising: reducing a thickness of said
deformabl e material in an area beneath said at | east

one @rnfa 8 sédohd bordiHg &yt ¥n &fid &l kikstiareds. 104. A
nmet hod as recited in claim87, conpr|S|ng 58 0

for mf%lﬁ% I&ﬂ& g%c%gh RFHPQQE k&?h}’&:‘-ﬁ fe 5 0 shirdss%ccgld bonding layer,

non- net a g region and Sal Seco

n-nmetallic on_at roomt.e tu re.
sgaectR Gy s PEY BeBioaliEto s HRBkR g
form ng said chem cal bond between said first
bprdogtystsen¢ bondi ng region and sai d second
non-netal |l i c bondi ng regi on w thout applying externa
pr esdirealy apntactigg ko dirsignd $@6nd homdingbgerss recited in
claim 87, conprising: heating said first pad from said
first plurality of netallic pads and said second pad
fromsaid second plurality of netallic pads after said

stepof. ;dhfe%ﬁﬁlaxre&@atlﬁeﬁairmogamrélhrst non-metal lic
bondlng reglon to said second non-netallic bondlng

regi gﬂalp Saﬁ\f P;? ts&i%gra%bsin%g sésel%nhﬂl G S@hl@h of d&‘f?& rein:

prep SE'Y su é conp S preparing a

ubstrate 0
319bstrates eaglg smal? than said secgm{ substrate and each having at least one third

metallic bonding pad;

contacting said at least one pad comprises contacting a third metallic pad of
each of said third substrates with one of said second plurality of metallic pads;

directly contacting comprises contacting a third non-metallic bonding region
of each of said third substrates with said second non-metallic bonding region of said
second substrate; and

said bonding comprises bonding said third non-metallic bonding regions to

said second non-metallic bonding region.

116. A method as recited in claim 115, wherein:
forming said plurality of third substrates comprises forming a plurality of die

each having a substrate portion.



108. A bondi ng nethod conprising: preparing a first
substrate having a first plurality of netallic pads
and a first non-netallic bonding region proxinmate to
the netallic pads on the first substrate; 59 0
preparing a second substrate having a second plurality
of nmetallic pads and a second non-netallic bondi ng
regi on proximate to the nmetal l.i c pads on the second
substrate; contacting at |east one pad fromsaid first
plurality of nmetallic pads with at Ieast one pad from

sai d1$£cP Hﬁi:t}f@)ldg{ ?{;dnteﬁ i9b1a1BY 8% |V{llferél (31 G’f' df : egl sa1d ﬁrst

contacti ng sal rst non met al

Sﬁgpde%egogg non- mgec sq}% é%éﬁ%#;élon bondlng sald
FiSHEtE ARG IRy P %839 Hﬁ P 8> sai d second
non tallic_ . bonding reglon and dj sposing . )
def of ISR FGPRIARISR boters rethming: v o %}e@?ﬁagéﬁysr;é?mmg
| east one of said first plurality of pads. 109. A
vizgolsdn said sdicpr dipxide leyesi and108, conprising: formng at
| east one pad of said first plurality of netallic pads
t 0o héormidgna mepp erucuefiacdd @kileiel ng above a surface of
said first non-netallic bonding region on said first
substrate; and formng at |east one pad of said second
plurality of netallic pads to have an upper surface

ext engy Ng,ABAY s focitl fr?&&m?floss%l%gﬁ?%g“d non-metallic

bondlng reglon on sai d second su 110. A

nmet h as r n clai rising: 60 0
depogq 8*18? yﬁ'é%‘ésag% %]fsﬁéu‘?sl?rgg‘? substrate after
form_ ng sald first no
forming said first plurality of metallic pads extending above a surface of said
first oxide layer;
forming a second oxide layer on said second substrate; and

forming said second plurality of metallic pads recessed below a surface of

said second oxide layer.

119. A method as recited in claim 108, comprising:

elastically deforming at least one of said first and.second substrates to
generate at least one point of contact between said first and second substrates;

initiating a bond at said point of contact; and

expanding said bond between said first and second substrates across a

substantial portion of said first and second non-metallic bonding regions.

