1 Method of preparing an electrical insulation filmand application for the
nmetal lization of through-vias The present invention rel ates
generally to a nmethod for coating in protic nedia a surface of a substrate,
in particular a resistive silicon-based bubstrate, 5 wth an insulating

| ayer capabl e of being coated with a copper diffusion barrier |ayer.

The essential application of the inventionis in the field of

m croel ectronics for the netallization, particularly with copper, of vias
(call ed through-silicon vias or through-wafer vias or through-wafer
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obtain a higher. %gfaec%%ﬁgbctl on density and therefore better performance

than a conventid roach. Nonetheless it is not fundanentally
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of the packagi@ctions then being produced on the same chip without using the printed circuit
support. In practice it is nonetheless very difficult to obtain a high-performance
system on chip as the fabrication methods for logic and memory circuits, for
30 example, differ very substantially. The system-on-chip approach therefore leads
to the acceptance of compromises with respect to the performance of various
functions produced on the same chip. In addition, the size of such chips and their
fabrication efficiency are reaching the limits of their economic feasibility.
A second approach consists in fabricating in one and the same package a
35 module ensuring the interconnection of several integrated circuits, which may
then come from the same semiconductor substrate or from different substrates.



A third approach, called three-dinensional (3D) integration or vertical 10
I ntegration, is characterized by the fact that the chips are superposed and
connected to each other by vertical interconnections. The stack obtained

t hus conprises several |ayers or strata2f active conponents or chips, and
constitutes a 3D integrated circuit (or 3D I1C). The benefits of 3D

I ntegration are based sinultaneously on: 15(1) inprovenent in performance,

€.g. reduction in propagation tinme and in di ssipated power, increase in the
operating speed of the system associated with the accel erated conmmuni cati on
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heterogeneous technologies (or co-integration), i.e. employing different materials
and/or different functional components.
25 As a result, 3D integration today constitutes an indispensable alternative
to the conventional approaches, which are reaching their limits in terms of
performance, functional diversification and production costs. The foundations and
advantages of 3D integration have been described, for example, in: A.W. Topol
et al., "Three-dimensional integrated circuits” IBM Journal Res. & Dev., no. 4/5
30  July/September 2006, 50, 491-506.
After stacking, for example by bonding, the chips may be individually
connected to the pins of the package by wire bonding. The interconnection of the
chips to each other is generally carried out by employing through-vias.
Thus, the elementary technologies necessary for the production of 3D
35 integrated circuits comprise in particular the thinning of silicon wafers, alignment
of the layers, bonding of the layers, etching and metallization of the through-vias



The vias of 3D integrated circuits are generally nmade in a manner simlar
to the "Damascene nethod" used in the field of mcroelectronics for the

15f abrication of elenents for the interconnection of integrated circuits,
according to a series of steps conprisimy: the etching of vias in or
through the silicon wafer; the deposition of an insulating dielectric

| ayer; the deposition of a barrier layer, or liner, serving to prevent the

20m gration or diffusion of copper; - the filling of the vias by
el ectrodeposition of copper; and - the elimnation of excess copper by
cheni cal - mechani&chRflel shi ng. Due to the high resistivity of the

materials constituting 1t, the barrier égr general ly has too high a
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inorganic in nature (silicon oxide Si02, silicon nitride Si3N4 or alumnium
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of parylene, by a
to the “Damascene method” used in the field of microelectronics for the

15 fabrication of elements for the interconnection of integrated circuits, according to
a series of steps comprising:

- the etching of vias in or through the silicon wafer;

- the deposition of an insulating dielectric layer;

- the deposition of a barrier layer, or liner, serving to prevent the

20  migration or diffusion of copper;

- the filling of the vias by electrodeposition of copper; and

- the elimination of excess copper by chemical-mechanical polishing.

Due to the high resistivity of the materials constituting it, the barrier layer
generally has too high a resistance to allow homogeneous or uniform copper

25  deposition at the wafer scale by direct electrochemical means, a phenomenon
known to those skilled in the art by the term ohmic drop.

It is therefore necessary, prior to the step of filling by copper
electrodeposition, to cover the barrier layer with a thin layer of copper metal
called the seed layer.

30 This seed layer may be produced in several ways: by methods of physical
vapour deposition or chemical vapour deposition (PVD and CVD respectively), or
alternatively by deposition in a liquid medium using the technology called
electrografting.

The insulating dielectric layer may be:

35 - either inorganic in nature (silicon oxide SiO,, silicon nitride SizN4 or
aluminium oxide, for example),



The nmet hods using chenical vapour deposition specifically reconrended in
this prior document are relatively expensive due to the high price of the
10consumabl es (precursors) and above all of the equi pnent necessary for
their inplementation, along with their Iow efficiency. _ The met hods
usi ng physical vapour deposition also envisaged in this prior document do
not make it possible to obtain coatings of a uniformthickness at every
point of the surface of the through-vias of high-density 3D integrated
15circuits, for which formfactors are generally very inportant. The

t US 6 770 55 . 0 rd cati.ng through-vias in which
!to ﬁfaeinnsul ating di éﬁ’ég)?gﬁé :@aetrafé%%%q é’ &?\ogr gaﬁqthemﬁg, HS?{??“\SCI?bﬁé%fﬁ, S
produced ei t elybeRzoxazletor emda).i on or by chenmi gal va_pour§ deposi ti ogl. a;rihgn
bl ens res oped: .
3 o o oo T b R SRl £
avoi d the pr &BPEdrydgResitediin @r Qﬁrﬁod&%.@ i Yrifermnsuating layes ipdbe known
381:3%:3?1?351‘ sinrgtmdsmrf?%ﬁaﬁ?g mr@@éh-dgﬂgglt t h??egﬂ ho(rj'el ate to ?/ﬁrel ?ggri cation
of through-vias oﬁ_ hgb"] M@#Q%&g%ﬁ &tuiﬁtrgcqg@epqlq\glet%g[qqig% theyinsultipg epar i ng
an gr g?ni c f idietectic layee, prefdralolg farmeal aﬂﬂas,llm?, ey a\Mgb?lg—f ({@ﬁsm? ﬁfgltmde(r:t rical
sem .- . £ .
ectrografting | ha Hiahats i e SaRbur R Eob R 5P B ARRmeTErdn ¢ nen
the el ectro- imgfm&etmiobmoyumentzate oelatively ekeansiverdipatmthemighopried et ttheact i ve
nononer sj@n E&%u%bfe@c@récﬂrs}?)?s)cé%eéﬁaﬁ aPlof tﬂ?%ﬁﬁfﬁh‘leﬁﬁrn%eslsgr{yeﬁ? "R af ting
hand, the_ use of a I'ig solu

