1 NI TROGEN- PLASMA SURFACE TREATMENT I N A DI RECT BONDI NG METHOD 5Backgr ound
of the invention The invention relates to a nethod for direct bondi ng of
two plates each conprising a thin layer of silicon oxide or of silicon at
the surface thereof. 10 State of the &t The bondi ng principle by nolecul ar
adhesion or direct bonding is based on direct contacting between two
surfaces, wthout the use of a specific material 15 such as an adhesive, a
wax, a low nelting-tenperature netal etc. The surfaces designed to be in
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substrates) devoid of silicon oxi depMPhdOERs hydrophilic surfaces can for
exanple be the free surfaces of two silicon wafers each conprising a
silicon oxide thin layer. The nol ecul ar bondi ng nethod further requires the
surfaces to be bonded to 25 be sufficiently snooth, devoid of particles or
contam nation, to present a suitable surface chemstry and to be

suf fi i ent IBackgreantiofthe iakentien to enable a contact to be initiated. In
this case, the attractive forces between the two surfaces are high enough
to cause a nol ecul ar bondi ng. 30Bondi ng processes are generally perforned

at ambi ent eﬁiiHﬁereZdl}gs ab 37k %@aﬁ%teboﬁéipgﬁofcﬂz%ﬁ iﬂes%&ﬂ-ﬂi ng of

t he surfaces. Wever, sequent heat treatnent, exa at a
t enper at ur eoofprisingua tHio0@@&r df silicon oxide or of silicon at the surface thereof.

10
State of the art

The bonding principle by molecular adhesion or direct bonding is based on
direct contacting between two surfaces, without the use of a specific material
15 such as an adhesive, a wax, a low melfing-temperature metal etc. The
surfaces designed to be in contact together can be hydrophilic or

hydrophobic.

Hydrophobic surfaces can for example be the free surfaces of two silicon
20 wafers (or substrates) devoid of silicon oxide, whereas hydrophilic surfaces
can for example be the free surfaces of two silicon wafers each comprising a

silicon oxide thin layer.

The molecular bonding method further requires the surfaces to be bonded to
25 be sufficiently smooth, devoid of particles or contamination, to present a
suitable surface chemistrty and to be sufficiently close to one another to
enable a contact to be initiated. In this case, the attractive forces between the

two surfaces are high enough to cause a molecular bonding.

30 Bonding processes are generally performed at ambient temperature and at
ambient pressure, after chemical cleaning of the surfaces. However,

subsequent heat treatment, for example at a temperature of about 1000°C, is



2 often perforned to enhance the bonding energies. In a very |arge nunber
of applications however, heat treatnent steps at such a tenperature are not
adm ssi bl e. 5Bondi ng net hods not requiring high-tenperature heat treatnents
have al ready been proposed. They generzally conprise a surface activation
step. For exanple purposes, P. Amrfeiz et al. in the article "Formation of
silicon structures by plasma-activated wafer bondi ng" (Journal of the 10

El ectrochem cal Society, 147 (7) 2693-2698) studied the effects of

activation Qf silitcaon ili.con i.de. an rystal ,quartz by ox n asma or
by argon plog?ﬁao‘?'torﬁkdrﬂ %V%nlmr}cggtf\ewvg%%gggﬁ%i 'ﬂr‘ﬂ V?@Aﬁéea?%'?@er %e
bonded st r upiplicgfonsahbiveaée thdait tAshtaeng e asFRcha dmpELRAIrePhAS ABt
present high surface energi es conparable with those obtained for bonded

struct ur es 20Missibjeect ed to activation by conventional wet process before
bondi ng and to heat treatnent at high tenperature (between 600C and 800C)
after contacting. Exposure to the oxygen plasma or to argon plasnma is

per f osmed [Bomiaansmethceisdet cequfring HigkRrhpertiiey thdap ntreiteidmg/ hagduict i vel y
coupl ed pl a?ma) type. 20 In the article "Effects of Plasma Activation on
Hydr ophi | | @'B3HYIBEgNdIroRPsethd heymeneasgllyrcomprse asusiace @ghvatinn step- t he

El ectrochem cal Society, 149 (6) 03480651 (2002)), a reactive ion etching
node (also called RIE) is used in association with an activation by

ni trogen, dmogaxaonplexyyposed, Andntirdei2 etpEr inothe articten' Fametiont ofr silitmndi ng of
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the plasma in the direction of said wafers and bonbardnent of the wafer
surfaces bypftgiinon, ilinogedxidpeanctsrysial quathdynoxygermplasma log kcwrgen i on

i f . d j | ug i f )
type. (No DHS. B SeRevE Ject PEpdRe°at Shbiekl SBRera e o Thei btled s or
they have keeeifes!aaivathd bia%ntlxgg%@d plas@ararcdr BRforepasAidipessert High heat

treatnment at a tenperature of for 2 hours. e results reported in
this articlstrfapavenergies wemnarablee Withe thpses obtainer for rhandade stroehiaes
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bonded aft dweat hieeatomdnt chedrigmotemperature (between 600°C and 800°C) after
contacting. Exposure to the oxygen plasma or to argon plasma is performed
by means of a device of RIE/ICP (reactive ion etching/inductively coupled
plasma) type.
20
In the article "Effects of Plasma Activation on Hydrophilic Bonding of Si and
Si0Oy" by T. Suni et al. (Journal of the Electrochemical Society, 149 (6) G348-
G651 (2002)), a reactive ion etching mode (also called RIE) is used in
association with an activation by nitrogen, argon or oxygen plasma to
25 perform a low-temperature bonding of silicon wafers. During activation, a
polarization voltage varying between 125V and 280V is measured between
the silicon wafers and ground. The presence of this voltage creates an
acceleration of the charged species of the plasma in the direction of said
wafers and bombardment of the wafer surfaces by these charged species.
30 Furthermore, after the activation treatment and before bonding, the wafers
are cleaned in a solution of RCA-1 type (NH3 : H202 : H20, 70°C) and/or in
deionized water, and dried. After they have been contacted, the bonded