120. A method as recited in claim 108, comprising:



nmetallic bonding region on said first substrate. 111.
A nmethod as recited in claim 108, conprising: formng
the first and second plurality of metallic pads having
a thickness substantially smaller than a separation
di stance between adjacent ones of said netallic pads.
112. A nethod as recited in claim 108, conprising:
formng said first and seco g<plurality of nmetallic
pads to a thickness |ess than 100 nm above a surface
of said first and second non-netallic bondi ng regions,
r espegthikeh Yoiddedeath B el R st@she 08 SAil §6stiphurali! JPnddIic
wherein said step of directly contacting conprises
ggrning an unbonded area around contacted ones of said
Pittal lic pads. 114. A method as recited in claim108,
conprising: formng a first bonding |ayer on said
first substrate to cover said first plurality of

metal |ic pads; formng an opening in said first
bondilAd A ayeshodnsaecited|lecload 18Aesonmyfrisgwi d fi r st
plurality of pads; 61 formng a second bonding | ayer
on sdefbrmaronid lpuls ididéceic matemiahbensathdaklent deadt one of said first
plurality of metallic pads on said second bondi ng
phayey of netllse pREAN xR bdi¥ vefd. metal I i c pads
corresponding to openings in said first bonding

| ayer; and directly contacting said first and second
bondi ng layers. 115. A nethod as recited in claim
108,lﬁg%g%%ﬂgppg?$$&g$g€%ﬁ$gogj&E&nﬁﬂg§trate conpri ses

form
reducing an unbonded area around said at least one of said first plurality of

metallic pads using one of a void and said deformable low K dielectric material

disposed proximate to said at least one of said first plurality of metallic pads.

123. A method as recited in claim 108, comprising:
deforming said low K dielectric material beneath said at least one of said first

plurality of metallic pads.
124. A method as recited in claim 108, comprising:
reducing a thickness of said low K dielectric material in an area beneath said

at least one of said first plurality of metallic pads.

125. A method as recited in claim 108, comprising:



substrates, each smaller than said second substrate

and each having at |east one third netallic bonding
pad; contacting said at | east one pad conprises
contacting a third netallic pad of each of said third

substrates with one of said second plurality of
nmetallic pads; directly contacting conprises
contacting a third non-neta%%hﬁ bondi ng regi on of each
of said third substrates w sai d second non-netallic
bondi ng regi on of said second substrate; and said
bondi . . . . , . _
pondi g P A R P A esion and

r.eqion., 116, nethod as.recited in claim 115,

S obpapeitig BosPhe FRoER 5hap Ot PaTelBes ¢ at es
conprises formng a plurality of die each having a
substrate portion. 62 0 117. A nmethod as recited in
cl ai m 108, wherein each of preparing said first
substl 2@t mett dmsapeiteid iig cleith d 28, cooomdisingbst r at e
conprises: formng a silicon dioxide |ayer; patterning
sai dfehling erid dhemxicalebond petweeh caidifitgt nowikraethliicd®nding $&dich
silicon dioxide layer; and formng a nmetal structure

andsa3@kdtoMd Aol etlic BdBlindrddRInNOEh RS aﬁﬁ?in?%@itérﬁhl StAbure
108, conprising: formng a first oxide l'ayer on said

I uhstrate; formng said first plurality of
dﬁ%’%&?ﬁ% bads extendi ng above a surface of said first
oxi de |l ayer; form ng a second oxide |ayer on said
second substrate; and form ng said second plurality of

netallic pads recessed below a surface of said second
oxi d&27-dymethod as recited in claim 108, comprising:

forming at least one of said first and second plurality of metallic pads to have
a upper surface substantially coplanar with an upper surface of first and second non-

metallic bonding regions, respectively.

128. A method as recited in claim 108, comprising:

forming said first plurality of metallic pads in said first non-metallic bonding
region; and

chemical-mechanically polishing said first plurality of metallic pads and said

first non-metallic bonding region.

129. A method as recited in claim 108, comprising:
heating said at least one pad from said first plurality of metallic pads and said

at least one pad from said second plurality of metallic pads after said step of directly



119. A nethod as recited in claim2108, conprising:
elastically deformng at | east one of said first and
second substrates to generate at |east one point of
contact between said first and second substrates;
initiating a bond at said point of contact; and
expandi ng sai d bond between said first and second
substrates across a substqg}kal portion of said first
and second non-netallic bonding regions. 120. A

met hod as recited in claim2108, conprising: 63 0

- rst

cotiHoRde AR AR bonBind rBligh RS AUEnEhoReline £
bin.cIaileO, conprising: deformng said | ow K
RREELIY: material beneath said at |east one of said
first plurality of netallic pads to extend into said
void. 122. A nmethod as recited in claim 2108,