requires: on the one urd so i on cont ai ni ng

an initiator irﬁﬂﬁ'ﬁ-@ﬁﬁﬁo%rﬁ!ﬁ& Wi Ehelir loweghiciency. - on the other hand, an

el ectrocheni cal prhé arshodsalsinggphyerRsli vbeurt o%ﬁbﬁ%kb%v@égé&ﬂh%gir%goégﬂ nmga;n

h f bstrate to b ted.. 35Suych a_net hod of.
organ ¢ 11 noRL At B BpEs IrcposSibRoR. itaiaccoarags B Anpiam PHcknest at
i Nt er nat i onakverytpoint afpe safacenofNhe? AYSLGHB-9iaS Tof hi§h-}ib|h§tyk3?w4|‘itegﬁattéwd uses:
- th hand, ' tion. co ning a east one
di azoni U 2SF'f%dhg%ﬁéﬁﬁﬁ"éﬁ%;%é%@ﬁ%féi’é'b’rdﬁmreo?%ﬁh Y o the
other hand, an el &b PatehbhSal7( 558 destribksa rethod iof ifanichng: stebugh-Gias _
vol tametry. in which théNRsingTBlelctR! Ry&D RAHIEH %hgwﬁl:ﬁqu Iy ndtRd (410, KL s prior

docuTSnt a0 b PLH By e e o A Aos dokeaions e o o
di met hyl f or mani deThé lsemesgroblemshiestit [frshe thisr @OHRIZE rhéntRImkH RBWBIIRlA t er ms.
10Docurmezy ViR 48 6 A0S ribth ¥ FRoHRRGh' 85 &nt Tib™Hd6 (R638y BPari ng an
In order to avoid the problems linked with dry deposition methods, one
possible solution lies in the use of a wet deposition method.
Various documents from the prior art that do not directly relate to the
fabrication of through-vias of 3D integrated circuits describe methods for
25 preparing an organic film at the surface of a substrate, which may be an
electrical conductor or semiconductor, making use of electrografting a polymer.
Electrografting is a wet deposition technique based on the initiation then the
electro-induced polymerization, by chain propagation, of electroactive monomers
on the surface to be covered.
30 In general terms, electrografting requires:
- on the one hand, the use of a liquid solution containing an initiator
compound and a monomer; and

- on the other hand, an electrochemical protocol making possible the

formation of polymer film at the surface of the substrate to be coated.
35 Such a method of preparing an organic film by electrografting is
described, for example, in the international patent application WO 2007/099137.



organic filmby electrografting in which the liquid electrografting
solution contains a protic solvent and at |east one radical polynerization
initiator that is soluble in this protic solvent. As the pol ynerizabl e
nmononers used in this prior docunent are&sweakly 15 soluble in protic
media, it is recornmended to add at | east one surfactant to the

el ectrografting solution so as to nake the pol yneri zabl e nononer soluble in

m cel | es. However, the use of surfactants limts the npnoner
concentration in the electrografting solution to values too lowto allow a
use of this 'ﬁfsh{?\ qug&t he i ndustrial constraints. In

addition, the sur acta S uSéd are capabl e of being adsorbed on the surface
to be coated and tHuY #ieopee dfandern glédtiogtafiing dolution conteiningyahieast ohen f or med
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properties of the I'm t hus prepared. 25Moreovef, and as in the case of the
previously di scussé’& e Qifrrmiandpan siegtiegbemival protosalsfop deposiinneby exelie hat t he
use of ans5el gekdrpmestti ng protocol using cyclic voltanmetry does not all ow
grow h kinetics o e filmthat is conpatiple with industrial mands. In
Phese condi t1 ons. ThSmErBrO ThongfndfS Aeneralle fssbin 1S PSS hGimaTR a0
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formfactors aap‘rdtld’lﬁdvem Ayt liéRbbna ekl ?Blyh'@ntitﬁmﬁhﬁﬁtoﬁ'%& is soluble in The
present i nve t.i on al S as the aimof solving the aforenmentioned technical
pr obl em by RFRE)O'iCtS 6%ible to produce an insulating filmthat is itself
capabl e of bei ng Wetthe palyettribgble manperers ased imgthés poiqpéocudieht ass aeakinrri er .
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techni cal pr 6leceagrafing salutinsy S@a’@ﬁlt@f makerthe qolymesizablgusenanagr salehle imy

enpl oyi ng:  micelles. - on the one hand, an electrografting solution that is
protic in nature, and in particul af an agueo solution in which the film
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aroutn kot MErBIFHARRIRAGR, 1 Datstri A conotraints. Thus, according to
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or sem conductor substrate, such as a sili1con su ra erized in
that it conpfarges: omfhe,pubsgiarty Bus woyldr regels in mt detedoration ofiither ingulatingi d
sol ution conprdpetied:of thefiltf #ius pregaracent ; 20- at | east one di azoni um sal t;
25 Moreover, and as in the case of the previously discussed document WO
2007/099137, it has been observed that the use of an electrografting protocol
using cyclic voltammetry does not allow growth kinetics of the film that is
compatible with industrial demands.
In these conditions, the aim of the present invention is to solve the
30 technical problem consisting in the provision of a new method of preparing an
organic film at the surface of an electrical conductor or semiconductor substrate
by electrografting, which method is:
- especially suited to the formation of an electrically insulating film in the
fabrication of through-vias, in particular of 3D integrated circuits; and
35 - able to be implemented wet in conditions compatible with industrial
constraints, while leading to a continuous and conformal deposition for a large



- at | east one nononer that is chain-polynerizable and soluble in said

protic solvent; - at least one acid in a sufficient
guantity to stabilize said diazoniumsalt by adjusting the pH of said
solution to a value less than 7, 25prefegably |less than 2.5; b) the

pol ari zation of said surface according to a potentio- or gal vanopul sed node
for a duration sufficient to forma filmhaving a thickness of at |east 80
nanonetres, and preferably between 100 and 500 nanonetres. Advantageously,

the protic solvent used in the aforenentioned method is 30 chosen fromthe
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20t etrafTuor @%Q@g?]éf&eﬁ%"@ %g@"ﬂéﬁ'r 'Héﬂlgﬁ@nﬁ aﬁl@oﬁ%ﬁﬁ?é’ ceg(?cﬁrb?ﬁl at es,
per chl or at escmctgumrsama;gn uctor subsisatep sdihnas a(snllaorpsdjsetrates(themmdlzerbnt of

the inventi op, thh$@ cehpAei um sal t of the aforementioned formula (1) is

chosen from phenyl di azonium tetrafl uoroborate, 4-nitrophenyldi azoni um
t et raf | uor obor at e@) bringing said surface into contact with a liquid solution comprising:

