WO 03/ 097552 PCT/ S&2/ 00072 1 A Method of WaAfer/ Substrate Bondi ng
Background and Field of the Invention 5 This invention relates to a nethod
of waf er /wolsie®wse bondi ng, particularly but not excl usi PemsGor/e0a2 met hod
of anodi ¢ bondi ng. Wafer/substrate bondi ng has increasingly becone a key
technology for materials integration in various areas of

m cr oel ect ronechani cal systens 10 (IMEMS), m croqptoel ectronechani cal
systens (MOEMS), nicroel e&MgHhed of ¥¥afe Isé’chsrtmﬁgo'&‘ﬁ‘ﬂgsubstrate
fabrication. It is also widely used for vacuum’ packagi ng, hernetic sealing
and encapsulation. In order to bond the wafers/substrates together, various
technol ogi es have 15 al ready been devel oped, for exanple, silicon fusion
bondi ng, an@gékerbend bng Fisld &f it Biveltioat e | ayer bondi ng, incl udi ng
eutectic, glass frit, solder and adhesive bonding. Anodic bonding is

wi dely used for bonding between a gl ass wafer/substrate and 20 a netal or
sem conduct or wafer/substrate, such as a silicon wafer. Using the silicon

waf er as. anqex [ V, i I Le, Randi 0L eSSyint fers
are heated oo Ry fifeSB EMRRR of Atk BaBHe IR i ichiafy, o
increases the nobility of th sitive jons. in the glass. Next, a typical
vol t age of WXF&SH‘@IY’&OPZWGW?‘J@WO?‘?%&BBW@@Q' to the glass and the silicon
wafer to 25 be bonded, such that the voltage of the silicon wafer is
positive with respect to

Wafer/substrate bonding has increasingly become a key technology for
materials integration in various areas of microelectromechanical systems
10 (MEMS), microoptoelectromechanical systems (MOEMS), microelectronics,
optoelectronics and substrate fabrication. It is also widely used for vacuum

packaging, hermetic sealing and encapsulation.

In order to bond the wafers/substrates together, various technologies have
15 already been developed, for example, silicon fusion bonding, anodic bonding
and intermediate layer bonding, including eutectic, glass frit, solder and

adhesive bonding.

Anodic bonding is widely used for bonding between a glass wafer/substrate and
20 a metal or semiconductor wafer/substrate, such as a silicon wafer. Using the
silicon wafer as an example, in a conventional anodic bonding process, the
wafers are heated, typically to a temperature between 300 °C and 600 °C,
which increases the mobility of the positive ions in the glass. Next, a typical
voltage of 400 volts to 1200 volts is applied to the glass and the silicon wafer to

25  be bonded, such that the voltage of the silicon wafer is positive with respect to



WO 03/ 097552 PCT/ S@&2/ 00072 2 the glass wafer. The positive ions in the
glass are attracted to the high negative voltage thus creating a space
charge atwohwe/ogisass-silicon interface, which produces a FCTHGY2/00072

el ectrostatic attraction between the silicon and glass wafers, fixing them
f: rmy |][1 pl ace.b 5 The el evat ed terrperatzure al so causes oxygen fromthe

gl ass wafer to be transported to the glass-silicon interface where.

oxygen conthieglasaivafet. H@% msﬂ%tvnfsdnft%@ glass| qr@éﬂ”ﬁ?ﬁ&é‘" tE? i‘gﬂh Hﬁg%tl']‘}ehe
irreversi ble chem cal bond at the glass- silicon interface, when the.

vol t age i s velthgedhest treatingoa eshace0 cliargectabrtbe glassgiilinon: énpdacs.uméich
generally yields a better bonding strength. Preferably, a bonding

t enper at ur @reiaes 48f6nk BléRrainatdction betwders thebsiticon endrglassavedersp
achi eve a successful bond. However, a high bonding tenperature may result

in other pgo getﬂEn?ﬁm S pRaceesi dual stress after the 15 anodi c bonding due
to the therna expanm%n ﬁlsmatch between the two wafers, and danage of

the netal circuits on the silicon wafer after the bonding. 1In addition, a

hi gh teFrperature may prevent the use of certain netals in the bonding
stack as well. 20
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transported to the glass-silicon interface where the oxygen combines with the
silicon to form silicon oxide, creating an irreversible chemical bond at the glass-
silicon interface, when the voltage is subsequently removed.

10
Therefore, a higher temperature generally yields a better bonding strength.
Preferably, a bonding tempgrature above 400°C is recommended, which has
been demonstrated to achieve a successful bond. However, a high bonding
temperature may result in other problems such as a residual stress after the

15 anodic bonding due to the thermal expansion mismatch between the two
wafers, and damage of the metal circuits on the silicon wafer after the bonding.

In addition, a high temperature may prevent the use of certain metals in the

bonding stack as well.

20 On the other hand, if the bonding temperature is reduced, bonding quality will
be affected resulting in a weak or poor bond between the two wafers. In
addition, a poor bond is susceptible to the formation of bubbles or cavities in the

glass-silicon interface, which are difficult to minimize or eliminate.