conpri sing: reducing an unbonded area around sai d at

| easi3®remethodak declited st clpinui @8,iwherafi: netal | i ¢ pads
using one of a void and said defornmable | ow K

di el peparing suad Bist albstralie SPOPEGesrepdriigtalié Baviag 8 s@listrate
| east one of said first plurality of netallic pads.
%g s, A method as recited in claim 108, conprising:

eformng said low K dielectric naterial beneath said
at | east one of said first plurality of netallic
pads. 124. A nmethod as recited in claim108,

conprjising: reducing a thickness of said |lowK
dielggtﬁ-Oqﬁﬁ&ﬂW%PgFﬂmaﬂaﬁgea beneath said at |east

one of said first plurality of netallic pads. 125. A
met hpugparing ebist subsirpe diawingalost plerghiyrefgneigllic padpand a first

non-metallic bonding region proximate to the metallic pads on the first substrate;

preparing a second substrate having a second plurality of metallic pads and a
second non-metallic bonding region proximate to the metallic pads on the second
substrate;

contacting at least one pad from said first plurality of metallic pads with at
least one pad from said second plurality of metallic pads;

directly contacting said first non-metallic bonding region to said second non-
metallic bonding region;

bonding said first non-metallic bonding region to said second non-metallic
bonding region; and

reducing an unbonded area around at least one of said first plurality of pads

using a deformable low K dielectric material disposed proximate to said at least one



form ng a chem cal bond between said first
non-netal lic bonding region and said second
non-netal |l i ¢ bondi ng regi on at about room tenperature.
126. A nethod as recited in claim125, conprising:
form ng said chem cal bond between said first
non-netal lic bonding region and said second
non-netal | i ¢ bondi ng regi on_w.t hout applyi ng externa
pressure during bonding. 127. A nethod as recited in
claim 108, conprising: formng at | east one of said
Ofkﬁéhﬁgﬁg¥aﬁg%@g(E[urality of netallic pads to have a
upper surface s %stantially copl anar with an upper
surface of first and second non- netallic bonding
regions, respectively. 128. A nmethod as recited in
claim 108, conprising: formng said first plurality of
netaﬂﬁ?ﬁaﬁﬁﬁgﬁﬁﬁr§%ﬁgl$F?§?1ﬁgﬁmﬁﬁ¥ﬁF%ic bondi ng

regi on; and chem cal -nechanically polishing said first
pl ur &rintigg affleasbord padeofpaidsiirarplusititydof hetalic pads to have an
non-netal lic bonding region. 129. A nethod as recited
upper Gluidthdd ek@hdingaipué 5 bit@hce o€ aiid Tgstdhaneatllic ®asding Rgzion on
pad fromsaid first plurality of netallic pads and

sAd skt sAbsul@gtd one pad fromsaid second plurality of
netallic pads after said step of directly 65

cont ﬁ)%lrg%%%ﬁ%{gﬂ Q%azilt (?f?;gir(]l'sgg(%ngll ;Llﬁr%hgrgﬁgiﬁagqlé g)%szt% Ha9e an

sai d sec ing r

nmet hod as regited in claim 108, wherein: pr ri .
U AU S G aY 67 S SO 8ad sFogarP e BF Bondie prgion
a substrate portion. 131. A bondi ng net hod
o BHP seeong gubstrate.

133. A method as recited in claim 131, comprising:
depositing metallic pads on the first substrate after forming said first non-

metallic bonding region on said first substrate.

134. A method as recited in claim 131, comprising;:
forming the first and second plurality of metallic pads having a thickness
substantially smaller than a separation distance between adjacent ones of said

metallic pads.

135. A method as recited in claim 131, comprising:
forming said first and second plurality of metallic pads to a thickness less

than 100 nm above a surface of said first and second non-metallic bonding regions,



preparing a first substrate having a first plurality
of nmetallic pads and a first non-netallic bonding
region proximte to the netallic pads on the first
substrate; preparing a second substrate having a
second plurality of netallic pads and a second
non-netal lic bonding region proximate to the netallic
pads on the second substraé o contacting at |east one
pad fromsaid first plurality of netallic pads with at
| east one pad from said second plurality of netallic
N%gggﬁeg[rectly contacting said first non-netallic
nding region to said second non- netallic bonding
regi on; bonding said first non-netallic bonding region
to said second non-netallic bonding region; and
reduci ng an unbonded area, around at. | east oqe,of sai d
first3¢Aumsthodyas secitsd i claja il AL, heaen SpidetPe I dgRetky
dielectric material disposed proximate to said at
coagingsampies fouhingaindnbpndsd ap¢aaraind gongfctadamss ofigdd A
nmet hod as recited in claim 131, conprising: form ng at
nle€ilisd paRe pad of said first plurality of netallic pads
to have an upper surface extendi ng above a surface of
said first non-netallic bonding region on said first
substrate; and form ng at | east one pad of said second
Pl ur b4 L @l OEL 3ldide6 PB4 91 184G e uPPEr surface
ove a surface o

