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 art 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

contact tog ] LEl ' ' rfaces
Can Tor_ exand RQGEN.PEAMIASIREACE TREATANY I A DIEEF BRNBYTE
substrates) devoid of silicon oxi de MBNHO®RS 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 8i ent IBaakgreuntlofctthe inwention t o enabl e 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
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the surfaces. However, subsequent heat treatment, r exanple at a
t enper at ur €oofprisingua thioday@r af 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 melting-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 chemistry 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 geneFaIIy 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 ect rochem cal Society, 147 (7) 2693-2698) studied the effects of
activation gf con., .silic nd cr st al quartz asna or
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pr esent hlg surface energl es conparable with those obtained for bonded

struct ur esadmissiblig} ected 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 og ned B}Onﬂ'&@&‘nenhodsdﬂm qeqairing BighRniperatirev eaD trezitwlentg/Haveuct i vel y
coupl ed pl asna) pe. 20 In the article "Effects of Plasma Activation on
Hydr ophi | i @lreaﬁba Pﬁ@n bropgsesia d hey genefgllyconpyise asudace agiiatiorister- t he

El ectrochem cal Society, 149 (6) G348- G651 (2002)), a reactive ion etching
node (also called RIE) is used in association with an activation by
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of silicon wafers rin act 0 olarizatiq, tage vary
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t hey have Bﬂ*@ﬁtmteﬁﬁ”ﬂlﬁ!éd wgnfv&gg@ﬁ plé:‘srﬁérde n%il@srﬁdbbl%%bﬁﬂhtgfh heat
treatnment at a terrperature of 10 for hours. The results reported in
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In the article "Effects of Plasma Activation on Hydrophilic Bonding of Si and
SiO2" 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 : H,O, : H,0O, 70°C) and/or in
deionized water, and dried. After they have been contacted, the bonded



10 based material, for exanple 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 naterial treated
inthis way is then put in contact wi 2h another hydrophilic and reactive
surface, and the whole is then heat treated to a tenperature of about 300C.
15 Al though the activation techni ques nenti oned above enabl e

| owt enper at ure bondi ng net hods to be obtained with cohesion energies at
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intergace @freét@rééaigeaxgsacgmefd!mtdhbnﬂ@ﬂtm@hiﬁgmber of defects conpared
wi t h bondi ng net hods 30according to the prior art, and advantageously a

defect-free interface, in particular whatever the tenperature (in

parti cul ar | n ' t tur plied to
t he struct “f?%%’bfm%%@hyﬁg P&ﬁdﬁgﬁégﬁk’%l a e?&gdgcg?%ﬂﬁglﬁgqtghgmn%ent i on,
tgl s obj echitirri];ée aayjrgyedﬂbyc;ftﬂ\e t&ﬁpemdmbb fs:tca'make he laftepabth hydir@]?hiliﬁhi S

obj ect is achieve the fact that efore g contacting step of the
respect i veaf‘ﬂirﬁa¢ta§¢e$/t§°Wftemf@r?W-ﬁ4VQ?@§he1SH ace Mmatergld ad?°’§f"%°@§§t one

pl ateggsi s suhi : | 2 td ; ' erficial
Phin 01 m SRoS TAcha, Rrdidle SHcbR el fiF B IS oMAT NI oSl ons
of a ni t r ogahaheerk¢hphicatavaporedepasitidyy (RRCMVIR)u after standaond ptleahipy asfra

POunCC 0% A R S o SbaRe e M i S S ataliap, S0
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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 SizN4 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