I n Patent US5503704, bonding of two surfaces is obtained by formng a
nitride | ayer on one of the two surfaces to nmake the latter both
hydrophilic and reactive at | ow tenperature. Wien the surface material is a
non-ni trogen 10 based material, for &anple silicon, the nitride layer is
formed by NH3 pl asma enhanced chem cal vapor deposition (PECVD) after
standard cl eaning of RCA type, rinsing with deionized water and drying. The
material treated in this way is then put in contact w th another

hyd hi li tive. , d the whole is th h ted t

tempor at ur SRS BFS s0Biettéd B Fen HriRal Ao e SR og 6k en  onea
above enabheulDWieeraeitatrepertBeAitAg ArBElROsov ehAethebdiataedenérigiescahesi on
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silicon at a surface thereof, so as to be able to obtain a bonding
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and the whole is then heat treated to a temperature of about 300°C.
15
Although the activation techniques mentioned above enable low-temperature
bonding methods to be obtained with cohesion energies at least equivalent to
those of high-temperature bonding methods, they do not enable defect-free
molecular bonding interfaces to be obtained. In particular, the patent
20 US5503704 mentions the presence of defects in the substrate generated by
deposition of the SisN, film.

Object of the invention
25
The object of the invention is to provide a method for direct bonding of two
plates each comprising a thin layer of silicon oxide or of silicon at a surface
thereof, so as to be able to obtain a bonding interface presenting a
significantly reduced number of defects compared with bonding methods
30 according to the prior art, and advantageously a defect-free interface, in

particular whatever the temperature (in particular comprised between



10and in the presence of a potential difference of |ess than 50V between
the plasnma and a substrate hol der supporting said plate. Brief description
of the drawi ngs 15 O her advantages and features will becone nore clearly
apparent fromthe foll ow ng descriptidn of particul ar enbodi nents of the
I nvention given for non-restrictive exanpl e purposes only and represented
i n the appended drawi ngs, in which: 20 figure 1 represents different steps
of a particul ar enbodi nrent of a bondi ng nmethod according to the invention

in block di ! f fi o0 4 I gal '
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structure pep@edipteso the particular enbodi ment 25represented in figure 1.

figures 5 and 6 respectively represent the variation of Ap/ps; versus the
depth z, at anbient tenperature, in a bonded structure of two silicon
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repr esent s pafticularf tris ebjedp chchisved by the factchatybeferera dentakting stdpnof or ned
in a particul ar enbodi ment according to the invention and the 5 infrared

spect r um ofherespectyn tuRilauers of ihe Warplatesehe thindayRifi HdeaiNeP k% or di ng
to the priqreghibetedlto® Rl sLRTPEHREMNENt SiEpSohRy 25upbrR&| thintfiIART

enbodi nent s
of silicon oxynitride with a thickness of less than &nm, by means of a

nitrogen-based plasma generated by an inductively coupled plasma source
10 and in the presence of a potential difference of less than 50V between the
plasma and a substrate holder supporting said plate.

Brief description of the drawings
15

Other advantages and features will become more clearly apparent from the

following description of particular embodiments of the invention given for

non-restrictive example purposes only and represented in the appended
drawings, in which:
20

- figure 1 represents different steps of a particular embodiment of a
bonding method according to the invention in block diagram form.

- figures 2 to 4 schematically represent, in cross-section, the different steps
for producing a bonded sfructure according to the particular embodiment

25 represented in figure 1.

- figures 5 and 6 respectively represent the variation of Ap/ps; versus the
depth z, at ambient temperature, in a bonded structure of two silicon
wafers, obtained by a particular embodiment of bonding according to the
invention and by a bonding method according to the prior art.

30 - figure 7 represents the infrared spectrum of a silicon oxynitride thin film

formed in a particular embodiment according to the invention and the



According to a particular enbodi nent represented in figures 1 to 4, two
silicon substrates 1 and 1', also called silicon wafers, are bonded by
10successively performng: a step FI whereby a thin |ayer of silicon oxide
2 and 2' is formed by wet process at the surface of substrates 1 and 1', a
surface treatnent step F2 transformng at |l east a part of the thin |ayer of
silicon oxide previously fornmed in step FI into a superficial thin film of
15silicon oxynitride 3 and 3', and a step F3 of contacting the two
Substrates 1 . ; ti.Qn SMpekf | ¢l ind 2' is
advant ageousl '@ﬂ%&é‘? é?gébﬂﬁffcq 5@%?&?9(@? @h@"ﬁ %@l@%ﬁ %\Pé%&ﬁig nge ng of
RCA type conpa¢cdrdiigdo tRE pfibr ai, §ttm§ie<hftt@ﬁ%erfa‘m%. and a second stage of SC2
type. CARO cleaning is cleaning in an acid bath called CARO (H2SO4 + H202).
The first stage (SCL or Standard Ceaning 1) and the second stage (SC2 or
Standard C eaning 2) of the RCA cleaning respectively consist in cleaning
by means of an al kaline solution such as NHMOH + H202 + H20 and i n cl eani ng
by neans oDescslptivmpof particuldr eimigpdigmritssuch as HCl + H202 + H20. The thin
| ayers of silicon oxide 2 and 2' thus fornmed present the advantage of being
defect-free. At this stage of the nethod, the surface of each substrate 1
and 1' fornmed by the free surface of the silicon oxide layer 2 and 2' is

t hus hydrophilic. 30As represented in figures 1 and 3, between the cleaning
step Fl andcecbedisgdp &3particpar témboditent ueptessinésd in digilirés 1 nochntvact , a