extendi'ng a sard second non-netallic

bondi.ng_.r egi i d te. 133..
ot U BB boing P AIS TS SNSRI 01 aHILP | ng

netallic pads on the first substrate after formng
phuzaldy pf metalliroppdsiret al 1 i ¢ bonding region on said first
substrate.
forming an opening in said first bonding layer over selected ones of said first

plurality of pads;

forming a second bonding layer on said second substrate; forming said
second plurality of metallic pads on said second bonding layer, said second plurality
of metallic pads corresponding to openings in said first bonding layer; and

directly contacting said first and second bonding layers.

138. A method as recited in claim 131, wherein:

preparing said first substrate comprises forming a plurality of third
substrates, each smaller than said second substrate and each having at least one third
metallic pad;

contacting said at least one pad comprises contacting a third metallic pad of

each of said third substrates with one of said second plurality of metallic pads;



134. A nethod as recited in claim131, conprising:
formng the first and second plurality of netallic
pads having a thickness substantially smaller than a
separation distance between adj acent ones of said
netallic pads. 135. A nethod as recited in claim131,
conprising: formng said first and second plurality of
netallic pads to a thicknesi £ss than 100 nm above a
surface of said first and second non-netallic bonding
regions, respectively. 136. A method as recited

in Cldﬁ‘b&l n@actl €6 seg%bgtaéﬁrr%o ﬂ‘%dqf h&hthiic bondmﬁ region

contact| conprrses orm n ar ea arou

B RER e R AR R ng g FApLpr said
bo ndlng | ayer on said first substrate to cover said
S%PP§§USBP@FQW1ty of metallic pads; forming an opening
in said first bonding | ayer over selected ones of said

f i r ssaid pbudiag composes panding sad hindgnen-getadlicbdsling negions to

| ayer on said second substrate; formng said second

sgill secdhd hyn-odetaitié dbhdisg peaflsh. on sai d second bondi ng
| ayer, said second plurality of netallic pads
corresponding to openings in said first bonding | ayer;
and directly contacting said first and second bondi ng

| ayefsy A&%ﬁmd%s@cﬁﬂé&%& m'i??f; tu‘?% i, ¢! aim 131,

wher ei ni: prepar| sai d rate conpri ses

for ralit substrate gach s
t hanragite SibhR lg%aﬁwra SRS AT ROy e G of di
one third netallic pad;

each having a substrate portion.

140. A method as recited in claim 131, wherein each of preparing said first
substrate and preparing said second substrate comprises:

forming a silicon dioxide layer; patterning said silicon dioxide layer; forming
via holes in said silicon dioxide layer; and

forming a metal structure in said via holes.

141. A method as recited in claim 131, comprising:

forming a first oxide layer on said first substrate;

forming said first plurality of metallic pads extending above a surface of said
first oxide layer;

forming a second oxide layer on said second substrate; and



contacting said at | east one pad conprises contacting
athird netallic pad of each of said third substrates
with one of said second plurality of netallic pads; 68
directly contacting conprises contacting a third
non-nmetal |l i c bonding region of each of said third
substrates with said second non-netallic bonding
region of said second substfate; and said bondi ng
conpri ses bonding said third non-netallic bonding
regions to said second non-netallic bonding region.
130, . . . o
For i AoiTo 10 nd BRIIRE ot Pefi B BB 2 s a DR e putisg of
tgrnin& a.plurality of die each having a substrate

SBO /T8 oXiflsda¥eR et hod as recited in clai m131
wherein each of preparing said first substrate and
preparing said second substrate conprises: fornmng a
silicon dioxide |ayer; patterning said silicon dioxide
| ayeil42.foomethod asvéatet ah elgin 3 sajothpsisingcon di oxi de
| ayer; and formng a netal structure in said via
hol eslastically défommidpad st sreciftseid first dldaeconti3dibstrates to
conprising: formng a first oxide |layer on said first

oSHAPRE LALSS hOPIMNEr SRkt béthvabn PG Rt bhy s@bndBittrhics;

pads extendi ng above a surface of said first oxide

|2yl 083, 88 Btk Sxlslgsdavgr on said second

substra sai’d second plurality of

metal | i c pads. recessed belqw a syrface o aid second
oxi dEXTg R SN R ot AR E eSO A RA
conpri si ng:

substrerlgtial port?on of said first and second non-metallic bonding regions.