15 O her advantages and features will becone nore clearly apparent fromthe
follow ng déscription of particular enbodi nents of the invention given for
non-restrictive exanpl e purposes only and represented in the appended

drawi ngs, in which: 20 figure 1 repre§ents different steps of a particular
enbodi mrent of a bondi ng nmethod according to the invention in block diagram
form figures 2 to 4 schematically represent, in cross-section, the
different steps for producing a bonded structure according to the

aspect | vePEh BURRATHE 08, 00D sk aBeespi Be Spuienie MBS By e s,
anbi ent t epBAAEd plfes.i N @ bonded structure of two silicon wafers, obtained

by a particul ar enbodi nrent of bonding according to the invention and by a
bondi ng net hod according to the prior art. 30figure 7 represents the
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silicon su r . AN f by
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a surface treatnent step F2 transformng at, | east a r f the thin |ayer
o “51 || coneicksE s st Bemcreted Ryah Bscliely SoubEd eenta Spei n 1 i m
of 1%gi i caRdaNMAkIPrE8énck 8NE pbotential 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 structure according to the particular embodiment

25 represented in figure 1.

- figures 5 and 6 respectively represent the variation of Ap/psi 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



and a step F3 of contacting the two substrates 1 and 1'. Formation of each
superficial thin layer 2 and 2' is advantageously perfornmed by cl eaning of
CARO type foll owed by cleaning of RCA type conprising a 20 first stage of
SCl type and a second stage of SC2 tyﬁe. CARO cleaning is cleaning in an
acid bath called CARO (H2SO4 + H202). The first stage (SCI or Standard

Cl eaning 1) and the second stage (SC2 or Standard C eaning 2) of the RCA
cl eani ng respectively consist in cleaning by neans of an al kali ne sol ution

such as NHACOH + H202 + H20 and.in cleani .Of .

oxi di zi ng agéﬂ a'?lgcﬁ)eﬁruﬁtp?ﬂa- 5#%’2‘ 9"'3&65%@ ﬁ&%allﬁﬁsgﬁ%bagﬁ?wégn oxi de
2 and 2' thusadcofdiRg tofiRsHidr drhaxtpvisiehe@enptratueeng defect-free. At this
stage of the nmethod, the surface of each substrate 1 and 1' forned by the

free surface of the silicon oxide layer 2 and 2' is thus hydrophilic. 30As
represented in figures 1 and 3, between the cleaning step FI and the step
F3 of putting the substrates 1 and 1' in contact, a single step F2 of

treatgrent Dieseipdionusf paticula embodimedtsict i vation step, is perforned. This
enables a 6 superficial thin film3 and 3 of silicon oxynitride, with a

t hi ckness of |ess than 5nm and advant ageously of about 2nm to be formed 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 layer 2 and 2' of each
substrat e Aceodiirlg tosa eapticdar embaimenyirepreseptedt in figuresr dgten 4pltesna

generated by an indyctively couple | a squrce | so called |CP).

Subst r at ess%c‘arr‘ldsqbslg'@i‘ﬁs bL @Sgoﬁe@?ﬁ‘g qai’ggn?'ﬁ?%e‘ﬂgt%r%sﬁﬁp fonfeda¥ousi y or
10 sygcesskysdassively b@ﬁor‘n‘ﬁhg?r case, the surface treatnent conditions to
which the two substrates 1 and 1' are subjected can be the sane or

di f f er ent . - Fua stegr Fbvéherely asthirelayer ofisilicoataxide 2 angs?'riatfesnad avet to t he
nitrogen plasm can perforned in re steps. 15What is neant by
nitrogen pl asﬂ{ﬁcf? apﬁﬁrsé'r{ﬂcF;Bgﬁghsggggrgén@BMVer, in nore general nanner,
the pl asma.t g whifede FelEhémistsp RF2arsthsfornfing atleet acparbof thethindayér of

ni trogen-based plasma, i.e. a plasnma whose reactive gas_is nitrogen, which

does not exclsiliron psidgorrevisusiv forated: wesigpeEdnple Arsunesliciabtiim i of carrier
gas %Jch as gL@on &yn‘&ﬁggrS SA58S in residual quantities. In

- 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 + H20,). 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 NH4OH + H,O, + H,O and in cleaning by means of a strong
25 oxidizing agent such as HCI + H,O, + H20. 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