;s!sngla(raf z& ﬁ%ﬂiﬁ%&ﬁ%g%@%ﬁtﬁg tgrcx)gi ?’?Igsguéél%c Sé,ilic%hs\?va earls! eadrea E)ll“s & Itg)yn step,

10 successively performing:

- a step F1 whereby a thin layer of silicon oxide 2 and 2’ is formed by wet
process at the surface of substrates 1 and 1’,
- a surface treatment step F2 transforming at least a part of the thin layer of
silicon oxide previously formed in step F1 into a superficial thin film of
15 silicon oxynitride 3 and 3’,
- and a step F3 of contacting the two substrates 1 and 1°.

Formation of each superficial thin layer 2 and 2’ is advantageously performed
by cleaning of CARO type followed by cleaning of RCA type comprising a

20 first stage of SC1 type and a second stage of SC2 type. CARO cleaning is
cleaning in an acid bath called CARO (H,SO4 + H205). The first stage (SC1
or Standard Cleaning 1) and the second stage (SC2 or Standard Cleaning 2)
of the RCA cleaning respectively consist in cleaning by means of an alkaline
solution such as NH,OH + H,O; + H»O and in cleaning by means of a strong

25 oxidizing agent such as HCI + H,O; + H;0. The thin layers of silicon oxide 2
and 2’ thus formed present the advantage of being defect-free. At this stage
of the method, the surface of each substrate 1 and 1’ formed by the free
surface of the silicon oxide layer 2 and 2’ is thus hydrophilic.

30 As represented in figures 1 and 3, between the cleaning step F1 and the step
F3 of putting the substrates 1 and 1’ in contact, a single step F2 of treatment

of said surfaces, also called activation step, is performed. This enables a



6 superficial thin film3 and 3" of silicon oxynitride, with a thickness of
| ess than 5nm and advant ageously of about 2nm to be fornmed in the silicon
oxide thin layer 2 and 2' of each substrate 1 and 1'. 5For this, the free
surface of the silicon oxide thin Iayé? 2 and 2' of each substrate 1 and 1
Is exposed, in a single step, to a nitrogen plasnma generated by an

I nductively coupl ed plasna source (also called I1CP). Substrates 1 and 1'
can be exposed to the nitrogen plasma sinultaneously or 10 successively.
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pl asma can be performed in one or nore steps. 15What is nmeant by nitrogen

pl asma is dayfirkeand 2r olraripsubstiate fAsUEr . in nore general manner, the
pl asma to which substrates 2 and 2' are exposed can al so be a
ni trogen-based plasma, i.e. a plasm whose reactive gas is nitrogen, which

does got eXarutixs, tthe fpes subfiabetof the silicoprexidmdini layeh@ phaslieofokach carri er
gas such asugrﬁﬁon or other gases in residuyal quantities. In 20 particular,
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in so far f i peial thin film
of sili conﬁ%g%ﬁfggiqﬂea.wq]ﬁg&ﬁegg%gﬁggﬁ @%%méfg%ﬁ(%ﬁgﬂwgp gen, hydrogen

and/ or water. The concentration of these other gases is about a few percent
and nore p I cul ar l,ess than 5% I ner al manner. he silicon

oxyni 011 b SURSIAISR] Bndrhean e sindssdds ihe Hifttstm BanassbulateSian ¥ as

hydr qgen Orguesysavely Oh tAX 3R Soade 1S Bliffad! fBAInkéftcontitibhs thRehigie s al
formula of the silicon oxynitride is advant ageousl% Si zOKNyHw. These
e

cheni cal spwei subsiratepel pardeht are swphectedi ganal beslheesame tafediigrenice
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figures 3 pMbra cana parfetaiddin orfe dheotdistepsayers of silicon oxide 2 and

2" is partial. The thickness of superficial thin film 3 and 3' is thereby
smal | er than

15 What is meant by nitrogen plasma is a pure nitrogen plasma. However, in
more general manner, the pltasma to which substrates 2 and 2’ are exposed
can also be a nitrogen-based plasma, i.e. a plasma whose reactive gas is
nitrogen, which does not exclude the possibility of the presence in the
plasma of a carrier gas such as argon or other gases in residual quantities. In

20 particular, other gases can be present in the nitrogen-based plasma in small
quantities in so far as they do not prevent the formation of the superficial thin
film of silicon oxynitride. The plasma can for example contain oxygen,
hydrogen and/or water. The concentration of these other gases is about a

few percent and more particularly less than 5%.

25
In general manner, the silicon oxynitride superficial thin film can contain
chemical species, such as hydrogen or oxygen for example, in small
quantities. Thus, the general formula of the silicon oxynitride is
advantageously Si;OxNyHy. These chemical species can be present in
30 residual manner in the surface treatment chamber or be introduced in the

form of gases in the plasma or again be present at the level of the treated

superficial thin film.



the initial thickness of silicon oxide thin layers 2 and 2'. However, in an
5 alternative enbodi nent, oxynitridation of at |east one silicon oxide thin
| ayer 2 and/or 2' can be total. Furthernore, a part of the underlying
silicon can also be consumed during tfis step. A part of the silicon of
substrates 1 and 1', | ocated underneath silicon oxide thin layer 2 and 2',
can thus also be transforned into silicon oxynitride. 10 Furthernore, the
potential difference between the plasma and the substrate holder is small.
It is in particular |less than 50V, advantageously |ess than 15V and nore
particularly zero or alnost zero. This potential difference corresponds in

particul ar |4 ﬂg@re%*@baem,%&?ﬁﬁmtmfaﬁe&hin\ﬁ@wﬁfs bfesiRdor Bxidé 2pand 2clel ar | ess
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and/ g4 fromthe residual oxygen in the chanmber used for perform ng the

surface treatnent step. The superficial thin filmaccording to the
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treatment of step is performed,” or it can performed ex situ. This
step F3 cam singlenplasma (hétreaareased plasma). dhisestept dgeshowpver engklacut any
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enbodi ment
film containing not only nitrogen and silicon but also oxygen. The oxygen