143. A method as recited in claim 131, comprising:
forming a void beneath said at least one of said first plurality of metallic

pads.

144. A method as recited in claim 143, comprising:
deforming a material beneath said at least one of said first plurality of

metallic pads to extend into said void.

145. A method as recited in claim 131, comprising:
reducing an unbonded area around said at least one of said first plurality of

metallic pads using one of a void and said deformable low K dielectric material



el astically deform ng at |east one of said first and
second substrates to generate at |east one point of
contact between said first and second substrates;
initiating a bond at said point of contact; and
expandi ng sai d bond between said first and second
substrates across a substantial portion of said first:
and second non-netallic bon?@ng regions. 143. A
method as recited in claim 131, conprising: formng a
voi d beneath said at | east one of said first plurality
t | . thod as recited in claim
d%%gg%égﬁgbﬁgwﬁéga'é%%%ﬁwﬁgﬂg’naterial beneat h said at
| east one of said first plurality of netallic pads to
extend into said void. 145. A nethod as recited in
claim 131, co risLn%; reduci_ng an unbonded area
ar ouﬁé%“éi@ﬂéﬁ{gnqséﬁ%lfe dnelagn 134 PnrisEe pl ural ity of
nmetal lic pads using one of a void and sai d deformabl e
| ow Wispbsihgetid deformukleilaw Kydicctrgingeosa depeatlx sardieleasy one
said at | east one pad. 146. A nethod as recited in
o€ kAl Mrst luralit@ WP iriesdIN@paddi sposi ng sai d defornable | ow K
dielectric material beneath said at |east one of said
first plurality of netallic pads. 147. A nethod as
recited in claim146, conprising: reducing a thickness
of sai le..l qw t.arial in.an area beneath
O o uf AELg Oraga%e‘g%{ieaé%ucé‘wilrﬁét&Sfﬂdgé@t y of metallic
pads. 148. thod_.as ,recited in aim.131,
Pl PERARGT PEHErEaN B K Delabh wares honpa
non-netal | i ¢c bonding region and said second
s#ig 4t leastaing o€ sié et pipraléyiod mesalliapedst room t enperat ure.

148. A method as recited in claim 131, comprising:
forming a chemical bond between said first non-metallic bonding region and

said second non-metallic bonding region at about room temperature.

149. A method as recited in claim 148, comprising:
forming said chemical bond between said first non-metallic bonding region
and said second non-metallic bonding region without applying external pressure

during bonding.

150. A method as recited in claim 131, comprising:
heating said at least one pad from said first plurality of metallic pads and said

at least one pad from said second plurality of metallic pads after said step of directly



149. A nethod as recited in claim148, conprising:
formng said chem cal bond between said first
non-netal l i c bonding region and said second
non-netal | i c bondi ng regi on wi thout applying externa
pressure during bonding. 150. A nethod as recited in
claim 131, conprising: heating said at | east one pad
fromsaid first plurality of, etallic pads and said
at | east one pad fromsaid second plurality of
netallic pads after said step of directly 71

ti . . - LLi , . 4o
o S o el i B B p RN g gt
bng&hod as recited in claim2131, wherein preparing said
PRYRE "5t rate conprises preparing a die having a
substrate portion. 152. A bondi ng nethod conpri sing:
preparing a first substrate having a first bondi ng pad
and a first non-netallic bonding region proxinmate to
sai d 11.rA meboddismeciisddn clomepat.i wlereinsecond substrate
havi ng a second bondi ng pad and a second non- netallic
bondiprgatieg b fipst oxbsiateeoiprises prepatpeddibhadinpg spbarate
bringing said first bonding pad into physical contact
p&hbg_said second bonding pad; bringing said first
non-netal lic bonding region into physical contact with
said second non-netallic bonding region; and form ng a
chem cal bond between said first non-netallic bonding

159, TR o prsie e R0 PEa P RES ol m 152, compri Si ng:

preparing a first substrate having a first bonding pad and a first non-metallic
bonding region proximate to said first bonding pad;

preparing a second substrate having a second bonding pad and a second non-
metallic bonding region proximate to said second bonding pad;

bringing said first bonding pad into physical contact with said second
bonding pad;

bringing said first non-metallic bonding region into physical contact with
said second non-metallié bonding region; and

forming a chemical bond between said first non-metallic bonding region and

said second non-metallic bonding region.