20 particular, other gases can be present in the nitrogen-based plasma in
smal |l quantities in so far as they do not prevent the formation of the
superficial thin filmof silicon oxynitride. The plasnma can for exanple
cont ai n oxygen, hydrogen and/ or water 8 The concentration of these ot her
gases is about a few percent and nore particularly less than 5% 25 In
general manner, the silicon oxynitride superficial thin filmcan contain
chem cal species, such as hydrogen or oxygen for exarrpl e, in small
guantities he .ge a of t.he, si nitride is
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formof gases in the plasm or again be present at the |evel of the treated
super fi ci alayemiZrand 2nof ea;ch|subrsir@gﬁ éand bnd 4, oxynitridation of the thin

| ayers of silicon oxide 2 and 2' is partial. The thickness of superficial
thin filmse 3 and 3' is thereby snmaller than the initial thickness of

silicen oxiFd;e thid, rthé oy Sudfaee@bfXhe i@y Axidd thiarnaperalt sndat iof eeach
enmbodi nent , %@tl tridation of at |east one silicon oxide thin |ayer 2
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particular to a charge species energy at wafer level 1n 15 particul ar |ess
than 50eV &wnd sdbsiratageduang 1'esse tsubjectse\camdderdhe pameu ouldiffegenzero or

al nost zer char ged s eci.es.q he ni as nitr.ogen- based
Dl aorm ar e TLRORITGHE ARoSHE O Slhiale Brarhe0RRs DPha. B HiRER ot e
or subst r alpRfsm® cBA bl FErfsTARY in2MRCeIaheidsteps. t he invention, formation of
the superficial thin filmof silicon oxynitride is perforrred in a single,

short surface treatnent step, by neans of a single plasma (nitrogen-based
pl asng) e g%{? o} ni th a
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and/or fromt ual oxygen int or  per orm ng the
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respective
P f¥m 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.



8 consisting of nitridation (by neans of a nitrogen plasm), and then of
oxi dation (for exanple by neans of an oxygen plasma). This enables a fine
silicon oxynitride to be obtained presenting an interface with the silicon
havi ng good el ectronic properties and’a good surface nitration. In the
article 5 by Mng Zhu et al. however, it is proposed to produce a silicon
oxynitride with a thickness of about 80nmto replace the buried oxide of a
silicon on insulator (SOD substrate and to inprove the heat dissipation by
the substrate. Furthernore, by choosing a potential difference between the
pl asma and 10 substrate hol der of |ess than 50V, advantageously |ess than

15V and prgf gg@ekY3 4684 @, okpSitiiHRA ofthe d8ihaaYSrsUfafiRBn didé RearkPRdisng
interface 1's Cconsiderably reduced or even zero. Finally, step F3
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two superfjcial.thin filns nd 3’ .in.dir cgnt act,, ' e n be
per f or med h? &'P%’,{hlqké'?s§n°€ﬁ@c%m t@ﬂeﬁgé'ishg éﬁ‘?fza‘cyg’weéék’n@n%ﬁof step
F2 i s5 per f gram@tive 'emBodiment oxyRltii@atitrdort Riabtiond RillRopt®dide-this daydrur t her
be perforned directly after ste i.e. Wthout an%/{_ i ntermedi ate step
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F2,
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to renpve UHe par any” contanm nati on rocarbBon or
such | izke) Irficbeéd Wehmd hbsiticortl eppdda ttb':cth thyerng isrhcem’FZanrthsba]Icwubat to
step F2. These internmedi ate steps can for exanple conprise surface

treat ment YeBpOrMEHIPOSICORORMEAA®al or steps conventionally used in the
25 mycroel ectronics field. For exanple purposes, substrates 1 and 1',
provided with superficial thin filns 3 and 3', can be imersed in a
megasoni c- kaghetredres tieeripotdntiah diffevence betwems the plasss and dhe sebstcate bat h,