25 present in the superficial thin film formed according to the invention can in
particular originate from a quantity of oxygen contained in the nitrogen-based
plasma and/or from the oxygen which may be present in the underlying thin
layer and/or from the residual oxygen in the chamber used for performing the
surface treatment step. The superficial thin film according to the invention is

30 therefore not formed, as in the article "Formation of silicon on plasma
synthesized SiO.Ny and reaction mechanism" by Ming Zhu et al. (Applied
Surface Science 243 (2005) 89-95) in two successive steps respectively



20 internedi ate steps can be performed between steps F2 and F3, for exanple
to renove the particles or any contam nation (netallic or hydrocarbon or
such like) that nay have been deposited during step F2 or subsequent to
step F2. These internedi ate steps can 8 or exanpl e conprise surface
treatnment steps which can be chemi cal or steps conventionally used in the
25 mcroelectronics field. For exanple purposes, substrates 1 and 1',
provided with superficial thin films 3 and 3', can be inmersed in a
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oxi de superficial thin layers: Si02 obtained by wet process to be bonded on
Si 02 obt ai ned by wet 20process,  native Si02 to be bonded on Si 02 obtai ned
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25nm to b?s b)%n o?r%egnop?’} Icgr? b%,l pezzrformed ex situ. This step F3 can further be

performed directly after step F2, i.e. without any intermediate step between

the two steps F2 and F3. In alternative embodiments, one or more

20 intermediate steps can be performed between steps F2 and F3, for example

to remove the particles or any contamination {metallic or hydrocarbon or

such like) that may have been deposited during step F2 or subsequent to

step F2. These intermediate steps can for example comprise surface

treatment steps which can be chemical or steps conventionally used in the

25 microelectronics field. For example purposes, substrates 1 and 1', provided

with superficial thin films 3 and 3’, can be immersed in a megasonic-assisted

chemical bath or not megasonic-assisted chemical bath, or they can be

subjected to one or more brushing operations, one or more heat treatments

in a controlled atmosphere and/or one or more ultraviolet radiation/ozone

30 treatments.



thermal 5102 (for exanple a thin layer with a thickness of about 2.5nmto

about 25nm to be bonded on thermal Si02 (for exanple a thin layer 30with a
t hi ckness of about 2.5nmto about 25nfn%). 10 Furthernore, bonding can al so
be achieved by formng a single superficial thin filmof silicon oxynitride
at the surface of one of the two silicon substrates 1 only. In this case,

before the contacting step, the surface of the other substrate 1', designed
to come into contact with the silicon oxynitride superficial thin film2 of

substrate render hydrophilic b reati a erfici.al thin
ayer of st HEAERAIERAE e RO N Molfese) o8 6 PP ORSR R BBl hough
the enbodi gapstraterriepeffortied byl folmirks a superitisianR Mk of SilibeH Bkpsitride
hydrophi |l i c surfaces, direct bondln?tu5|ng activation by nitrogen- 10 based

pi asma can 328 3bat her pwfanedobpach at thabwa subsiraiper dpwebes thaboading The
hydr ophobi ?nétHg& aﬁﬁc@ﬂ[hgt {{gz ulri]’ele titpggn{icgrgelss bt 26ifitdd '4h8 ehibbdfiHBRE M at es
gen-based p

that is not Subjecte | asnma” activatron step, when a
si ngl 8 supespresenaiedtihifigufed Me#, silicon onmtride is forned at the surface
of one of the two substrates only. The hydrophobic surface can al so be the

15 free surface of the or of at |east one of the substrates designed to be
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ni t r ogen- baspdrfigiaddhin lggareraftsditobnyoxdde iang tartmadealythecspfasg qfl sathsbratasur ce.
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present 1t 7 20 By WER T ESe AT 1 ARACURLPER Wt BrebeRs e arb ehr o 1%
neceggary Hyweles) ht et QRENbi fied8upériBial hiRSapdlsCof §liBsh TxRRS 88 He t he
surface of the silicon substrate. In both cases, a silicon surface can be
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cl eani ng akachers etieraidal Fhpot H¥position SCVEN)! MrebediMm HRttetBREABS) idribyneed to
be bulk silicon substrates. Thus, in alternative enbodi nents, at |east one

of the subdidustivalyceauried piasnae clepspitionp(IaPd K alsonge 2 #initawer ehi n

| ayerand/ 8. Sl | de. .t hi I oRp,,t f or
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curface t hBVRctUbsales A dWhowatass qark 14y ForoRXamP& PecariigNadivining | ayer

'S pr ef er abby AR HYoRRHHG M1iA SIRBTGROTRLBEACHIA 146 m Crometers. For

exanpl e purposes, a gernmani umm substrate can conprise a silicon and/or of
silicon oxide t&HiOx dkigmedwby el procesantss be dmngledsen St wibéaingd dydwshm and
adva% ageously ;%cés”é’,‘ on the surface thereof
- native SiO; to be bonded on SiO, obtained by wet process,
- native SiO. to be bonded on native SiO,,
- thermal SiO; (for example a thin layer with a thickness of about 2.5nm
to about 1 micrometer) to be bonded on SiO» obtained by wet process
25 and
- thermal SiO; (for example a thin layer with a thickness of about 2.5nm
to about 25nm) to be bonded on native SiO,.
- thermal SiO; (for example a thin layer with a thickness of about 2.5nm
to about 25nm) to be bonded on thermal SiO; (for example a thin layer

30 with a thickness of about 2.5nm to about 25nm).