25



addition, a poor bond is susceptible to the formation of bubbles or
cavities in the glass-silicon interface, which are difficult to mnimze
or el i m mMaDe3/02553\0 03/ 097552 PCT/ S@&2/ 00072 3 Ther e havecChsen2/prsposed
met hods of bondi ng between a glass wafer/susbtrate and a silicon :
vvafer/subrsﬂtjrate at relatively | ow bondi r?g t enperatures. For exanpl e,

pat ent nunber US5, 695, 590 di scl oses a nethod of bandin wo gl ass wafers
using an i nthergediavee Peger PEPPesada Metheds Bhr POBAING ?{)Oéeﬁrﬁ‘gt Re 91@8S
wafers at a tenperature between 250C and 500C. However, a problemwth
thi s proposeafensusiuttates andata bsilicomgwatersubgtrate ral aelatvely plewr kendiage
lower Iimt of the disclosed tenperature range. Patent docunment US

5, 820, 648 rtehplepatutes. Foraxasiple pratenssuinbentelSs, 605 6900 distleses a nyethed of
substrate at a tenperature of approxinmatley 200C by irradiating a |ight
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diffusion of nodifier"rons 1n the “glass. A disadvantage of this proposed
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an object of the invention to provide a bondi ng net hod which all evi atgs at
| east one dhet howeri Sty &ifit thge disslosere tempeiaidied ranger Paftent document U

5,820,648 relates to an anodic process between a silicon and a glass substrate
at a temperature of approximatley 200°C by irradiating a light beam to relax the
10 network structure of glass so as to promote the diffusion of modifier ions in the
glass. A disadvantage of this proposed method is that it is difficult to irradiate
the entire bonding area of the substrates, especially for wafer level bonding,
since the electrode to supply the required voltage may shield the light beam.
Moreover, the apparatus to perform this proposed method is expensive to

15  setup.

It is an object of the invention to provide a bonding method which alleviates at

least one of the disadvantages of the discussed prior art.

20 Summary of the Invention

In a first aspect of the invention, there is provided‘ a method of bonding two
components, each component being a wafer or a substrate, the method

comprising the steps of:



20 Summary of the Invention In a first aspect of the invention, there is
provi ded a net hod of bonding two conponents, each conponent being a wafer
or a subswpaBm97sshe nethod conprising the steps of: WO 0BCOSGHZR0072

PCT/ S&02/ 00072 4 i. depositing an anor p4hous and non-hydr ogenat ed

i ntermedi ate |ayer on one of the conponents; ii. arranging the conponents
I n spaced relationship with the internediate |ayer therepetween; 5 iii.
heating one or Both fiage @n iaV.‘orBE‘?'f‘%i t@&%’ﬁ@ﬁ@ﬂ{o@ i"?ltFHh@aﬁ'E%ct;

and v. applying a voltage to the conponents. An advantage of the descri bed
enbodi nent of the i nJaygn@nhong of fg carAeongsSconponent s can be bonded at a
relatively | ow tenperature between 300 C and 200 C or less, and at the
sanme tine ensuriing gaorhrgimgli the geahponerdsclin aspaded) hretatiatiship switbnditdr and
bubbl e-free interfaces. A further advantage of the described enbodi nent of

the invention is thatineasdiatd ldyedithérdbalwadmcess step is sinple and easy
to apply and conpatible with the existing bonding techniques so that the

t hod ;¢ ' : t. The t
proposeg met hod j€an q‘?ea‘iﬁgrcillﬁd?%th%mp%r{eﬂﬂ cos e term

"non- hydr ogenat ed" is use hi's appllicatidn to mean that the
iv. bringing the components into contact; and
V. applying a voltage to the components.

An advantage of the described embodiment of the invention is that the
10 components can be bonded at a relatively low temperature between 300 °C and
200 °C or less, and at the same time ensuring good bonding quality such as

high bonding strength and bubble-free interfaces.

A further advantage of the described embodiment of the invention is that each
15 individual process step is simple and easy to apply and compatible with the
existing bonding techniques so that the proposed method can be carried out at

a low cost.

The term “non-hydrogenated” is used in this application to mean that the

20 intermediate layer is synthesized without using hydrogen or that the deposition
process forming the intermediate layer does not deliberately introduce any
hydrogen or hydrogen radicals. It should be noted that it is virtually impossible
to remove all hydrogen content since hydrogen may be introduced due to
contamination, for example during the deposition process.

25



20 internediate |l ayer is synthesized w thout using hydrogen or that the
deposition process formng the internmedi ate |ayer does not deliberately

i nt roducewang/091yzlr ogen or hydrogen radicals. It should becmsGeodhat it is
virtually inpossible to renove all hydrogen content since hydrogen may be
i ntroduced due to contam nation, for exanple during the deposition

process. 25 WD 03/ 097552 PCT/ SG02/ 00072 .5 Typically, the depositio
process co??d?ﬂ"?g'é” ﬂrfedGEQS' pn 6Pr?%ﬁ§fe9°'§‘88§?%ﬁ£% u§8r(¥f 421G gsugﬁtgncenfor
intermediate |layer and it should al so be apparent that the constituent

el enent t hdormingudhel intermadiatendavaioapdoiissheyldr alss ke Arparent thalcdde does
not contain hydrogen or hydrogen radicals. 5 Typically, one of the

conponent s dahstituenhsaiément tisaicis ased)ltassrmeher amiorptaus layeamsiing such a
borosilicate glass or other suitable glass having al kaline ions.

Pref erabl y, probesdBé&9 Hof soritArrhyerogen seRydriogeriradicals. cl eani ng one of the to
conponents using a cleaning solution prior to depositing the internedi ate

| ayer n this conponent. Typically, the nethod further conprises the step
of treating both conmponents with a hydrophilic solution subsequent to the

d iti f. i di | .
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solution and the treatnent process takesb gl i’:\ce at .an ﬂgProxi mat e

t enper at ur esRRledPrgglicate glass or other suitable glass having alkaline ions.