th bj ect ed t brushi t]
heat "t 1 eat Rekies T Sna of i indrarieniat 1658 iy BUY e hrtBaRstisy BSs L5 1BY, ol o
radi ati on/ ga@nencidt RpficRals - ze® gt EifoSThRIbMEMisT ittt diffeidhcel gures 1

to 4, bonding of two bulk silicon substrates is performed by formng a
super fi ci acotraspondd in grarticulac éa @xaharged d@pegiesnengrgyaat twafes devalcie of each
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superficial thin layers of silicon oxide are fornmed at the surface of
subst r at es ©1 nifRge-based\plaspirates thesplgre nop aceslelatad teyards foe Wfﬁ,c@ss

cl eani ng stehe g@osg%%}é?%%%ét%’tbgﬁbe%gc sdghe superficial thin layers of

silicon oxide can er ‘techniques, either alone or in
conbination. It can for exanple be forned by thernmal oxidation. It can also

D Bhe REcAERSS 1 5, A bR PR SuSE AR S b o s, P2
al so be a pRimtddYRpeformed in a single, short surface treatment step, by means of
a single plasma (nitrogen-based plasma). This step does however enable a
thin film of oxynitride with a thickness of less than 5nm to be obtained, i.e. a
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 SiOxNy and reaction mechanism” by Ming Zhu et al. (Applied
Surface Science 243 (2005) 89-95) in two successive steps respectively



15 native silicon oxide, for exanple created by RCA treatnent or by W

radi ati on-ozone treatnent or by ozonized water treatnent. Contacting of the
two substrates or two wafers can thus for exanple be achieved with the
conbi nations of following initial si | Bcon oxi de superficial thin |ayers:

Si 02 obtained by wet process to be bonded on Si 02 obtained by wet

20process, native Si02 to be bonded on Si 02 obtai ned by wet process,
native Si02 to be bonded on native Si02, thermal 8i02 (for exanple a

bonded on & B9°U S BEREIRIEI0E Bkkng 95H vl hias B AT dfel 40 re
thin | ayer owidation (fdriexengsie byf meknstof anSoxpden plasmia) Zhnis)eriabldyea fipaded on
native Si 02, thermal Si02 (for exanple a thin layer with _a thickness

of about 2SHRANtXVAHHHE toske) oblaingd pEesRMINGn aphiBterRacesWith theysilicranpl e a
thin | it [ _ i _ .
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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.



11 oxide on the surface thereof. The thickness of the silicon or silicon
oxide thin layer is preferably conprised between a few nanoneters and a few
m cronmeters. For exanpl e purposes, a %ernaniun1substrate can conprise a
silicon and/or of silicon oxide thin Fayer with a thickness conprised

bet ween 3 5and 5nm and advant ageously of 3mmon the surface thereof. In al
cases, once the substrates (or plates) have been put in contact, the
bonding interface formed by at | east one silicon oxynitride superficial
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acti vat i onregireperitetiap figdresm fo gure 1) enable a silicon oxynitride thin film
to be obtained presenting: an atom c percentage of nitrogen of nore than a

few percent (for exanple 205%, in particular nore than 15% and preferably

nore than Oa?,m, S a ko yid e n:5004 an
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10 However, at least one of the superficial thin layers of silicon oxide can be
formed by other techniques, either alone or in combination. It can for
example be formed by thermal oxidation. It can also be formed by deposition
such as chemical vapor deposition (CVD), ion beam sputtering (IBS) or by
inductively coupled plasma deposition (ICP). It can also be a thin layer of
15 native silicon oxide, for example created by RCA treatment or by UV
radiation-ozone treatment or by ozonized water treatment. Contacting of the
two substrates or two wafers can thus for example be achieved with the
combinations of following initial silicon oxide superficial thin layers:
- SiO; obtained by wet process to be bonded on SiO, obtained by wet
20 process,
- 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).