In all cases, once the substrates (or plates) have been put in contact, the
bonding interface fornmed by at | east one silicon oxynitride superficial
thin filmpresents a considerably small er nunber of defects conpared with
bondi ng 10 met hods according to the pffor art. The bonding interface is
advant ageously defect-free. In particular it does not contain any bubbles.
This interface furthernore remains of good quality with tinme, even when the
bonded structure is subjected to heat treatnent at any tenperature rangi ng

nter ace. FUrEIRREE Wi 68, 480 s aclpled el friohie A sk SRTHEA

activati on tisihgim(cfistiiRohDxyhitidd v theldurkitRPbforke 6f theGed Micon dubsttatddin film
to be obtained presenting: - an atom ¢ percentage of nitrogen of nore

than a fewlpentredd thisocasahpiose 2bgogontaeling stans uharswice ohahe 1@heand
preferably g ﬂg ﬁaﬁeha\“ %8:(? A8 1SR g g&ghe r%"”sﬁi IR @ %bipr}oeess than

50% - an € 7on 'denst Pl cat | on correspondl ng € va ue o

Ps, wkere pgupemdices ehinsi 1:tnh2 oflsabstrate tless by refidéred Isidropitilic by \onedtingle and
psi represents the electron density of the silicon, nore than 10%

pr ef er abl y a8Rericiakihy leysg ﬁfn‘-éi"‘&fbﬂx'ﬁﬁr‘ér ipranm @?é@f‘?err%’rlyqrﬁ%wtl@% for its
maxi mum val ue over the thickness of the layer, - a thickness of nore than
0.1 nm and advant ageously nore than or equal to 1nm - very |ow surface and
vol unme conM%télthwgbfthe&ﬂnbodhsenta@prséaymd iire iguresud ftacé candistoliunme
concentrati %H in MoWydt}ggﬁﬁib surfaces, direct bonding using activation by nitrogen-
10 based plasma can also be performed with at least one hydrophobic surface.
The hydrophobic surface can thus be the free surface of one of the
substrates that is not subjected to the nitrogen-based plasma activation step,
when a single superficial thin film of silicon oxynitride is formed at the surface
of one of the two substrates only. The hydrophobic surface can also be the
15 free surface of the or of at least one of the subsirates designed to be
subjected to the nitrogen-based plasma activation step. In this case, it is the
silicon-free surface of the substrate that is exposed to the nitrogen-based
plasma generated by an inductively coupled plasma source. Furthermore, in
this case, a small quantity of oxygen or water, for example present in the
20 plasma or in residual manner in the frame structure, is necessary for a silicon
oxynitride film to be able to be created at the surface of the silicon substrate.
In both cases, a silicon surface can be rendered hydrophobic by performing
CARO cleaning, RCA cleaning and cleaning with hydrofluoric acid (HF) in
liquid or vapor form. This last cleaning phase then eliminates the silicon

25 oxide layer created when CARO and RCA cleaning are performed.

Finally, the substrates do not necessarily need to be bulk silicon substrates.
Thus, in alternative embodiments, at least one of the substrates can be
replaced by a plate comprising a silicon thin layer and/or a silicon oxide thin
30 layer on the surface thereof. For example purposes, the plate can be formed
by a different semi-conductor material from silicon, in particular germanium,

by a glass or by a metal, and it comprises a thin layer of silicon or silicon



12 To obtain a superficial thin filmof silicon oxynitride with the
above-properties, the operating conditions to performthe activation step

by nitrogen plasna are advantageously the followi ng: - The substrate or
substrates are placed in the ICP chanBér. - The pressure inside the chanber
before the surface treatnent is preferably lower than 10-3 mllitorr (nil),
| .e. about 0.1333 nPa. - Plasma activation is performed with a nitrogen

partial pressure |lower than or equal to 40nT (i.e. about 5.33 Pa) and

it rogon. pande,P 3% stiffed efeah TnksRBss Bhin Sliadh HERYcFY Bietn T
preferably dyieis tgraferablye @ofiprised6 bBawadt fdfeant egrensteys | Sweratfean or
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subst gat es and Srampas edeattagsoasly ah Bage onshy shirfabethdérbafl t he anbi ent
tenperature. The substrate hol der can thus be kept at a fixed tenperature
t he value of which is conprised in the 150C 350C range. - The

I nducti vel u S | '
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bet ween 50vhdirg BETEceFormet Ihysatrlassioonepsitipars exynitriglet supssfigalctainy filed out
with silicon substrates with a thickness of 0 mcrons and a di ayeter of
200mm 1 ni § PLPSg e e CERRHAGRLLY Sealpluptarof deTBe tamaied itk iorgihol o of
a-wahgr dr gRAAbAS azkbordi P RS pliof Art! ThE &dridiny ARSTAd ROadRiMiAde Qs Of
which are set out in the table bel ow, therefore each correspond to a
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eXPOSUre | fndlitd8IFARB-AS TR GRAFRLRE YARCGmET LOUP (RO hE OBgnbYy a0 | P
structure is subjected to heat treatment at any temperature ranging from
ambient temperature up to 1300°C.