Preferably, the method further comprises the step of cleaning one of the
10 components using a cleaning solution prior to depositing the intermediate layer
on this component. Typically, the method further comprises the step of treating
both components with a hydrophilic solution subsequent to the deposition of the

intermediate layer on one of the components.

15 Typically, the hydrophilic solution is sulphuric or hydrogen peroxide solution and
the treatment process takes place at an approximate temperature between 50°C

and 80°C.

Preferably, after the cleaning process, the method further comprises the step of
20  flushing the hydrophilic solution from the components. Typically, the flushing
process is carried out using deionised water. After the flusing process, the
method may further comprise the step of drying the bonding surfaces of the

components.



and 80 C. Preferably, after the cleaning process, the nethod further
conprises the step of 20 flushing the hydrophilic solution fromthe
conmponentwo 03¢pissal | y, the flushing process is carried oRCT(S02/g00dEi oni sed
water. After the flusing process, the thod may further conprise the step
of drying the bonding surfaces of the conponents. WO 03/ 097552

PCT/ S&2/0Q072 6 Typi cal l the c

, onponents are spaced.from each ather
usi ng spaceh®iGallynt enﬁompﬁ\ﬁ@Pﬁe%ﬁeaﬂg)qegyé?mtﬁ%ﬁbﬁ&%lﬂg fﬂ@c?ﬁr’?ﬁﬁﬁgﬁ?s may
then be placed in a vacuum chanber for the bonding operation with the
t enper at ur dntessediatedagpothersbetweepi dhie cempagentsap@yotheanabel plased iBed 100
volts to 1000 volts, may also 5 be applied to the conponents. Preferably,
the two congaeoant shamnbebfordhd boadotj operajion Ryithf theatemyperaturedegothian 300 of
the internediate |ayer is carried out using physical vapour deposition,

for exanpl eg gt VORBgE] hpprdxirhateR bétileani 100 06lts ko 16p0Noks | M@y aiso
suitable internedi ate | ayer nay be selected fromthe group consisting of

si licon,; sild conjQxi [ oShabl NigEitSoly! thé thBCeHpaRenst aff bbRged

i nventi osn, 4%%&@“?@ tg‘f‘é‘\% 8§@bgﬁ§@tﬁdggé§g§%¥bl y conpri gi ng two conponents,
each conponent .bE[‘li ng a wafer or a substrate, and 15 an anor phous and
non- hydroge?f}ﬁdé?? Ynt er nedi at e | ayer. The invention also relates to a

sem conduct or device, an electronic device, a

Preferably, the deposition of the intermediate layer is carried out using physical
vapour deposition, for example ion beam deposition, laser ablation or
10 sputtering. A suitable intermediate layer may be selected from the group

consisting of silicon, silicon oxide or silicon nitride.

In a second aspect of the invention, there is provided a bonded assembly
comprising two components, each component being a wafer or a substrate, and

15 an amorphous and non-hydrogenated intermediate layer.

The invention also relates to a semiconductor device, an electronic device, a
microelectromechanical system or a microoptoelectromechanical system having
the bonded assembly according to the second aspect of the invention.

20

Brief Description of the Drawings

An embodiment of the invention will now be described, by way of example, with
reference to the accompanying drawings in which:-

25 Figure 1 illustrates a first component to be bonded,;



m cr oel ectronechani cal system or a m crooptoel ectronechani cal system havi ng
t he bonded assenbly according to the second aspect of the invention. 20

Bri ef Deswoioppyms2 of the Draw ngs An enbodi ment of the i npemtSGomowi7t | now
be described, by way of exanple, with rgeference to the acconpanying
drawings in which: 25 Figure 1 illustrates a first conponent to be bonded,;

WO 03/ 097552 CT/S 00072 7 Figure 2 illustrates. o

anor phous int ﬁ/élsgﬁtfec‘r dgg%@o Mygl BNORIOYS, | 'ﬁ% (’I? %ygﬁtlgsq?%e
first corrponent of Figure 1; Figure 3 illustrates the treatrrent of the
conponent of MY§IAEEVaPeW FePasittangrie ithe fisshicemranent off igwe 1 4 illustrates a
second conponent to be bonded with the first wafer; Figure 5 illustrates

t he al i gnnentFigiiret I8 ilustradesnthe teathgod @fltl'wn(tom)pomﬁc@ﬂ Figiaret Tudn ng
spacers; Figure 6 illustrates the conponents of Figure 5 being brought into
poi nt  cont aciydrbpiiilié Belusipacer s being withdrawn; 10 Figure 7 illustrates
bondi ng between the conponents of Figure 6; Figure 8 illustrates a typ| cal

5 oo G257 Equley eafsiess g SR e Sormer et e e
Figure 5 illustrates the alignment of the components of Figure 1 and 4,
spaced apart using spacers;

Figure 6 illustrates the components of Figure 5 being brought into point
contact with the spacers being withdrawn;

10 Figure 7 illustrates bondiné between the components of Figure 6;
Figure 8 illustrates a typical C-SAM image of the bonded surface between
the components of Figure 7;
Figure 9a is an optical image of a fracture area within the bonded

components;

15 Figure 9b illustrates a mirror image of the same fracture area of Figure 9a.

Detailed Description of the Preferred Embodiment

Figure 1 illustrates a first component in the form of a wafer 1 to be bonded for

20 example, a semiconductor, ceramic, glass, or other materials, whereas Figure 4
illustrates a second component in the form of a glass wafer 4. A suitable type of
glass material is borosilicate glass or other types of glass material having
alkaline ions may be used. In this embodiment, Pyrex 7740 glass is used as the
glass wafer 4 for the bonding operation.