153. A method as recited in claim 152, comprising:

elastically deforming at least one of said first and second substrates.



el astically deform ng at |east one of said first and
second substrates. 72 154. A nethod as recited in
clai m 152, conprising: elastically deform ng at | east
one of said first and second substrates to generate
at | east one point of contact between said first and
second substrates; initiating bonding at said point
of contact; and expandlng bﬁpdlng bet ween said first
and second substrates across a substantial portion of
said first and second non-netallic bondi ng regions.
155. conpri si ng:
fornﬂﬁgqghnﬁﬂﬁggg gagg%é?&g%%bsgﬂggglrst
non- ondi n |on n sec
non- FEE G deBemaery a0 B P an B A S %tsahﬁéart%&tur e
156. A nethod as recited in claim152, conp ng:
genSEHE Algleatione pABhPLEANtash hefWser saidAirg ang S‘fqoflé f‘UbStrateS
non-netal li c bonding region and said second
non- ietizingibonbimgdit sgd peigi ohcantacktzmdt r oom t enper at ure
W t hout applying external pressure during bonding.
157. edpaneingddndingbetidetdaidrfired anideddnd, subargpds &tozg a
form ng at | east one of said first and second
: SIHJS Bﬁh r#o}‘ué}f of BiPfilst sndPRESnd SRR HIHRRR regidhé ace
sta tially coplanar with an upper surface of first
and second non- netallic bonding regions,
respectively. 158. A nethod as recited in claim 152,

conprisin 0 for sal first, plurality of
netaﬂ?? %§H§%ﬁﬁr§%? i FlAER 1 g fOmPrising; ¢ bonélng
regi on; and chem cal -mechanical |y p0|IShIn% said first _
pl ur &irining sehemiealibond bptiepen spid fgingn-metallic bonding region and
non-netal | i ¢ bondi ng region.

said second non-metallic bonding region at about room temperature.

156. A method as recited in claim 152, comprising:
forming said chemical bond between said first non-metallic bonding region
and said second non-metallic bonding region at about room temperature without

applying external pressure during bonding.

157. A method as recited in claim 152, comprising:
forming at least one of said first and second plurality of metallic pads to have
a upper surface substantially coplanar with an upper surface of first and second non-

metallic bonding regions, respectively.

158. A method as recited in claim 152, comprising:



159. A nethod as recited in claim152, conprising:
heating said first and second bondi ng pads after said
step of bringing said first non-nmetallic bonding
region into physical contact wth said second
non-netallic bonding region. 160. A nethod as recited
in claim152, wherein: preparing said first substrate
conprises formng a die hav%?g a substrate portion.
161. A nethod as recited in Ttlaim152, conprising:
preparing a plurality of first substrates each having
a fi : i i: = [N [ :
Fegi SamiE i B BRABRY S e i BSTERATERS fob il blting
sai d second substrate having a plurality of second
"90MEi*AY pads and a second non-netallic bonding region
proxi mate to each of said bonding pads; _bringing said,
fi r schespisalrmechsaaby p@la%lwgo?al%ﬁisgplﬁr%mpf pgtagc Ha%? apd said
substrates into physical contact with one of said

fise comgndvdhdbongdipadsion74 0 bri ngi ng each of said first
non-netal Il ic bondi ng regions into physical contact

with one of said second non-netallic bonding regions;
and formng a chem cal bond between said first

non- 754 &l [t RORIERR £ B1aRRS 52,30chpsRing: Second _
non-netal 't c bonding regions. 162 A nethod as recited
in claim 161, er.ei n: ri ' I i o oen:

1 v o Ol eP LRSS B ERRE il 2L o Mt bale syia,
each havi a substrate pqrtion. 163..A bandin .
b P e B R G PRt Ry Sk Goniet w&ﬁ\ segnprnddngpetglic
metallic material on a first substrate, said first
bending regias. having a first non-netal lic bonding region

proximate to the first pad

160. A method as recited in claim 152, wherein:
preparing said first substrate comprises forming a die having a substrate

portion.