- a protic solvent;

20 - at least one diazonium salt;
- at least one monomer that is chain-polymerizable and soluble in
said protic solvent;
- at least one acid in a sufficient quantity to stabilize said
diazonium salt by adjusting the pH of said solution to a value less than 7,
25  preferably less than 2.5;
b) the polarization of said surface according to a potentio- or galvano-
pulsed mode for a duration sufficient to form a film having a thickness of at least
80 nanometres, and preferably between 100 and 500 nanometres.
Advantageously, the protic solvent used in the aforementioned method is
30 chosen from the group consisting of water, preferably deionized or distilled
water; the hydroxylated solvents, in particular alcohols having 1 to 4 carbon
atoms; carboxylic acids having 2 to 4 carbon atoms, in particular formic acid and
acetic acid, and mixtures thereof.
Water constitutes the protic solvent currently preferred in the context of
35 the invention.
Generally speaking, many diazonium salts are capable of being used for



25 4-Dbronophenyl di azoni um tetrafl uoroborate, _

2- met hyl - 4- chl or ophenyl di azoni um chl ori de, 4-benzoyl benzenedi azoni um
tetrafl uoroborate, 4-cyanophenyl di azoniumtetrafl uoroborate, _ _

4- car boxyphenyl di azonium tetrafl uoroborate, 4- acetam dophenyl di azoni um
tetrafl uoroborate, 4-phenylacetic acid diazoniumtetrafluoroborate,

2- et hyl - 4-[ ( 2- met hyl pheny1) - di azenyabenzenedi azoni um .

30sul phat e, 9, 10- di oxo- 9, 10- di hydr o- 1- ant hr acenedi azoni unthl ori de, 4-

ni t r opht hal enedi azoni unt et r af | uor obor at e, andnapt hal enedi azoni um

tetrafl uorob =303 ' LU 1 de referably, the
di azoni um sam@mkﬁﬁ%@g{éﬁg?&ﬁ@%gﬂr@é%ggé)t%gglz) glﬁlllg (ﬁrﬁsittaé??%qu 15'5):?' ﬁ\g%rlltéqne and

4- ni t r ophenyPad anipanicutar r dhe udliazesium e salfs Thentibredoninuntheal dodusnepener al |y
present W t higp bbez/bogpigd el ectrografting solution in a quantity between
10-3 and 10-1M preferablly,bet ween 5x10-3 and 8 3x10-2M Generally

speaki ng, the el edb¥oA%Reingyte gl partigHar: eharagtadstis; the siazorjum salhisndd t hat

i s chai n-$ol yrpididzoakinesaitichoseh FroethietompBuidsifitRe FoWRiY formula (I): The
choi ce of a nononer soluble in the ert'\Ig sol vent copstitutes an Sessenti al
and original feature of the invention™"2v " Sol ub in a protic solvent”
i s here under st ooth whiclitenot e any nononer or m x of m)nomershvvnoseK led i
solubility in the_prpti V. | st 0.5M Those skilled in
the art will have no@tﬁp&a@@%f@%%&éﬁ%gbﬁ)ﬁg t he mononers capabl e of being

used in the context Rofepresenisrassanit groument i on. 10These nononers wi | | I t
; d ol ven
and sat STyi g Pﬁé‘g?ﬁﬁﬁ‘%mﬁﬁ%ﬁéﬂ%@?ﬁ%F?ﬁ PRI By hallr R Rlghfior v}
the, identi cHI® WpSUEsYtHisde FONOG 05 R9lysulistityetkaroraatic gk heterpanemalicarashen non-
netal atom sstelictares A chrisistigg rofadrimoP mére NatBmate for Heddloa®imaticSiidsl @kesl or
comprising 3 to 8 atoms, the heteroatom(s) being chosen from N, O, S, or P; the
optional substituent(s) preferably being chosen from electron-attracting groups
15  such as NO,, COH, ketones, CN, CO,H, NH,, esters and the halogens.
The particularly preferred groups R are the nitrophenyl and phenyl
groups.
Among the compounds of formula (I) above, A may especially be chosen
from inorganic anions such as halides like I, Br and CI, haloboranes such as
20 tetrafluoroborane, and organic anions such as alcoholates, carboxylates,
perchlorates and sulphates.
According to a preferred embodiment of the invention, the diazonium salt
of the aforementioned formula (I) is chosen from phenyldiazonium
tetrafluoroborate, 4-nitrophenyldiazonium tetrafluoroborate,
25  4-bromophenyldiazonium tetrafluoroborate, 2-methyl-4-chlorophenyldiazonium
chioride, 4-benzoylbenzenediazonium tetrafluoroborate, 4-cyanophenyldiazonium

tetrafluoroborate, 4-carboxyphenyldiazonium tetrafluoroborate, 4-
acetamidophenyldiazonium tetrafluoroborate, 4-phenylacetic acid diazonium
tetrafluoroborate, 2-methyl-4-[(2-methylphenyl)-diazenyl]benzenediazonium

30 sulphate, 9,10-dioxo-9,10-dihydro-1-anthracenediazonium chloride, 4-
nitrophthalenediazonium tetrafluoroborate, and napthalenediazonium
tetrafluoroborate, 4-aminophenyldiazonium chloride.

Preferably, the diazonium salt will be chosen from phenyldiazonium
tetrafluoroborate and 4-nitrophenyldiazonium tetrafluoroborate.