25



conponents; 15 Figure 9b illustrates a mrror inmage of the sanme fracture
area of Figure 9a. Detailed Description of the Preferred Enbodi nent Figure

1 illustraoes/ogrsirst conponent in the formof a wafer 1 PoTis&oowwdzed f or
20 exanpl e, a semiconductor, ceramc, glass, or other naterials, whereas
Figure 4 illustrates a second conponent in the formof a glass wafer 4. A

suitabletyeof terial .is boraqgsilicat a p

ol ase. mat e PR EPPRTRal SR oW ie USe) 45t Ba I T 1P Pk AR T ieby r ex
7740 glass is used as the glass wafer 4 for the bondinp erati 5 WO
03/ 097552 Fesmdifigingobie S'QCQ"?\V‘@W% ayol@kgdhe forgm Pf@@"ﬁq\)\ﬁ‘g th Eb%”'g%‘?fd s an
exanple for the first wafer 1. The conditioning of the silicon wafer 1 may
t ake the fothe Imsncbng iopleratipnt se tihak thecsurfase st Emiveorepalighed auataiceh whichhat
the surface is a "mrror-polished surface", which has a surface roughness

of typical | jas B subfaceaoagmiays dfapgieally i thdmdnoﬂlieteprar@re troadditiony pritrctoi on
of the silicon wafer 1 into a deposition chanber, the surface is

ul trasond Cafn'trbdﬁhf?ﬂﬁ"%‘f‘ thY¥ W@femcin?@%s HBBo§ﬁbHQiHamﬁé?r HeX fiptaReNist i C

acid, anmmonium rogen peroxi de, RCA cleansing solution (whl ch can be

sulfuric o
deposi tion Q%%é@gﬁ%ﬁ%%ﬁ tﬂﬁﬂﬁ%ﬁg"tﬂ%r&ﬁé‘ gﬁgﬁqalrggo);\ééﬁQm?s p%s C(')drf t he
‘mrror pol lc1|§nrr]r?(§jn|um ﬁyda %Ser?fpé[rg)%dtsel HCCA)%Ie%SFnrg s(blu%l ion ?w%lch can be sulfuric

or hydrogen peroxide based) or acetone.

10 Next, in the deposition chamber, an amorphous intermediate layer 2 is
deposited on the “mirror polished” surface of the silicon wafer 1, as shown in
Figure 2. The deposition of the amorphous intermediate layer 2 on the wafer
surface creates a high surface energy on the wafer 1 and a “non-closely”
stacked atom structure. High surface energy reduces the necessary bonding

15 temperature and a “non-closely” stacked structure permits charge diffusion into
a deeper depth so as to improve the bonding strength. Examples of a suitable

amorphous intermediate layer 2 are silicon, silicon oxide and silicon nitride.

It is essential that the amorphous intermediate layer 2 is non-hydrogenated,
20 meaning that fhe intermediate layer is deposited without deliberately using
hydrogen or hydrogen radicals during the deposition process. In this way, the
intermediate layer formed would be substantially hydrogen free. This is
important because hydrogen has a higher affinity with oxygen than most of
other elements and thus oxygen (from the glass wafer 4) which is transported to

25 the glass-silicon interface between the two wafers 1,4 will bond readily with



Figure 2. The deposition of the anorphous internediate |layer 2 on the wafer
surface creates a high surface energy on the wafer 1 and a "non-cl osel y"
stacked awomB®9rsert ure. Hi gh surface energy reduces the necessarzqgoobondi ng
15 tenperature and a "non-cl osel y" stacked structure permts charge
diffusion into a deeper depth so as to”i nprove the bondi ng strength.

Exanpl es of a suitable anorphous internediate |layer 2 are silicon, silicon
oxi de and &ydiagen. nitherefere, | df j therss sisnthydrogent Prérerndi pHsusAMRTRICHSI at e
| ayer 2 i s non-hydrogenated, 20 neaning that the internmediate |ayer is
deposi t ed mtetmediatielaybe? athel ghamsicabboriding styengir béfweeogeiygendingagibcatur i ng
the deposition process. In this way, the internediate |ayer fornmed woul d

be subst antd abducdty sty frf eelowl boading qualitpr Tandvdrenaee! tieisyrdbiegentteas a
hi gher affinity with oxygen than nost of other elenents and thus oxygen

(fromthe glassn %teﬁ%em‘a{‘fmyﬁe? g&agm@pﬁfgit’beﬁduﬁﬁg PRyLiRal GhesS Epdsitdh

I nterface between the two wafers ond readily with WO 03/ 097552
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oxygen and silicon is reduced resulting in a |ow bonding quality. To
ovecone thi|%ye?5r%bl em the anorphous internediate |ayer 2 is deposited

usi ng physical vapour deposition 5 (PVD) which reduces or elimnates the
hydrogen content in the anorphous |ayer 2. Exanples of PVD nethods include
| aser abl ation, ion beam deposition and

Examples of PVD methods include laser ablation, ion beam deposition and
sputtering. In this embodiment, sputtering is used to grow an amorphous and
10 non-hydrogenated silicon intermediate layer 2 on the silicon wafer 1 at room
temperature in the depostion chamber. It should be apparent that there are no
hydrogen gas or gases with hydrogen content being used in the deposition
chamber. The silicon intermediate layer 2 is deposited using a DC magnetron
sputtering system with a base pressure of 5x107 mbar. A 99.99% high purity
15  silicon planar target was mounted on the sputtering system and argon (Ar) gas
was used as a sputtering gas. During sputtering, energised plasma ions strike
the silicon planar target and cause atoms from the silicon target to be ejected
with enough energy to be deposited onto the silicon wafer 1, as illustrated by
arrows 3 in Figure 2. The total flow rate of the sputtering was 100 sccm
20 (standard cubic centimeter per minute) and the actual pressure was
approximately 2x10° mbar. The target current was in the range of 0.4 to 1.4
amperes. By controlling the depostion time, a typical intermediate layer

thickness ranging from nanometers to micrometers can be achieved.