161. A method as recited in claim 152, comprising:

preparing a plurality of first substrates each having a first bonding pad and a
first non-metallic bonding region proximate to said first bonding pad;

preparing said second substrate having a plurality of second bonding pads
and a second non-metallic bonding region proximate to each of said bonding pads;

bringing said first bonding pad of each of said plurality of first substrates

into physical contact with one of said second bonding pads;



and an upper surface of said first pad being forned
bel ow a surface of said first non- netallic bonding
region; formng a second pad conprised of a netallic
material on a second substrate, said second substrate
having a second non-netallic bonding region proximate
to said second pad; bringing said first and second
non-netal | i ¢ bondi ng regionﬁtknto contact w thout
contacting together said first and second pads, and
formng a direct bond between said first and second
non- gﬁﬁ%gé b&chREdidNgst drdhOafic l%ﬂ@né%@oﬁkeiﬁ%d Bisal Sntact
first and second pads after said bondihg to cause said
said first and second

mterial . f | east. .of
WiBEebDsaidriroa Bareran i St bt Re “Otner of

said first and said second pags. 164. A ?eghqg as .
reci faminga ehemisgl bend beerer sHd dirstmgnepripiir darding regions
reflowng at |east one of said first and second pads.

arldb®id gecmed hodnmetallickindseg jegionk.ai m 163, wherein an

d

upper surface of said second pad is forned bel ow a
surface of said second non-netallic bonding region.
166. A nethod as recited in claim 163, wherein an

uppef s s W hRaRdak r&akd s 8aRh g6 Dathetdinf or med above a
surface of said second non-netallic bonding region.

167, . . , ) h
soac PRSI BPSFH B, LA By OGS, Boha o
upper. surface of said second non-netallic bonding
IeEgebhABYE & SYUSIAE PA % nce; an upper surface of said
first pad extends below a surface of said first
non-netal |l i c bonding region by a second distance; and
said first distance is |l ess than said second distance.
168. 168. febdmiihgiscthed, dosgprismge| ai m 163, wherein said
bri nging step conprises

forming a first pad comprised of a metallic material on a first substrate, said

first substrate having a first non-metallic bonding region proximate to the first pad

and an upper surface of said first pad being formed below a surface of said first non-

metallic bonding region;

forming a second pad comprised of a metallic material on a second substrate,

said second substrate having a second non-metallic bonding region proximate to said

second pad;

bringing said first and second non-metallic bonding regions into contact

without contacting together said first and second pads, and

forming a direct bond between said first and second non-metallic bonding

regions; and



electrically isolating said first and second pads from
each other. 76 0 169, A nethod as recited in claim
163, wherein: said first and second substrates
conprise first and second plurality of pads conprised
of a netallic material, respectively; and heating
conprises causing material frompads in said first
plurality of pads to forn1z spective portions
connected with respective ones of said second
plurality of pads. 170. A bondi ng nethod conpri sing:
or epar | Y , £t , '
o "t i isEhndigahd e oNBABnGhding oty ihikrial
regi on proxipmate.to the netal]ic_.pads on the first .
Aot B0 oAb p oo S ARELS mtBoR dgmisgled with the
second plurality of nmetallic pads and a second
othsn ofreaid first endemd sergnd eadson proximate to the netallic
pads on the second substrate; directly contacting at
| east one pad fromsaid first plurality of nmetallic
pads wth at |east one pad fromsaid second plurality
of makal A ittt redlicdas tlaym 6B} Whdrk Reatial @niprissd reflowing at
non-netal lic bonding region to said second non-

| {¢Goad [ [ y elastically deform ng at
1%%%%#(g%gggpggggééﬁggggdgnd second sﬁbstrates;gand
bondi ng said first non-netallic bonding region to said
second non-netallic bonding region. 171. A nethod as
recited in claim 170, conpprising: 77 0 formng a .
chenil€al A BsifpdAstGEEd 18 Si3m s sYheiein-ReiPRFY %uef%s%ﬁ%qaffb
region and said second non-netallic bondin%Jregion_at
sedoodtpad oofermedppwatasueface of said second non-metallic bonding region.

166. A method as recited in claim 163, wherein an upper surface of said

second pad is formed above a surface of said second non-metallic bonding region.

167. A method as recited in claim 166, wherein:

said upper surface of said second pad extends above said upper surface of
said second non-metallic ;bonding region by a first distance; an upper surface of said
first pad extends below a surface of said first non-metallic bonding region by a

second distance; and said first distance is less than said second distance.

168. A method as recited in claim 163, wherein said bringing step comprises

electrically isolating said first and second pads from each other.