35 The diazonium salt is generally present within the liquid electrografting
solution in a quantity between 10 and 10'M, preferably between 5x103 and



15 unsaturated chem cal group such as a Cl1-C6 al kyl or aryl, a -COOR5 group
in which RS represents a hydrogen atomor a Cl-C6 alkyl, nitrile, carbonyl,
am ne or am de group. Preferably, water-soluble nonomers will be
used. Such nononers will advant ageously &e chosen from et hyl eni ¢ nononers
conprising pyridine groups 20 such as 4-vinylpyridine or 2-vinylpyridine,
or from ethyl enic nononers conprising carboxylic groups such as acrylic
acid, nmethacrylic acid, itaconic acid, maleic acid, fumaric acid and their
sodi um potassium anmoni um or am ne salts, am des of these carboxylic

aci ds and inzpggtpcul ar acryl am de and nethacrylanlde along with thelr
N-substituteg derivatives, their esters such as 2-hydroxyet hyl

met hacryl ate, gl ySeaemlynsperidng| teeclegyomsafing asalytion @nté'ﬂétéﬁyiea?ﬁ ﬁ@e(et hyl

or propyl) (ﬁﬁinb)r@?tbdt@é@haﬁﬂsolprlﬂéhiab@éﬁossolw@tnech@lp?&ftééﬁfeht/atlVeS of these

cationic esters S r exa ethyl tri ni um

chl ori de, 2- acry&g?nch'CE (?%e %a?@‘q@%l'%ﬁﬁﬂlpég%ﬁﬂv ﬁl\ﬁﬁéftatn?%

Vi InyI sul p&ore&e&ﬂalchnd\origjﬂapfaa&pb@fthE iagérdionvi nyl l actic acid and their

salts, acrylonitri 5O

N-vi nyI i m dazol i neéc’i‘lﬁbcié\l_l N8 pgg?‘% %{Y%eés ﬁ%\g%fepﬁo@y @o&i‘%é‘??%ﬁ‘bg’r"."\%eu ves of

t he dial |yl aonouix qmownelsmsasoldblhmmymejpmmyomentnaatﬁnastrﬂ WMi de,

di met hyl di al 'yl a”ﬁﬂ&e‘%lf&ﬁqmtﬂé af\“\ﬂnlqﬂ E-*HG ikl @Eﬁ%&ln@%@%&{dnﬁ’&s The
quantitative conposition e ectrogr af ting s6lution may 9 vary
Wit hin br oadCeR et@fbe@agn@seéuwh%ﬁ%m(xtmﬁthq prieserddnventiomh conprises: - at

| ei'itSE ;3 ﬁ(%/![ ﬁf IOO: YAEde tﬁ'@hbﬁ}g@ﬁﬁ?ﬂﬁﬁ\(a?&a geouét Heeélﬁseﬁ)fﬂ&n?x}h‘k fr?&ioﬁgéi@' um
salt(s e ar ratig o nomne 0 i azoni um
251t (5] boi ngobBeeuls Hete Seiven gnl Satihing 5 toladg Senerahiomntiard: “t he use
of an electrografting protocol iRjpulsed e constitutes another essenti al
and original feature of the inventi 0 the exteni that this particular
protocol nekes it possible, conpherely u ectedly 10 and in contrast to
a cyclic voltanretry el ectrograf an pr ot oc to obtain a continuous and

uni form fil MpMyhich 3h&rigekteakbr@fbreht, CQ?HIE&t RPﬂo%Webeséﬁt%'ﬁiohb@dlerﬁ%t raints.

Ceneral |l y speaki,n the pol arjzation gr ace to be covered by the
filmis prodfnesd HmaS‘;.‘ﬁ'PI a4 fyegen éERF'P\ O('Sy"i:l hydrogeR R, 05 a:FRIHEARE O zed by:
15- a tol%l paAsdtadtdd ofienhiedlvgreop Kiciasadn €,L; alkybroefaeylplal \COURsagroumdn 0. 6 s;

0 AR AL e PRl ed 45§ et 08 S A,

surface of t hmidaugreup.ate; and - an idle period with zero

potential or C“”?Fbtfen%ffjxam%‘t@@stddfﬂ% HorRFAe G 20%0 s%é 55“'@'9“3? onﬁHr?f fiably of

around 0. 24 s. tgre pari ng ctric |nsu ating
filmwhich hagvgniageoygemedasssn fsem ¢ yleglsémrmays Gerepiiging ﬁyl’ﬂ BYO8BSr at i on

of throuph-Vegdh ash Panyibgldine 6f @Dmyrwﬂaihetaﬁ Gfdwubﬂﬁlenfcorm&ﬁ?ﬁ?érstu'“ ng
the internal electri caL i nsul at i nlg ¥ Yn Ia r%eﬁwac Pc D! |aactoﬁ|d avcvfdth t he
barrier | ayefC8BHINHER" WFW Sucit as atrylic ac ryl ¢

maleic acid, fumarlc‘aqd and their sodium, potassium, ammonium or amine salts,

amides of these carboxylic acids and in particular acrylamide and methacrylamide

along with their N-substituted derivatives, their esters such as 2-hydroxyethyl

25 methacrylate, glycidyl methacrylate, dimethylamino- or diethylamino (ethyl or
propyl) (meth)acrylate and their salts, quaternized derivatives of these cationic
esters such as, for example, acryloxyethyl trimethylammonium chloride, 2-
acrylamido-2-methylpropane sulphonic acid (AMPS), vinylsulphonic acid,
vinylphosphoric acid, vinyllactic acid and their salts, acrylonitrile, N-

30 vinylpyrrolidone, vinyl acetate, N-vinylimidazoline and its derivatives, N-
vinylimidazole and derivatives of the diallylammonium type such as
dimethyldiallylammonium chloride, dimethyldiallylammonium bromide and
diethyldiallylammonium chloride.

The quantitative composition of the liquid electrografting solution may



25copper mgration or diffusion. Advant ageousl y, the aforenmenti oned
barrier layer is itself produced by a wet deposition nethod, preferably in
a liquid mediumof protic nature for reasons that will straightforwardly be
understood. In this context, it has beerp di scovered, and this constitutes
an original 30 feature of the invention, that the barrier |layer serving to
prevent copper mgration or diffusion may advantageously consist of a

ni ckel - or cobalt-based netal film Thus, according to a
second aspect, the invention relates to a nmethod of preparing a coating of
an electrica em conduct or 35substrate, said coating

consi sting o#’ @%l rs%)&{ g%nr&form ng an electrically insulating filmand a
second | ayer for nfoagerall:engakingdihis selution desnprises:, characterized in that: 10