25 After the deposition of the amorphous intermediate layer 2 on the silicon wafer



sputtering. In this enbodi nent, sputtering is used to grow an anorphous and
10 non-hydrogenated silicon internediate |ayer 2 on the silicon wafer 1 at
room t enp®WpaB9®si n t he depostion chanber. It shoul d be apparseot/oshat there
are no hydrogen gas or gases with hyd;ggen content being used in the
deposition chanber. The silicon inter iate layer 2 is deposited using a
DC magnetron sputtering systemwth a base pressure of 5x10:' nbar. A

99: 99% hi ghl. 30 istligon svafer i1d%h’rgjfedﬁﬁﬁat?ﬁgé[ém’6%§'%@ﬁt%‘ﬂ3°6hw?f% 15Wﬁ€'ttg‘?i ng
system and argon (Ar) gas was used as a sputtering gas. During sputtering,
ener gi sed pngmphoustayart inke hydraphdlic saletiprpbathapuehaagsulfdrier, eahydregesns
fromthe silicon target to be ejected wth enough energy to be deposited

onto the sipdroxideviised RCAssdlltiarst Thisetitehtementr prce8siis Eamgiedeot atha
total flowrate of the sputtering was 100 sccm 20 (standard cubic

centineter RepHAIK PetRBn FILCAGHYAE0°D! RFSAEGUtVEIS0 APRiANcERe! thal XA8- 3
nbar. The target current was in the range of 0.4 to 1.4 anperes. By

control Ii ng..t tyl ' i eal. i At er thickness
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deposition of the anorphous internediate |layer 2 on the silicon wafer WO
03/ 097552 PCT/ S@&2/ 00072 10 1, the silicon wafer 1 is further treated by
imersing the silicon wafer 1 with the anorphous |ayer 2 é&(‘fi‘ hydr ophi lic
sol ution ba®milaglyctheglags waier 4 -is condiipaes Jisst by Relshing theReRAIRERUEFCE! i on.
This treatenent process is carried out at a tenperature between 50C and
80C for aboand 3hen tidated nint assame hydrophiie solution bath so that the wafer 4

becomes hydrophilic, as shown in Figure 4.

10

Next, both wafers 1,4 (and the amorphous intermediate layer 2 deposited on the

silicon wafer 1) are flushed with deionised water to remove the hydrophilic

solution from the wafer's surface. This is followed by “spin-drying” the two

wafers 1,4 or blowing inert gases on the wafers 1,4 to speed up the drying

15  process.

When the wafers 1,4 are dried, the glass wafer 4 is stacked or arranged in
spaced relationship with the intermediate layer 2 and the silicon wafer 1, as
shown in Figure 5. The alignment is of a high accuracy, typically better than 1
20  micron. In order to avoid wafer contact during vacuumizing, the two wafers 1,4
are separated by spacers 5, having thickness of typically 20-50 microns, which

are introduced at the wafer’s edges.

- After the alignment, the stacked wafers 1,4 are placed in a vacuum chamber.

25 During vacuumizing, one or both of the wafers 1,4 are heated to a temperature



5 silicon wafer 1 becones hydrophilic. This is depicted in Figure 3.
Simlarly, the glass wafer 4 is conditioned first by polishing the bonding
surface wodwpBsm2treated in a same hydrophilic sol ution parlsGeodonat t he
waf er 4 becones hydrophilic, as shown 'p Figure 4. 10 Next, both wafers
1,4 (and the anorphous internediate Iayz 2 deposited on the silicon wafer

1) are flushed with deionised water to re veth d hI | u
fromthe m@?@'ﬂe@selprofg e angh2Q0; sCfoI lesRe B?n @%l Fé/ ro%llérelfq %{%\fbmé/)vgfers

1,4 or blowing inert gases on the wafers 1,4 to speed P_the dr
process. Wpeedetaeminatiesafting ather bvalnwafars ﬂl‘ﬂeatﬁ diest b@ﬂ@h mtpsp@ﬂééﬂ'éﬁcbr
arranged in spaced relationship with the internediate |ayer 2 and the
si | i con wafugded pressurs otive centralgarea, 8s shbenaby grrowné in Sigiires6.HNext, the
accuracy, typically better than 1 20 micron. In order to avoid wafer

cont act dufsEaeeﬁéasiHtwbaltéwoutttbeatlbWhé&tegt@fttaellsur@eé teeneentiesl glissspafeer s 5,
havi ng thi ckness of typically 20-50 m crons, which are mtroguced at the
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\r/]acuum cha rng vacuum zin ers 1,4 are
eated to t enpe 1097552 S02/ 00072 and
200 C or Ii@@ r'TQ] ﬂ’%ﬁéﬂ’%"l‘)ﬁ% ra‘?%”?‘ggg{@éapﬂ 'ngp?é(f?é?%‘? %ﬁﬁggg?‘&??% t he
two wafers 1,4 are first brought into point cont
100 to 1000 volts on the two wafers 1,4 such that the voltage applied on the
silicon wafer 1 is positive with respect to the voltage of the glass wafer 4. Figure

7 illustrates the successful bonding of the two wafers 1,4 at a temperature

10 between 300 °C and 200 °C or less and a voltage of 100 volts to 1000 volts.