val ue over the thickness of the layer, a thickness of nore than 0.1 nm and
advant ageously nore than or equal to mm - very |low surface and vol une
concentrations of -OH bonds, 30- significant surface and vol une
concentrations of -NH bonds. 12 To o¥tain a superficial thin film of
silicon oxynitride with the above-properties, the operating conditions to
performthe activation step by nitrogen plasm are advantageously the
followi ng: - The substrate or substrates are placed in the |ICP chanber. 5-
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It is in particular conprised between 30 _seconds and 90 seconds. 15- The
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substrates to be processed is advantageously higher than the anbi ent
tenperature. The substrate hol der can thus be kept at a fixed tenperature
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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 substrates 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



bet ween 500W and 800W For illustration purposes, tests were carried out
wWith silicon substrates with a thickness of 750 microns and a dianeter of
200mminitially presenting a 25 hydr Phllic free surface (wetting angle of
a water droplet < 5). Exanples 1 to 71 certain operating conditions of
which are set out in the table below, therefore each correspond to a
bondi ng process between two substrates subjected both to cleaning and to
exposure in a nitrogen plasnma generated under various conditions by an I CP

source befareg contac I\/breo for the e les 1 to
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chanber before the plasna activation step: 10-3 nil 6- nitrogen parti al
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the plasmagebl YahictbrdficBn o&?é)esﬁ?mayemltpi athickness %o%rée%e?wgén 9

5 and 5mm and advantageously of 3mm on the surface thereof.

In all cases, once the substrates (or plates) have been put in contact, the
bonding interface formed by at least one silicon oxynitride superficial thin film
presents a considerably smaller number of defects compared with bonding
10 methods according to the prior art. The bonding interface is advantageously
defect-free. In particular it does not contain any bubbles. This interface
furthermore remains of good quality with time, even when the bonded
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 = P~ P

Si

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

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.



Ex 7 Type of cleaning Caro + RCA (SCl+ SC2) 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) 12

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 watts 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 to 7

is a device marketed by Applied Materials under the name AMAT Centura



RF source power (in W 800 800 800 800 500 800 800 T of the substrate
hol der (in C) 250C 250C 250C 250C 250C 150C 350C Exposure

13

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 Ex5 Ex 6 Ex7
Type of Caro Caro Caro Caro Caro Caro Caro
cleaning + RCA + RCA + RCA + RCA + RCA + RCA + RCA
(SC1+ (SC1+ (sC1+ (SC1+ (SC1+ (SC1+ (SC1+
SC2) SC2) SC2) SC2) SC2) 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 to 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



time (ins) s) 60 30 90 60 60 60 60 Before the plasma activation step, al
the substrates were cleaned with Caro 10 cleaning foll owed by RCA cl eani ng
(SC1 and SC2). The substrates of exanple 4 were on the other hand then

subj ected to hydrofluoric acid treat t to obtain a hydrophobic surface
and renoval of oxide at the surface. The other surface treatnent conditions
in exanple 4 are identical to those of exanple 1. The operating conditions
of exanples 2 and 3 are 15 identical to those of exanple 1 with the

exception qf e ex ure time of e subs . t ni fer asnma,
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t he exception of the power of the radiofrequency generator which is 500Win

exanmpl e 5 Hnhexaopke/ 1.8k &riplexamplerfandi 3 Q feinaXampledndi ti ons of exanples 6
and 7 are identical to those of exanple 1 with the exception of the
tenperature of the substrate holder which is 250C in exanple 1, 150C in

exanpbe 6 Thd sifpedididl thixefilniscformedhie tiseipabdtratealandithe Hondirg) ihterfangsi n t he
substrates and the bonding interfaces obtained after tw substrates have
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phot g@gmi ssi on spectroscopy (XPS) coupled with the plasma treatnment chanber.