A. said first |ayegt Iegsﬂqj gq%%@ mén%mé MbnBshek g)a pr evi ously described

met hod; B. sajd secan é'y %b%r uced ; a) the
formati on by wet pPB@é%tSSX19t Mt‘}ﬁ lazgpip 't he f| rst |layer 5thus obtained,
of an or @nl ehe iofar ¢atnd of tHegolpdetiiableemonSRREs) B the diavdnaRAl salgbLeBeingf

nmetal s or awal llﬁy :{5):6 particul ar of nickel or cobalt; b)
bringing the°f % 3H0red into contact with a liquid sol ution

cont ai ni ng at | eads posviousiyt mentioet], ther edecofadr gledfodrafting pnetocaitinipalsad t he
et Al | ooor PRk nbitbhs! Bk GRlkial bhdToriGdl RbulE P ind Rehflh 4b e 200Nt

under 10condi |ons ena orna
t hi ckness of egent él@aitthﬁomrhmlar protocol mwakes di ngssmbe,amnnl@elyetmaeqtedw of the
i nventiofg thRd 4?1 QoRtrasT t&%eek/cﬁé %Itﬁﬂﬁ*)etﬂyselﬁéﬁ*églr%nﬁLBro@éolbrtb n&BtQiﬁl ) he free

surface of the aforenentioned | nternal 0 cont

sol uti on conf¥ithiuays ang.uniform i wihea QB‘PW@n'ﬁ'netﬁPeqoﬁlpéﬁplﬁ ‘é('t'bﬂ'@ﬂ"lsg'%ol vent
- at | east osenga@ni um salt; - at | east one nononer that is
chai n- polynerlzab ble. in said sol t; and

chal n-pol yrer | zablee, aufl solble o npt R RE f SPe snEoto By cpvempey the

20enti ti es f filbmissabductdan epuised sadde, each cycle oftvehighr istcharastelizezhlty:and t he

di azoni upg salt enp t he sane
nat ur e aggthe corrég&%ﬂ%é%dwgfg&&% usedgl-ﬁ]g2 [ﬁ'@feEatfl\) oﬁﬁ‘)ﬁuul?c?o%_me use of
an aprotic sol vent,d leéﬁzai@ndﬁlmétﬁqufob%ﬁﬁlfd@ Olaéé@ oné erefersilynariolpd

sul phoxi de, ogsrygra@hhglm & PBEcRtideAferehte bh8 RfreRLisHpplidiPteRNSurfade
of the substrate; and

- an idle period with zero potential or current of a duration of between
20 0.0l1and1 s, preferably of around 0.24 s.

The method of preparing an electrically insulating film which has just
been described is especially useful in the preparation of through-vias, in
particular of 3D integrated circuits, for constituting the internal electrically
insulating layer designed to be coated with the barrier layer serving to prevent

25  copper migration or diffusion.

Advantageously, the aforementioned barrier layer is itself produced by a
wet deposition method, preferably in a liquid medium of protic nature for reasons
that will straightforwardly be understood.

In this context, it has been discovered, and this constitutes an original

30 feature of the invention, that the barrier layer serving to prevent copper
migration or diffusion may advantageously consist of a nickel- or cobalt-based
metal film.

Thus, according to a second aspect, the invention relates to a
method of preparing a coating of an electrical conductor or semiconductor

35 substrate, said coating consisting of a first layer forming an electrically insulating
film and a second layer forming a copper diffusion bafrier, characterized in that:



step B.a). The nononer that can be chain-polynerized by free radical
met hods nmay vary in nature. It will especially be chosen from
t he nononers described in docunent 30 WD 2007/ 099218. Pref erably,

t he wat er-sol ubl e nononers that have begQg described in relation to step A
will also be used. The chem cal initiator capable of being used to
enabl e the formation of the free radical entity fromthe di azoni um salt
wi Il generally be chosen froma 35nmetal reducing agent in finely divided
formor an organic or inorganic base in sufficient proportlons for the pH

i qui i . f bl
i thin the cont ot o P AErETRbcAE B R QR o Brelioysty deserbed o ¥

reduci ng agemethod)sen fromiron, zinc or nickel, in finely divided form

such as filings fBrsﬁ&@é@h@ﬁg@?ﬂ}r&@d&H ative conposition of the liquid

solution used in step B W thi'n broad limts. Cenerally
speaking, this sol utiof) E’tﬂr@rmé’é@" y wat precess, @ @M%lﬁapmbﬁﬂt&flﬁalﬂyer

nmononer (85, thudtobt&inad, &éhQ}T@é\‘h@f‘ Inﬂt&ﬁﬁﬂin@%a’?@&lés{ %%pecﬂaﬂf‘ﬁar}%dakl
under st ood, st B.a ”)Eﬂi ﬁl é)?a 15 an organi c m under
non- el ect rocﬁlﬁﬁ%ﬁt cthd ‘tylso'ﬁ'sp 8Ig %trqr.cem brly advantageous in
environmental terms. b) brctlngmg #hecfiimdihog férenddhito mmt tt with, a fidied §6Ig’fk:5]1 c film
bt ai ai article esp,

i o 1 B BB S S50 B e B A
cobal t. incorperated gntenthe tohganic il jagd batoleght onat edacing aagenti unldela
suspensi gy C@éﬂo?ctd?\‘sr&taﬁ ggtl‘@%hhitli(ﬁrsofa metal i f‘lf%sh ui a MickIIE of % l?e%stthe

nat ur e of the nonomer for t reparati on e organi c n step
B.a) and thel®Pire of the partlcles WI|| be 20 chosen so that the film

obtained in step Ecc@}dlﬁ@dosa’ﬂf%tpé‘ﬁﬁddiﬁwéﬁ Bﬁwe ?n%ﬁtu&t ok SBMrchBofdem cal

affinity to Lin ticle al 1 gw a subsequent
net al | i élat i ofte pkB € c 'ﬁgroolli'tl sy é’ﬁ@&ﬂ‘ﬁnﬁ‘e frﬁ% 5;5‘5f|aFer‘ (ﬂfetg‘ec@fﬁte&?%@@n@dn t he
organi ¢ fi | nintérhal layendite tconfacthwitiabsiqoit sokitiah comtbibjrey: t hese nmetal s possibly

being chasen especi al | yf Lo LBg,vent, preferably a protic solvent;
- at least one diazonium salt;
- at least one monomer that is chain-polymerizable and soluble in
said solvent; and
- at least one chemical initiator enabling the formation of radical
20 entities from said diazonium salt.

The protic solvent and the diazonium salt employed in the
aforementioned step B.a) may be of the same nature as the corresponding
compounds used in step A.