After bonding, the bonded assembly of wafers 1,4 are checked with a scanning
acoustic microscope (SAM) using a resolution of approximately 2.5 microns.
Figure 8 shows a C-SAM image of the whole bonded surface of a typical
15 bonded wafer 1,4 assembly. As shown, a bubble free glass-silicon interface
could be achieved. In some test samples, occasionally, small bubbles were
found in the interface, but the unbonded area due to these bubbles was limited
to less than 1% of the whole wafer. A laser profilometer was also used to check
the warpage and residual stress but there was no warpage and residual stress

20 detected.

The bond created in this manner is distinguished both by a high mechanical
strength and long mechanical and chemical durability. The measurements in
“pull” tests have shown that the bonding strength can be higher than the

25  fracture strength of glass. The results from the pull tests revealed that bonding



under pressure in the central area, as shown by arrow 6 in Figure 6. Next,
the spacers 5 are pulled out to allow the rest of the surface between the
gl ass wafwp 03/04756D be in contact with the anorphous inter rediSesvzotoayer 2.
Next, anodic bonding of both wafers 1,4.4s carried out by applying a

vol tage rangi ng between 100 to 1000 volts on the two wafers 1,4 such that

t he vol tage ied. t.he il.Lcon fer I S si,jtive wth respect to the
vol t age of Fﬁgﬁéﬂhagg?\%éftg?n426|Y—llpau?@ PP&'GW?’ %Egﬁ? I"E\O')ﬁﬁ'&ég@f)%fatlﬂfﬁ%i ng
of the two ers ,.at eratyure 1o between 300 (err)C and 200 C or

| ess and a gg{"\’%‘%{bﬁgé (g@@%v%ﬁ% v HDW%BTQ?@TGEA?W@?C“ i Bds alsq: fnmded
assenbly of wafers 1,4 are checked with a scanning acoustic m croscope

( SAM usi ngthatfeantinet ifeanye weipe oegumnimsideythe. glass,corinssomEicgses tide shicos, a

C- SAM i mage of the whol e bonded surface of a typical 15 bonded wafer 1,4
assenbl y. Asathbotiran ia thelgtdss-ilicsn ioterfres abishowniintRiglree®a anibp. be
achieved. In sone test sanples, occasionally, small bubbles were found in

the integface, but the unbonded area due to these bubbles was Iimted to
|l ess than 1 % of the whole wafer. A laser profilonmeter was al so used to

check the esi I u

r esi dual st&l@ég%%@gw&? eg.a@ﬂ'f'ﬁée g@?\%cgr%fa%raﬁé 'ﬁﬁ%ﬁ‘.’%&rﬂ% S&QMQ to

di sti ngui sh th b i gh chanical strength dlo echani cal, and
cheni cgl duﬁgﬁ?‘ﬁm.%ﬁﬂﬁﬂa%@ed%r& SMYIFPr iage - ﬁﬁ@%f%%er@%ﬁﬁngh t he
bondi ng strength can be higher than the 25 fracture strength of glass. The
resul ts frofPrasPIAINg ffeagturedeswtacedin the: othen doriorwof dbe bongsd wafer 1,4.

PCT/ SQ02/ 00072
Both optical images show that the fracture happens in the glass or in the silicon,

10 and not in the glass-silicon interface.

This high bonding strength thus permits further trouble-free processing of the
wafer plates for the fabrication of, for example highly complex microstructures
or devices, or the like. It also permits trouble-free post processing of the

15 wafers, such as grinding, polishing, dicing etc.

The reliable bonding at such low temperature in this invention can minimise
degradation or damage of pre-fabricated devices and integrated circuitry. It can
minimize or eliminate bonding-induced residual stress or warpage after cooling
20  which may cause reliability issues. It can also be used for hermetic and vacuum

sealing at a low temperature.

The embodiment described is not to be construed as limitative. For example,

although the embodiment describes the bonding between a silicon wafer 1 and



12 strength higher than 20MPa can be achi eved for the bondi ng tenperatures
bet ween 200C and 300C used in the preferred enbodinent. It is also found

t hat fracworg/09iss2 any, woul d occur inside the glass, or i|iRCIGGH2/0@3ES the
silicon, rather than in the glass-silicgn interface, as shown in Figures
9a and 9b. 5 Figure 9a shows a fractured surface of a bonded wafer 1,4

st rati ng SR WP ACREE dosy %;gfcﬁ?“eér §HE%%@§L.SW%§ f@{eﬁ@ 9%@?39{ of
|t ho. gl asSSBICATAUEIRE TR0 Ao DRSSl not i n the gl ass-Si |1 con i nt o1 ace.

Thi s high bonding strength thus permts further trouble-free processing of

the wafer plates for the fabrication of, for exanple highly conplex

m crostructures or devices, or the like. It also permts trouble-free post
processi ng dhetdescriléd wedthod js alsolappticaplefdi bondipglbetheéay a slibstrate atd a The
reliable bonding at such low tenperature in this invention can mnimse

degr adat § ony@ferdan@asotousPbeniedt itwat wefedeVTRESmattbd M0 aRieBe Clidedifdr V-
It can mnimze or eli'mnate bondi ng-i nduced residual stress or war page

af ter cool i pgn 3@9Woc&méét B??orrﬁéﬁoqﬁ%lbbhﬁeéﬁ%l ﬁrahw ?ﬁgﬂbﬁtﬁgs

for hernetic vacuum se wie era

descri bed i be co ued as limtati anp altho h t he

embodi nent ﬁlg@%rﬁ, Eﬁge)[(?{gp Pha br?@f’ﬁgear?SE"?YW |ng’ ﬁgi)é(r Si”%m? deserited
method, the bonded assembly can be further bonded using the described
method with another component which can be a wafer or a substrate and

10 subsequently, the bonded assembly can again be bonded with a further

component. In this way, a multilayer wafer or substrate assembly is formed.