The neasurenents nmade for the substrates
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
SisgN35014 (only the majority species Si, O and N were quantified) that is
stable in time. For example 4, the measurements also revealed the presence
of a thin film of SissN4507 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 Aplpsi 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



15 processed according to exanple 1 reveal ed the presence of a thin film of
Si 48N38014 (only the majority species Si, 0 and N were quantified) that is
stable in tine. For exanple 4, the measurenents al so reveal ed the presence
of athin filmof Si48N4507 that is st%ble in time. 20Anal yses by

hi gh-resolution X-ray reflectivity (HR XRR) enable it to be determ ned
that, for exanples 1 and 2, the silicon oxynitride thin filmof each
substrate has a thickness of about 2nm An increase of the electron density
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Activation by nitrogen plasma, controlied 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



Activation by nitrogen plasma, controlled in I CP node has al ready been used
30 in other fields to produce silicon oxynitride filns. For exanple, the
article "Mechanismof Plasma Nitridation of Silicon D oxide Enploying
Sur f ace-Wave and | nductively Coupl ed 1 asma Sources” by H deo Kitagawa 16
(Japanese Journal of Applied Physics, Vol 46, n8A, 2007, pp 5304-5312)
reports the use of this surface treatnment to produce silicon oxynitride
films as gate dielectrics in MOSFET transistors. 5According to the

i nvention t he other ha SLIC sur f rea LS i bondi ng
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silicon oxynitride superficial thin filmwith a thickness of at |east a few
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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 BSOI),
standing for "Bond- and Etch-Back Silicon on Insulator" (respectively
"Bonded Silicon on Insulator") whereby stacked structures with single-crystal
layers can for example be produced on buried oxide layers.
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2. Method according to claim1, characterized in that the potential
15difference is less than 15V. 3. The nethod according to claim 2,
characterized in that the potenti al dlfference is zero. 204. The net hod
according to any one of clains 1 to 3" characterized in that the tine of
the surface treatnent is less than 5 mnutes. 5. The nethod according to
claimb5, characterized in that the tinme of the surface treatnent is
conpri sed between 30 seconds and 90 seconds. 25 6. The nethod according to
any one of clainms 1 to 5, characterized in that the substrate holder is
kept at a ﬂ%@?ature conprised between 150C and 350C during the surface
treatnent. 307. The nethod according to any one of clains 1 to 6,
characterized in that the nitrogen partial pressure during the surface
treatment is less than or equal to 6 Pa. 18 8. The nethod according to

sur'f ace. tr dat Mo 36 lrdof ARhalid®afiohb PgRe BAtH TorMhRIN ahlit alor ai ng
to any Onemédef:bﬁsmaori oixileBor Qmedsra@t ¢id sadace tiidrabf, idharddierizddirethatpde of
silicon oxide of at |east one plate is a thin |layer of native S|I|con

oxi de. befpreTihe entasting sep detyeen taﬁyr%ﬁscts\fe &hinj layers o the tw
charact er | £efleLnirihitn Hidioor i RabPYRE HBEFIChuBELIEOR B4iffed - eas

one plate or ned r ocess. acco S any one
of clains freatmént step dortrmngzaobuperhdnat thihefilbrhiof sikigoer oxywitrids va’(H ilacon

oxi de of o pl at e rmed by thermal 50xi dat i on 2. The net hod

cocor di g dackigrschtiSet HaATonR, by IGeas etamiiadsnbied FESHR SRIRAER n | ayer

made 1f si by%mmﬂ%&%&are&b%&ma §our‘één§‘riﬂ Y tHiepRIEht@™f a potential
difference of less than 50V between the plasma and a substrate holder
supporting said plate.

2. 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 5, 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.



2013. The nethod according to any one of clainms 1 to 12, characterized in
that at | east one plate is fornmed by a sem -conductor substrate conpri sing
the thin layer made of silicon oxide or silicon at a surface thereof.

14. The nethod according to claim 13,%%&haracterized in that the

sem - 25conduct or substrate is germani um based.

8. The method according to claim 7, characterized in that the nitrogen

partial pressure during the surface treatment is less than or equal to 1 Pa.

5 9. The method according to any one of claims 1 to 8, characterized in that
the thin layer made of silicon oxide of at least one plate is a thin layer of

native silicon oxide.

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.
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