The use of an aprotic solvent, such as dimethylformamide, acetone or

25 dimethyl sulphoxide, is nonetheless conceivable in the scope of implementing
step B.a).

The monomer that can be chain-polymerized by free radical methods may
vary in nature.

It will especially be chosen from the monomers described in document

30 WO 2007/099218.

Preferably, the water-soluble monomers that have been described in
relation to step A will also be used.

The chemical initiator capable of being used to enable the formation of
the free radical entity from the diazonium salt will generally be chosen from a

35 metal reducing agent in finely divided form or an organic or inorganic base in
sufficient proportions for the pH of the liquid solution to be greater than or equal



25 noble netals and the transition nmetals, along with their alloys. These
netals may be alloyed with elenents such as phosphorus or boron or a

m xture of these conponents. Advantageously, particles of nickel or cobalt
al l oyed with boron will be used. 30Thesgliparticles preferably have the form
of nanoparticles preferably having an average size of |ess than 25
nanonetres and nore preferably still |less than 10 nanonetres.

General | y speaking, the incorporation of the particles will be carried out
using a colloidal suspension of these particles. 35In the particul ar case
of nanopartig s of nickel alloyed with boron, this suspension may be
carried out by reaction, in the presence of a surfactant 12 stabilizing
agent (A RoucouxPeferably withiv thesgentaxt of thatiaventiopOthe, chentical ittdeter®)a such as
cetyl tri met hylRayedlicHy é(}f AL Sen TRINRER, And B! A keprﬁ?génﬁgfwdmhn%a cHi ckel
sul phate, and a_reduci’ng agent such as 'sodi um bor'o maki ng possi bl e
t he syntheS|§SﬁWEEéPb@VﬁH$ht metal particles in coIIO|daI form 5 The

particl ess present The qhﬁﬁtlt@tr\&aédn*?pd‘sltﬂomdmh@hﬁlﬂd sblutish @BedBintstes B! Aay he

subsequent prepar, nmetal coating by a non-el ectrochem cal,
general |y calf d"'&lé’? E’@PB&F&?S method (R C. Agarwala et al., Sadhana,

parts 3&4 June/ AuGasdralBOsheakiag, thi/soluti®i)comprises: - To this end, the
organic film cont ala{]fegé?: d‘rﬁ\;l%lf p8@ﬁ1te|'|%b?espoﬁor%|8%g rrel nto 10contact with a

i quid solution con tal salt, preferably of
the same nature asat|I¢éstr’é¢1a]zM|Qﬁcl@prmumt9@li(ﬂ)nto t he organic fFilm a

t abi | t t diti
stabilizjmg agent as qifbe funderstooa t'faﬁ%sé) %Ble%%ﬁé‘??}rﬂ%klgﬁgztagfoq'gérﬁ? fRpartions

enabling the formation | m“havi n east 100
nanomet res. under nonglesiiechesneal| gonditigas othsk e@f@nPPG‘ﬁ\é‘é"'YreﬁCh{Pm@Qﬁ‘?USrrﬂi/ be
hoxar | Uor ophoaah e e e o Do Chl ar'at o st ohate. gh tetr ol Luoroborate of
exaf | uor ophospha

the af orengnti gneé dr%‘!'% to E%n \H?Ht Bbee EP'§LH'BII]E€U%?W@E§H P@ﬁ%ﬁfegé'?juci ng
agent may beowleose woftamnparticesresppciallynsarmpartiglesf ofhyptatdhors pletal @llsysadn d and
its sal tfg bBé%EﬁaP@ﬁkﬁ&ﬁ bP’?&oa NaBH4 DMAB) , gl ucose, formal dehyde and

hydr azi ne. nt ag eousl y, the aforenentioned stabilizing agent
is chosen from thé&o @h'@)@pd,cﬂ?ﬁisﬂmtlﬁ mepught #tta ppripeidiviirarruspensiongentaining a
succi nate, agilRlb@ARIG, an 25am noacetate, a malate or a citrate of an

al kali netal .
As will be understood, the nature of the monomer used for the

preparation of the organic film in step B.a) and the nature of the particles will be

20  chosen so that the film obtained in step B.a) and said particles have sufficient

physico-chemical affinity to link said particles to said film and allow a subsequent
metallization.

Generally speaking, the particles contained in the organic film will consist

of metals or metal alloys, these metals possibly being chosen especially from the

25 noble metals and the transition metals, along with their alloys. These metals may

be alloyed with elements such as phosphorus or boron or a mixture of these

components.
Advantageously, particles of nickel or cobalt alloyed with boron will be
used.
30 These particles preferably have the form of nanoparticles preferably

having an average size of less than 25 nanometres and more preferably still less
than 10 nanometres.
Generally speaking, the incorporation of the particles will be carried out
using a colloidal suspension of these particles.
35 In the particular case of nanoparticles of nickel alloyed with boron, this
suspension may be carried out by reaction, in the presence of a surfactant



According to a second enbodi nent of the preparation nethod according to the
second aspect of the invention, in the case where the chai n-pol yneri zabl e
nmononer used in step Aa) is a vinylpyridine, preferably 4-vinylpyridine,
step B.a) is carried out by bringing thg2free surface of the internal |ayer
of 30pol yvinyl pyridine into contact wwth a liquid solution conprising: at

| east one solvent, preferably a protic solvent; at | east one
polymer that is soluble in said solvent and conprising functional groups
capabl e of bonding with the functional groups of the polyvinylpyridine by

the potymor s “ebieind SeRela HReSLoNay: aar Sl @ Pity, 5088 Jps 20506, O
fol | owi ng fusdch maety@mmaqbytammmybrpm(q@r ibetwaenca nsﬁédoprdwrgc)r, audmeas 13
anmoni um Cahﬁ?ﬁ d&ﬂwaﬁl&' Gnd C@Wﬁ ggﬂﬁer cﬁa£§ %Odl(lﬁ'!y %l‘oﬂg&}r 'rﬂﬁi@ﬁé

carboxylic an repre ogen” at om or

an al kyl groﬁﬁsﬂmth?gﬁymtheé's@fégﬁb@'ﬁném Paﬁtl'ﬂ%riﬂ ﬁ@"%@ﬁ' @""bhosphonl c acid,

phosphonig acid sghé %artié@%ﬂé%éht ih el &garﬂbﬁﬁﬁ%ﬁdﬂed&ﬁ'sﬁe;ﬁabt) %nalﬁé'tﬁé‘on' c
acid, sulphonic acid Ssalt

| C C
ot o Mo et g erion o 8 et Soitia P AecchmicED dghsrall ¢ s,
Si (OH) n whecslled P‘sleeu“olesst’,egnethbet (Ren Agawdla3etf al, aSaatbha, cpams B384 ation

to enable th i f rogen or van der Waals bonds.