15
The quality of the bonding interface is further improved when the operating
conditions of the activation step (step F2 in figure 1) enable a silicon
oxynitride thin film to be obtained presenting:
- an atomic percentage of nitrogen of more than a few percent (for example

20 5%), in particular more than 15% and preferably more than 30% and less
than 65% and more particularly less than 50%,
- an electron densification corresponding to the value of Ap/psi = PP

SE

where p represents the electron density of the silicon oxynitride and ps;

represents the electron density of the silicon, more than 10%, preferably
25 more than 15% and even more preferably more than 18%, for its maximum

value over the thickness of the layer,

- a thickness of more than 0.1 nm and advantageously more than or equal to

1nm,

- very low surface and volume concentrations of -OH bonds,

30 - significant surface and volume concentrations of -NH bonds.



13 DPS+. Moreover, for all the exanples 1 to 7, the operating conditions
set out below were applied: - potential difference between the substrate
hol der and ground: zero pressure in the chanber before the plasm
activation step: 10-3 nil nitrogen paflitial pressure during the plasma
activation step: 5 ml nitrogen flux during the plasma activation step:
100sccm Ex 1 Ex 2 Ex 3 Ex 4 Ex 5 Ex 6 Ex 7 Type of cleaning Caro + RCA
(SC1+ SC2)

To obtain a superficial thin film of silicon oxynitride with the above-properties,
the operating conditions to perform the activation step by nitrogen plasma
are advantageously the following:
- The substrate or substrates are placed in the ICP chamber.

5 - The pressure inside the chamber before the surface treatment is preferably
lower than 107 millitorr (mT), i.e. about 0.1333 mPa.
- Plasma activation is performed with a nitrogen partial pressure lower than
or equal to 40mT (i.e. about 5.33 Pa) and advantageously about 5mT (i.e.
about 0.66 Pa), for a very short time. The nitrogen partial pressure during the

10 surface treatment is thus preferably lower than or equal to 6 Pa and
advantageously lower than or equal to 1Pa. Furthermore, the time of the
surface treatment is advantageously less than 5 minutes and preferably less
than 2 minutes. It is in particular comprised between 30 seconds and 90
seconds.

15 - The temperature of the substrate holder designed to support the substrate
or substrates to be processed is advantageously higher than the ambient
temperature. The substrate holder can thus be kept at a fixed temperature
the value of which is comprised in the 150°C-350°C range.

- The inductively coupled plasma source comprises a radiofrequency power

20 generator having a power which can be a few hundred watis preferably
between 500W and 800W.

For illustration purposes, tests were carried out with silicon substrates with a
thickness of 750 microns and a diameter of 200mm initially presenting a
25 hydrophilic free surface (wetting angle of a water droplet < 5°). Examples 1 to
7, certain operating conditions of which are set out in the table below,
therefore each correspond to a bonding process between two substrates
subjected both to cleaning and to exposure in a nitrogen plasma generated
under various conditions by an ICP source before contacting.
30
The chamber in which the surface treatment is performed for examples 1 {0 7
is a device marketed by Applied Materials under the name AMAT Centura



Caro + RCA (SCl+ SC2) Caro + RCA (SCl+ SC2) Caro + RCA (SCl+ SC2) + HF Caro
+ RCA (SCl+ SC2) Caro + RCA (SCl+ SC2) Caro + RCA (SCl+ SC2) RF source
power (in W 800 800 800 800 500 800 §|3:QO T of the substrate holder (in C
250C

DPS+. Moreover, for all the examples 1 to 7, the operating conditions set out
below were applied:
- potential difference between the substrate holder and ground: zero
- pressure in the chamber before the plasma activation step: 10° mT
5 - nitrogen partial pressure during the plasma activation step: 5 mT

- nitrogen flux during the plasma activation step: 100sccm.

Ex1 Ex 2 Ex3 Ex 4 Ex 5 Ex6 Ex7
Type of Caro Caro Caro Caro Caro Caro Caro
cleaning + RCA + RCA + RCA + RCA + RCA + RCA + RCA
{8C1+ (SC1+ (SC1+ (SC1+ (SC1+ (SC1+ (SC1+
8C2) SC2) 5C2) SC2) 5C2) SC2) SC2)
+ HF
RF source 800 800 800 800 500 800 800
power {in W)
T° of the
substrate 250°C | 250°C | 250°C | 250°C | 250°C | 150°C | 350°C
holder
(in °C)
Exposure
time (in s)

60 30 90 60 60 60 60

Before the plasma activation step, all the substrates were cleaned with Caro
10 cleaning followed by RCA cleaning (SC1 and SC2). The substrates of
example 4 were on the other hand then subjected fo hydrofluoric acid
treatment to obtain a hydrophobic surface and removal of oxide at the
surface. The other surface treatment conditions in example 4 are identical to
those of example 1. The operating conditions of examples 2 and 3 are
15 identical to those of example 1 with the exception of the exposure time of the
substrates to the nitrogen plasma, which is 60s in example 1, 30s in example
2 and 90s in example 3. The operating conditions of example 5 are identical
to those of example 1 with the exception of the power of the radiofrequency

generator which is 500W in example 5 and 800W in example 1. The



250C 250C 250C 250C 150C 350C Exposure tine (ins) s) 60 30 90 60 60 60 60
Before the plasna activation step, all the substrates were cleaned with

Caro
14

operating conditions of examples 6 and 7 are identical to those of example 1
with the exception of the temperature of the substrate holder which is 250°C

in example 1, 150°C in example 6 and 350°C in example 7.

5 The superficial thin films formed in the substrates and the bonding interfaces
obtained after two substrates have been brought into contact were
characterized by different analysis techniques such as X-ray photoemission
spectroscopy (XPS), X-ray reflectivity (XRR), Fourier transform infrared

spectroscopy (FTIR) and scanning acoustic microscopy (SAM).