172. A nethod as recited in claim171, conprising:
formng said chem cal bond between said first
non-netal l i c bonding region and said second
non-netal | i c bondi ng regi on wi thout applying externa
pressure during bonding. 173. A nethod as recited in
claim 170, conprising: heating said at |east one pad
fromsaid first plurality o netallic pads and sai d
at | east one pad fromsaid econd plurality of
metallic pads after said step of directly contacting

sal dibd ! R ndiRfr 5L eduﬁcﬁﬁﬁ%@g%&gikon to said second

non- ne di'ng region net hod as recited
170,

in clai re sa id, firs ubst r at
conpls?lgngStfanl ARG e a0 Ry va G bl oI b
175. A bondi ng net hod, |S|n preparing a die
compiised e metalic neieriali rnemena’éqlm nde pad and a first
non-netal lic bonding region proximate to said first

met ahkidthgpadiprizss capsiep anateripl frosupestsimsaid fiastiphigality of pads to
second netal lic pad and a second non-netallic bonding

férBQieopecHVO¥biBhE cdrdesiad tvithaeqrativesmks lof saipactond phirelity of
substrate; directly contacting, wthout solder, said

p Jgst netallic pad with said second netallic pad
dlrectly contacting said first non-netallic bondi ng
region to said second non- netallic bonding region;
and nonadhesively bonding said first non-netallic

bondi n n to id second non-netallic bonding
regiéﬁg‘ﬁg %8ﬁ§#ﬁ%&03§”§%@rted in claim175,

conpri si ng:
preparing a first substrate having a first plurality of metallic pads and a first

non-metallic bonding region proximate to the metallic pads on the first substrate;

preparing a second substrate having a second plurality of metallic pads and a
second non-metallic bonding region proximate to the metallic pads on the second
substrate;

directly contacting at least one pad from said first plurality of metallic pads
with at least one pad from said second plurality of metallic pads;

directly contacting said first non-metallic bonding region to said second non-
metallic bonding region by elastically deforming at least one of said first and second
substrates; and

bonding said first non-metallic bonding region to said second non-metallic

bonding region.

171. A method as recited in claim 170, comprising:



preparing a plurality of die each having at | east one
first nmetallic pad and a first non-netallic bondi ng
region proximte to said first netallic pad; preparing
said substrate having a plurality of second netallic
pads and a plurality of second non-netallic bonding
regions proximate to said second netallic pads on
said substrate; directly coz&aﬂting, wi t hout sol der, a
first netallic pad fromeach of said die wth one of
said second netallic pads; directly contacting one of

sai d fc@ﬂnﬁﬁ% a%Hé}nfEEF Bod! &t\béya%mﬁﬁs%noﬁétaﬁfc iRa@MheQtgion and
said o one of said second non-netallic bonglng

s%@%?cl%@gﬁoﬁnrgetgl%@%gh&%l Vegglé{n A at%g{lp g‘éltsﬁgg%%%é“ d first
non-netallic bondlng regi ons.

172. A method as recited in claim 171, comprising:
forming said chemical bond between said first non-metallic bonding region
and said second non-metallic bonding region without applying external pressure

during bonding.

173. A method as recited in claim 170, comprising:

heating said at least one pad from said first plurality of metallic pads and said
at least one pad from said second plurality of metallic pads after said step of directly
contacting said first non-metallic bonding region to said second non-metallic

bonding region.

174. A method as recited in claim 170, wherein:

preparing said first substrate comprises forming a die having a substrate

portion.

175. A bonding method, comprising:

preparing a die having at least one first metallic pad and a first non-metallic

bonding region proximate to said first metallic pad;
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preparing a substrate having a second metallic pad and a second non-metallic
bonding region proximate to said second metallic pad on the substrate;

directly contacting, without solder, said first metallic pad with said second
metallic pad;

directly contacting said first non-metallic bonding region to said second non-
metallic bonding region; and

nonadhesively bonding said first non-metallic bonding region to said second

non-metallic bonding region.

176. A method as recited in claim 175, comprising:

preparing a plurality of die each having at least one first metallic pad and a
first non-metallic bonding region proximate to said first metallic pad;

preparing said substrate having a plurality of second metallic pads and a
plurality of second non-metallic bonding regions proximate to said second metallic
pads on said substrate;

directly contacting, without solder, a first metallic pad ﬁom each of said die
with one of said second metallic pads;

directly contacting one of said first non-metallic bonding regions of each of
said die to one of said second non-metallic bonding regions; and

nonadhesively bonding each of said first non-metallic bonding regions to

said second non-metallic bonding regions.