Preferably, ?\hr{ee%@s!:gagg{ use will be water and the polyner will be a
10wat er - sol ubl e pdbthisrend, the orgaxe filndlicogtaining: natalr pattitles jsr bfoaghte thto

enmbodi meqy Of:orfitg@c Wlﬁi’ﬂ}&u&@ cluh&‘?c&rtgl'g[hgpm yrrerl zabl e nononer used in step

A.a) is 4-viny pyri used in step B.a) is an

acrylic pol yaci d. - Phdeapbtansametal rﬁa*:pﬁquW@b'd ?f ﬂ&y%ﬁm%@éﬂrﬁg"s the metal

(i nsul ator/ bﬁrcbfp@faté@m@)hé a@hn,cﬁﬁnhas just been described is especially

useful in the prepasf%)lelon of t gh vias, especially of integrated

circuits, for consfiStan't acgﬁa ernal structure intended to be coated

with a copper seedat hystromn'abmmggagdm nmetal | i zati on of the throughvi as.
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accor di ng t 0180 pamonaetsaspect, the invention rel at es to a method of prepari ng

a coating of an e o} t t d
86dntaded! sl? U&‘B&?né?nﬁoﬁé‘d'h@?é? klRay B ﬁésreﬁ ffom ftﬁéf

coating consisti n% of an internal first an ectrical

i nsul ati ng f BrAWPotANSisHRG ok (0 Paetate ta(get(yf?ée F‘é‘??r g‘ﬁ@ﬂ}“’%@??*@é@ ritrats, A an

i nt er medi at epgehidhite, s%tﬁaHaeefsftetr@ﬂmraaoret@@faherafdieménmm dhgal i er obt ai ned
according,to the Rr evi ousl Y d@ scr.i bed copper

i xt er nal
coed 1 ayB Cuni cnRARIRU SR ABTsp oM Rauaifl Sodheaiay be cFSSEIRE | ho
free surfacethsf grtdup coesisting b’éhmophnswhocmmtamd and tits saltls; beriade slehuatuvesn

conpri si ng: ﬁgﬁBﬁoDwftg'@{bﬁe% M@Bé%de%%@'&ﬂra‘zfﬁ@s in a concentration of

bet ween 14 a yl'ene nol ar ratio of
et hyl enedi ani ne t Advasiraaousyi e aferementionedsstabilicng agent is chosen from the

group consisting of ethylenediamine, an acetate, a succinate, a malonate, an

25 aminoacetate, a malate or a citrate of an alkali metal.
According to a second embodiment of the preparation method according
to the second aspect of the invention, in the case where the chain-polymerizable
monomer used in step A.a) is a vinylpyridine, preferably 4-vinylpyridine, step B.a)

is carried out by bringing the free surface of the internal layer of
30  polyvinylpyridine into contact with a liquid solution comprising:

- at least one solvent, preferably a protic solvent;

- at least one polymer that is soluble in said solvent and comprising
functional groups capable of bonding with the functional groups of the
polyvinylpyridine by hydrogen bonds or Van der Waals bonds, said polymer being

35 chosen from the polymers containing one or more functional groups chosen from
the following functional groups: hydroxyl, (primary or secondary) amine,



35- the pH of said conposition being between 6.6 and 7.5; b) polarization
of said free surface of the second |layer for a 14 sufficient duration to
formsaid third | ayer. As will be understood, step C. makes it
possible to carry out netallization of 1Be vias. It has been shown that the
liquid solutions enployed in step C. make it 5 possible, conpletely
surprisingly, to obtain a copper seed |layer leading to a particularly high
coverage rate (greater than 99% of the substrate including in the nost
critical areas of the vias and this even when the structure has a high

|orm Fact or GaRRGfn kAo RUET cbale aby BscYBRIE ortiaf) Bbagfic 10 10
liquid 10sol anhmﬁ@eaar@lqe sOWVRR yéhere R reprasentsza hydregen ﬁwnaougé aékythe
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instep C. coO e whose co s are concentration
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sol ut i ons5 enpalgy &diphiric béd), sulpreiRpcidssaits budchhasic adidssucombmic dcid saltspf

copper ions tp.eth m.ne_is en 1.9 nd. 2. 00. t hough

there is no Pﬁ@?hﬁn@te 'ﬁ‘%ﬁ“ﬁﬁ'%ﬁ%ﬁ'mv"ﬁﬁ@ rhgtaﬁr'gteg?r I?%eg%ﬂ\?gﬂél "(provided

it suffici enfdrya soffigient idpedionhte ermbles thesfoemiation of saldehglndgani onVamdiedoes not

interfere w {4 sl(}f'o Fect rodeposition), it is preferabl y water. 20l n general
SO

ternms, the |iqui ution enployed in step C nprises a source of copper
ions, in particul Breferablgythe nfgm pavensised will be wam\aaﬁtﬂaeg@w@eywﬂltbeea sour ce
of coppef(i opfatdrsofubfepiNhesal t such as, in particular, copper sul phat e,

copper chloride, co nitrate, cop acet ate, prefer

sul phat e, and m)ré‘g’f g laupycitenty Welsped SOPRAEEt 2808 RvERHan, doe.
A_CCﬁ!‘dl tng tf)cﬂalmbtyh‘mﬂkaﬂe atonbaet @sedsini step Al iCORPYIpyridins atau ert]qawtstﬂ@b E
within the 0 in a concentration between
14 and 120 nfﬁwggwg%dﬁ |§on§%%€%y'gr?8y§§'dmw Excel l ent results have been
obt ai ned with | i qilihel neethod iof separingha dHayeh ecodiing Gosulatonbartieppayer) that i s
present jf apgok rbteéﬁ‘tdeg& ﬁtlg"%%‘e aRdrupan pre aratlonlc;f thhughlvids, d

sol ution enp P Aratio (? ions 16

et hyl enedi amemeqaﬁy aémwateg chUIsﬁﬂaorzcoosﬂtuwgeff@ﬂatﬁr@alts*érvw@éqnmler@sda@ld 2. 00.