The preferred bonding temperature is between 300°C and 200°C to alleviate any
residual stress to the glass and silicon wafer 1,4. However, it should be
15  apparent that a bonding temperature higher than 300°C may be applied to the
wafers 1,4 to achieve a better bond if both wafers can withstand the thermal
mismatch, when both wafers 1,4 are subsequently cooled to room temperature,

or other degradations.

20 The described embodiment uses sputtering as the PVD process for the
deposition of the intermediaté layer 2. However, other PVD processes such as
ion beam deposition and laser ablation can also be used. In the alternative,
other suitable deposition methods, such as chemical vapour deposition (CVD)
can also be used as long as the amorphous intermediate layer 2 formed is non-

25 hydrogenated.



WO 03/ 097552 PCT/ S&2/ 00072 13 a glass wafer 4, other types of wafer or
substrate, such as netal, ceramc or sem conductor material, can be used.
The descrwbadiossshod is al so applicable for bondi ng bet we@eTsGob@v? at e and
a 5 wafer and not just between two wafefs. The nethod may al so be used for
bondi ng two substrates or for bonding between a plurality of substrates
and/or wafers. For exanple, after a bonded assenbly is fornmed by using the
descri bed nmethod, the bonded assenbly can be further bonded using t he
descri bed t hod wi.th anot her, co ent which can be a wafer

Substrate ahte SPULEHISRIBRETS CePRDashiges BSULABI Riaparn igat © SEPssidbe wi ¢ h
a further conponent. In this may a multilayer wafer or substrate assenbly
is formed. Sileorpiniermediaterlenar Agin thepeltemative,i athersuitahle Pta@ratyetocant o
alleviate any residual stress to the glass and silicon wafer 1,4. However,
it shoul d biee u$éd appamgas thérstubstahca fdmiing démpergéideehngtteavet Hﬂ,&ﬂo@éﬂ@srray
be applied to the wafers 1,4 to achieve a better bond if both wafers can

w t hstand tAeohS®uen] eleewtat ch, when both wafers 1,4 are subsequently
cooled to roomtenperature, or other degradations. 20 The descri bed

enbodi ment uses sputtering as the PVD process for the deposition of the
internedi ate | ayer 2. However, other PVD processes such as ion beam

deposi tion gnd | aser tion c n al so be u I n Iternat ot her
st v abl o depatnor i 1B Bsistbeife ot Ehih dE R g Gratei oM pRiRyY
skill in the art that many changes and modifications can be made thereto

without departing from the scope of the invention as claimed.



can al so be used as long as the anorphous internediate |layer 2 fornmed is
non- 25 hydrogenated. WD 03/097552 PCT/ SG02/ 00072 14 The sputtering
process dwewsiopBss2 uses a silicon planar target to deposit PCASGOZNIOTZON
internediate layer 2. In the alternativ ot her suitable planar targets can
be used as long as the substance form ng the target does not have hydrogen
as 5 a constituent elenent. Having now fully described the invention, it
will be apparent to one of ordinary skill in the art that nany changes and
nodi fications can be made thereto wthout departing fromthe scope of the
invention as clai ned. WD 03/097552 PCRI8m®/ 00072 15 Cains 1. A nethod
of bondi ng two conponents, each conponent being a wafer or 5 a substrate,

t he net hod conprising the steps of: i. depositing an anorphous and

non- hydrogenated i nternediate |ayer on one of the conponents; ii.

arrangi ng tfie _ A @fgthoe f dondingRravecbmpodrdntonsdipcompbneiebeingtaewatediont e
| ayer therebetween; 10 iii. heating one or both conmponents; iv. bringing

the conponents iDEQL&PAE2He metHdd comprising the steps of:
i. depositing an amorphous and non-hydrogenated intermediate
layer on one of the components;
. arranging the components in spaced relationship with the
intermediate layer therebetween;
10 iii. heating one or both components;
iv. bringing the components into contact; and

V. applying a voltage to the components.

2. A method according to any one of the preceding claims, wherein one of

15 the components is glass material.

3. A method according to claim 2, wherein the glass material is borosilicate

glass or other types of glass having alkaline ion.

20 4. A method according to any one of the preceding claims, further
comprising the step of cleaning one of the components using a cleaning

solution prior to depositing the intermediate layer on said component.

5. A method according to claim 4, wherein the cleaning solution is acetone.

25



v. applying a voltage to the conponents. 2. A nethod according to any one
of the preceding clains, wherein one of 15 the conponents is gl ass

mat eri al .w®.0309761 hod according to claim2, wherein the glPa¥sGomb@rzal is
borosilicate glass or other types of gl giss having al kaline ion. 20 4. A
met hod according to any one of the preceding clains, further corrpri si ng
the step of .cleanin e of t.he.co nts_usin cle sol ut.ion prior
to depositi g th mﬁt@ﬂnae%qoa‘ﬁ'agﬁaeg B BrereeliinSntne. TLahediBoiing
according to claim4, wherein the cleaning solution is acetone 25 WO

03/ 097552 PCT/ SAf1g 8l6e7 treaging the\campesgniswih aivglopbilisspliion: he precedi ng
clainms, further conprising the step of treating the conponents with a
hydophi | i ¢ sol ut subsequent éojlendepasitidreotiibipdsierinediadé layes onmrer oftieat e | ayer
on one of the conponents. 5 7. A nethod according to claim®6, wherein the
hydrophi i c sol utomponentssul phuric or hydrogen peroxide solution. 8. A

met hod according to claim6 or claim7, wherein the treatnent using 10 the

hydrophilic solution takes place at an approxi mate tenperature between 50C
and 80C.