10
The different analyses performed prove the presence of a nitrided silicon
oxide film. The composition of the films obtained in examples 1 and 4 were
characterized by X-ray photoemission spectroscopy (XPS) coupled with the
plasma treatment chamber. The measurements made for the substrates
15 processed according to example 1 revealed the presence of a thin film of

SissN3s014 (only the majority species Si, O and N were guantified) that is
stable in time. For example 4, the measurements also revealed the presence
of a thin film of SissN4s07 that is stable in time.

20 Analyses by high-resolution X-ray reflectivity (HR-XRR) enable it to be
determined that, for examples 1 and 2, the silicon oxynitride thin film of each
substrate has a thickness of about 2nm. An increase of the electron density
of the film formed during exposure to the nitrogen plasma can also be
observed compared with the density of silicon. For example purposes, the

25 maximum value Ap/ps; of the film formed in example 1 is at least 18%
whereas in example 2 it is at least 20%. This increase of the electron density
is in particular illustrated in figures 5 and 6 which correspond to the variation
of Ap/psi versus depth z in a bonded structure with two silicon substrates
respectively obtained by a bonding method according to example 1 and by a

30 bonding method according to the prior art comprising the same conditions as
those of example 1 for the cleaning step but without the plasma activation

step being performed. The electron density values p versus the depth and for



10 cleaning foll owed by RCA cleaning (SC1L and SC2). The substrates of
exanple 4 were on the other hand then subjected to hydrofluoric acid
treatment to obtain a hydrophobic surface and renoval of oxide at the
surface. The other surface treatment &dnditions in exanple 4 are identica
to those of exanple 1. The operating conditions of exanples 2 and 3 are 15
identical to those of exanple 1 with the exception of the exposure tine of
the substrates to the nitrogen plasma, which is 60s in exanple 1, 30s in

exanmple 2 [ rati L) 5 are
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reflectivipyas@R) as reported in the article "H gh-energy x-ray
reflectivity of buried interfaces created by wafer bonding" by F. Rieutord
et al. (Physical review B, Volunme 63, 125408). Figure 5 also enabl es the

thickness 9fi6a6sh by bgelHIaEARYBAtrofled in ICP mode with a low or even
advantageously zero potential difference between the plasma and the

25 substrate holder and ground, is thus a surface treatment technique whereby
bonds can be obtained that do not present any bonding defects in a wide

post-bonding annealing temperature range.

Activation by nitrogen plasma, controlled in ICP mode has already been used
30 in other fields to produce silicon oxynitride films. For example, the article
"Mechanism of Plasma Nitridation of Silicon Dioxide Employing Surface-

Wave and Inductively Coupled Plasma Sources” by Hideo Kitagawa



Furthernore, for all the filns fornmed according to exanples 1 to 7,

anal ysi s by scanning acoustic mcroscopy (SAMw th |ateral resolution of
about 30pm enables it to be observed éhat t he bonding interface of two
bonded substrates does not present any’defects (absence of bubbles) and is
stable 10 in tenperature, whatever the tenperature of any anneal that may
be performed after bonding and in particular in a tenperature range rangi ng
from anbi ent tenperature up to 1300C. The absence of -OH surface and vol une

bonds for al fi [ oh ¢l t X es..1 t he
presence o?JéRér%%ﬁo%%ESFSP%%@ﬁ?%ﬁ“’%ﬁ"&%ﬁ@?g‘eg@ s?gpgéé)dﬁ????gﬁarrpl e
pur poses, fregomethe aepoLBanssriadietrEdiniRistie produad piliodn Axyrétridaniirends
tenperature of the silicon oxynitride thin filmformed in exanple 1 and the
FTI R spect 98 dislentries 'W%Fs%'f trepsisttsde fil mformed during a bonding

met hod according to the prior art (under the 20cl eaning conditions of
exanple 1 but without activation with a nitrogen plasnma). Activation by
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anneal i ng tenperature range. Activation by nitrogen plasnma, controlled in
| CP node hanahlesctheéyddiectratioenf {86 Lomditchimterface thsbe signitichntly igiprdvash

oxynitride fjlnms. For, ex le, the article "Mechani sm of Pl as Ni tridation
ot VS 1 con @pena. OReRRY Mittenar ta nestiondid AleRME smeatliis) B s
Sour qgs” byaHidar thid REHVRemEdt [SIoRREELY Y BRlatioh diRliéad diysiiésn Vol
46, n8A, 2007, p 5304-5312% reports the use of this surface treatnent to

produce si loxyoitrids puperficid thinl fitgy wihgatkicinesscet af least @ favskmths drsi st or s.

used i n o genarigel AiE i et iR Rl dCendRRe 8 Hea R Hen gl CRFRITS | ou
or zero potdentifiehtich)fihene peeedetvaataddi® isaipgtdatied. hol der and the pl asna,

it enables the defect ratio of the bonding interface to be significantly
i nproved (absence of defects whatever the post-bondi ng anneali ng

t enpggat ur 1 art.j r 1S t ¢S ai; Dyt
cr eaﬁlgon oy%rtebl(}%%s?th%nebglﬁ#‘bgonﬁ%t(@%q ?Hcgépdgﬁ%ert i c?’tagit tI I ntlplxl m@é\'?\n] th a
t hi ckness aklvanhtdgeasslydd applisaincdrjoiotly &0 aanetmetierseainfdr pasRudintpbotided whi ch
enabl es the. el ectron nsi&éés (el e(it r.on d%nsi fication) in the ﬁ)l %t es
subsur f ace SiligopOR OF {501) substrates and comprising a ‘gas lon implantation
step before the two substrates are brought into contact. Such a method, also
known under the name of "SmartCut™", is described in European Patent
20 application EP-A-0533551. The bonding method according to the invention
can also be applied conjointly to a process called BESOI (respectively BSOl),
standing for "Bond- and Etch-Back Silicon on Insulator" (respectively
"Bonded Silicon on Insulator") whereby stacked structures with single-crystal
fayers can for example be produced on buried oxide layers.

25



15Mor eover, the bondi ng nethod according to the invention can

advant ageously be applied conjointly to a nethod used for produci ng bonded
silicon on insulator (SO ) substrates,and conprising a gas ion inplantation
step before the two substrates are brought into contact. Such a method,

al so known under the nane of "SmartCut TM', is described in European Patent
20 application EP-A-0533551. The bondi ng net hod according to the invention
can al so be applied conjointly to a process called BESO (respectively
BS01), stansliafgsf or "Bond- and Etch-Back Silicon on |nsulator”
(respectively "Bonded Silicon on Insulator") whereby stacked structures
with single-crystal |ayers can for exanple be produced on buried oxide

| ayers. 25 17 Cains 1. Method for direct bonding of two plates
each conprising a thin layer 5 made of silicon oxide or silicon at the
surface thereaflett@itafrcdiesdtzgshding tdfafwo Peites eddheceontisrll Adhat efydhet ween
the respective thin layers of the two plates, the thin layer of at |east

one pfat e :r@aﬁgb}f@gﬂl@a @ﬁdglogisﬁm slutheagisfacechiereait cha@siarzesi inghat, )
Snm by nedhob 1 5B PusyBR. BEeBhefdul At Gaath et b BNER r Rl 80 "

coupl ed pl gsaressabis aRinaRgct Bf tHldcpsiessd gratefisasutpectatiital a diddlerstmeecof | ess

t han 50V between the plasma and a substrate hol der supporting said plate.
2. Method deedrnigstes rming B surarfisédlethin dimi AT ilieent pyyrHbidenwith a

15di fferencg: | ) t ardi | &l
characteri gtg"c# @ﬁggﬁg{&%ﬂgaé%ﬁéﬁtﬁa Eglﬁs @r%ﬁ@ga:ég%z%ﬁ ggplé%}l](é @hr{e@r%tee%j hod
~accoryi ng tioy anyindoetively coapled dlasmadsowrbaraadt ierthzegtesantdaf at petentiafe of

t he surface .&reat ment is less than 5 mnutes., 5. The netho fiaﬁéﬁloor‘ (isrng to

claim4 , cHHPERNGS: PL s hamaoV hetweer 198 PlREM&uPNYCR §Y

conpri sed ns9apeqgds and 90 seconds. 25 6. The nethod according to
any one of bﬁlgl m;q toq%, characterized in that the substrate holder is

kept at a tenperature conprised between 150C and 350C during the surface

treatment. , Method " according to claim 1, characterized in that the potential

15 difference is less than 15V.

3. The method according to claim 2, characterized in that the potential

difference is zero.

20 4. The method according to any one of claims 1 to 3, characterized in that

the time of the surface treatment is less than 5 minutes.

5. The method according to claim 4 | characterized in that the time of the

surface treatment is comprised between 30 seconds and 90 seconds.

25
6. The method according to any one of claims 1 to 5, characterized in that
the substrate holder is kept at a temperature comprised between 150°C and
350°C during the surface treatment.

30 7. The method according to any one of claims 1 to 6, characterized in that

the nitrogen partial pressure during the surface treatment is less than or

equal to 6 Pa.



307. The method according to any one of clains 1 to 6, characterized in
that the nitrogen partial pressure during the surface treatnent is |ess
than or equal to 6 Pa. 18 8. The ne%?od according to claim?7,
characterized in that the nitrogen partial pressure during the surface
treatnment is less than or equal to 1 Pa. 9. The nethod according to any
one of clains 1 to 8, characterized in that the thin |ayer nade of silicon
oxi de of at |east one plate is a thin layer of native silicon oxide.

10. The method according to any one of clains 1 to 8, characterized in that
10the thin | ayer made of silicon oxide of at |east one plate is fornmed by
wet procesg. The ibthddhecwetdingl tacclaimi Ngcharaaterizedeirofthatl tHemmitiodgem 8,
characterized in that the thin | ayer made of silicon oxide of one plate is
formed by pﬁétralrﬁre%&ﬂaaﬂgmﬁsuri@ce raatmntisiessdban @ sguabioahfaone of
clainms 1 to 8, characterized in that the thin | ayer made of silicon oxide
of one plate is fornmed by deposition. 2013. The nethod according to any one
of cla&ins 9.t Jdhé2nethoar acdoedingdd any oheabf ataimeakto 8nehalaaterized ihdhated by a

sem - condugt or _substrate copprising.the thin laye de of  silicon oxide or
11 con at 1 SURTIR¥S! MHAGECR Siiooh Shidey §f aiigastcie, BISE ds ufNG 'REFICPhi m 13
char act eri zgdvé QilikbRbxidae sem - 25conduct or substrate i s gernmani um based.

10. The method according to any one of claims 1 to 8, characterized in that
10 the thin layer made of silicon oxide of at least one plate is formed by wet

process.

11. The method according to any one of claims 1 to 8, characterized in that
the thin layer made of silicon oxide of one plate is formed by thermal

15 oxidation.

12. The method according to any one of claims 1 to 8, characterized in that

the thin layer made of silicon oxide of one plate is formed by deposition.
20 13. The method according to any one of claims 1 to 12, characterized in that
at least one plate is formed by a semi-conductor substrate comprising the

thin layer made of silicon oxide or silicon at a surface thereof.

14. The method according to claim 13, characterized in that the semi-

25 conductor substrate is germanium-based.

30