7. A method according to claim 6, wherein the hydrophilic solution is

sulphuric or hydrogen peroxide solution.

8. A method according to claim 6 or claim 7, wherein the treatment using

10 the hydrophilic solution takes place at an approximate temperature

between 50°C and 80°C.

9. A method according to any one of claims 6 to 8, wherein after the
treatment process, the method further comprises the step of flushing the

15 hydrophilic solution from the components.

10. A method according to claim 9, wherein the flushing process is carried

out using deionised water.

20  11. A method according to claim 9 or claim 10, further comprising the step of

drying the bonding surfaces of the components.

12. A method according to any one of the preceding claims, wherein the

components are spaced from each other using spacers.

25



9. A nethod according to any one of clains 6 to 8, wherein after the
treatnent process, the nethod further conprises the step of flushing the

15 hydr opWwoDlo309762 uti on fromthe conponents. 10. A net hodPatSe02iDivg2 t 0
claim9, wherein the flushing process is,carried out using deionised
water. 20 11. A nmethod according to claim9 or claim10, further conprising

the step of ,,dryi ondi,. ur faces the c opents. . 12. met hod
accordi ﬁg t33an§Agﬁ8h{)&§j 5%%%‘5@8@&“9{90”& %{ﬁﬁgpre\%ﬁﬁﬁ@rﬂg, WES%’% ts are
spaced from each other using spacers. 25 WO 03/097552 PCT/ S&2/00072 17
13. A et hod accGPmpr?Qef‘Fs‘f %{%b dgp & YREUNR ERYNRET-cl ai ms, wherein the

conponents are bonded in a vacuum chanber. 14. A method according to any
one of the preceding clains, wherein one or 5 both conponents are heated

to a tenperature |less than 300 C. 15. A nethod according to claim 14,

wher ei n t he 18enpérmethoel accdrdingtte anyrge of2A8 precating @Riirds, Wheddin ofe gt hod
according to any one of the preceding clains, wherein the deposition of

the intesnedi at ebbﬂy@dsm't)éném&rdré%e@téd 1654 fEmpEaireabsy BRALB00 ¥eposi ti on.
17. A method according to any one of the preceding clains, wherein the

15. A method according to claim 14, wherein the temperature is in the range

200°C and 300°C.

10 16. A method according to any one of the preceding claims, wherein the
deposition of the intermediate layer is carried out using physical vapour

deposition.

17. A method according to any one of the preceding claims, wherein the
15 intermediate layer is selected from the group consisting of silicon, silicon

oxide or silicon nitride.

18. A method according to any one of the preceding claims, wherein the
voltage is in the range 100 volts to 1000 volts.
20
19. A method according to any one of the preceding claims, wherein the two

components are bonded anodically.



15 internmedi ate |l ayer is selected fromthe group consisting of silicon,
silicon oxide or silicon nitride. 18. A nethod according to any one of the
pr ecedi ngwoloajomss2 wherein the voltage is in the range 100CT®IGN%0d062 1000
volts. 20 19. A method according to any 13ne of the preceding clains,
wherein the two conponents are bonded anodically. W 03/097552

PCT/ S@2/ 00072 18 20. A bonded assenbly conprising two, conponents, .each
conponent b&i-ng AQ%Q?@@%?”‘%&%’QPP%JPE,’[WSW r!?r‘?g‘?msc hent being

non- hydrogenated internediate layer. 5 21. A bonded assenbly according to
clai m 20, wher ei awafer @fa shlestraienpch 8ntamerphgua eadmeanehydipgenateda bonded
assenbly according to claim?2l, wherein the glass material is borosilicate
gl ass or other tipfermenfiatgllagsr. havi ng al kaline ion. 10 23. A bonded assenbly
according to any one of clainms 20 to 22, wherein the internediate |ayer is
selected fromthe group consisting of silicon, silicon oxide or silicon
nitride. 15 24. A sem conductor device having a bonded assenbly according

to any one 5pf chg iRiedhssBnly according to claim 20, wherein one of the

components is glass material.

22. A bonded assembly accérding to claim 21, wherein the glass material is
borosilicate glass or other types of glass having alkaline ion.
10
23. A bonded assembly according to any one of claims 20 to 22, wherein the
intermediate layer is selected from the group consisting of silicon, silicon

oxide or silicon nitride.

15 24. A semiconductor device having a bonded assembly according to any one

of claims 20 to 23.

25.  An electronic device having a bonded assembly according to any one of
claims 20 to 23.
20
26. A microelectromechanical system having a bonded assembly according

to any one of claims 20 to 23.

27. A microoptoelectromechanical system having a bonded assembly

25 according to any one of claims 20 to 23.



25. An el ectronic device having a bonded assenbly according to any one of
clains 20 to 23. 20 26. A mcroel ectronechani cal system having a bonded
assenbl y womasngisay to any one of clains 20 to 23. 27. A PCT/SG02/00072

m cr oopt oel ectronmechani cal system havi ngga bonded assenbly 25 according to
any one of clainms 20 to 23. WD 03/097552 PCT/ S&2/ 00072 19 28. A

mul til ayer wafer or substrate having a bonded assenbly according to any
one of clains 20 to 23.

28. A multilayer wafer or substrate having a bonded assembly according to

any one of claims 20 to 23.