General |y speakdoiitbd Witle a tsppef! se&d HyeP BnghTiRG e tnétalligathRid 68 theaghréughH of
between 6.6 and 7.5. This value is normally attained when the Iiquid

sol ution 35e?f16f5'oyed in step C. consists only of copper ions and
et hyl enedi am ne i Advdntageoesiyothel aforeeventioned] cgppepsedd tayer is itself produced

20 by a wet deposition method, preferably in a liquid medium.

Thus, according to a third aspect, the invention relates to a method of
preparing a coating of an electrical conductor or semiconductor substrate, said
coating consisting of an internal first layer forming an electrically insulating film
obtained according to the previously described step A., an intermediate second

25 layer forming a copper diffusion barrier obtained according to the previously
described step B., and a third, external copper seed layer, which layer is
produced by:

C. a) bringing the free surface of the second layer into contact
with a liquid solution comprising:

30 - at least one solvent;

- copper ions in a concentration of between 14 and 120 mM;

- ethylenediamine;

- the molar ratio of ethylenediamine to copper being between 1.80
and 2.03;

35 - the pH of said composition being between 6.6 and 7.5;

b) polarization of said free surface of the second layer for a



15 The pH of the liquid solution enployed in step C. may optionally
be adjusted in the aforenenti oned pH range by neans of a buffer such as one
of . those described in: "Handbook of chem stry and physics - 84th edition",
David R Lide, CRC Press, in the case whére the |liquid solution enployed in
step C. 5 conprises conponents other than the source of copper,ions and

et hyl enedi am ne. A liquid solution enployed in step C. currently
preferred, according to ‘the invention, conpri’sés™i'n agueous solution: -
copper ions, in a concentration betmeen 16 and 64 mM 10- et hyl enedi am ne;

- the nol ar t to the copper ions being between
1.96 and 2. Oéé‘ftfb@ntﬁéurgl:ﬂiﬁw?)#8%35‘?%%4‘?5On bei ng between 6.6 and 7.5. The

af orementi oned | i &&V\dl Be LDderaivadnsipp e makps Bynoasible ta cauviweh metallizatiors
el ectrodeposbftr@r\,,ggat hod corrprl sing bringing the surface of a substrate,

such as in particylar a co i ffusjon barrier |layer of a structure of
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bet ween t he copper, coat rod uce el ectrodeposition and t
barrier |ayer by bpﬁﬁ?#ﬁﬁgg H’e%ﬁmo? a{@é"dt@ "éoed?léﬂyqdnl"os@ﬁrﬁ BEOMRKISERH t he

| i quid sol ut thuse emipdseyesppen igHsegreCoregérithinué @hedtrationl of fsdtake alsl gmd | . €.
w t hout appl yj ng, an el ectrical current or an electrical potential

30relative to a counter-electrode or relative to a reference el ectrode at
this surface, priénother priefereedefemily o€ iquid solatiorstepployed in step’d. @neprisgs eat er

i ncreaseyg n &E;gé vHIBE S #Eﬂé oPespsbé?tfér%rgbe&hy\ﬁﬁﬁmﬁe%%%tw@spqué A%

substrate to coat e i'ncontac ution enpl oyed
in step C ( - exanpl e through imrersion in the el ectrodeposition
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m nutes, sti
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barrier | ayeintafese withikhs elettrpdepositibr), titds praferaily water. adhesi on of the seed

et 281110 Of LBiel EOREEtne el A Stk s € st s O
source of copper ions, m particular of Cu** cupric ions.

Advantageously, the source of copper ions is a copper salt such as, in
particular, copper sulphate, copper chloride, copper nitrate, copper acetate,
preferably copper sulphate, and more preferably still copper sulphate

25  pentahydrate.

According to a particular characteristic, the copper ions are present within
the liquid solution employed in step C. in a concentration between 14 and
120 mM; preferably between 16 and 64 mM.

Excellent results have been obtained with liquid solutions in which the

30  source of copper ions is present in a concentration between 16 and 32 mM.

In the liquid solution employed in step C., the molar ratio of copper ions
to ethylenediamine is between 1.80 and 2.03, preferably between 1.96 and 2.00.

Generally speaking, the liquid solution employed in step C. has a pH of
between 6.6 and 7.5. This value is normally attained when the liquid solution

35 employed in step C. consists only of copper ions and ethylenediamine in the
previously mentioned proportions.



5I't is possible, for exanple, to evaluate this adhesiveness by peeling an
adhesi ve ribbon bonded on the upper surface of the assenbly, for exanple by
using a testing nachine or a tensile testing machi ne. The adhesion thus
nmeasured, or the interface energy expred5ed in J.m2, characterizes overal
bot h the adhesi veness of the seed |layer on the barrier and that of the

thick layer of 10 copper on the seed | ayer. There is no restriction
in principle on the step of separating the coated substrate fromthe copper
seed | ayer after the formation of the coating. It has been observed

that it was possi , i Ses I

conducti vi tylocorrplz;t?bgbtf'-i Lt tﬁga\[agioegelggorf Ic?yea 'P g% @yﬁ%},hqap 40H9 i as 15 by
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preferably for. a duration of between 1 and 5 seconds after |tS separation
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el ect rodeposr h"f H'et hod conpri si ng: - a step called the "cold
entry" step FHYHEYEBWI%se of which said surface to be coated is brought
wi t hout el ectri calA ligaldasalutinini evmployedain csbapt @.cd:urmntlh préferréd, qaecatding to the

el ectr odeposi rjr\)eﬂporf,%rﬁgbgé} |ﬁ%gué’c§d§fs‘3 U%Bhy kept in this state for a duration

of at |east or mation of the coating in the course
of which said surfa@@eir@r\@oinaacmnuraﬂonab@wem & end 6dmMit i on to formsaid
coating; 10 - - 3ti}icPRdfamideed the "hot exit" step in the course of which

said surface is separated from | i qui,d el ectrodeposition so]ution while
it is still electrHeaMPRrF¥0Lft Ee&thvé%reﬁramrnestonfeﬁwe pertions Q%'%L‘%R"’e%r m ng
the coating hyeedreicz.o@deposition is conducted for a sufficient duration to

formthe desired c atln i s durati easi | eterm ned by those
skilled in the art ng‘la gFBRR/PﬂS'%‘r" 5%9”5%‘1"%%3[‘ % ?‘ﬁ%gtl on of the charge,
whi ch i s equal toThecafarementrmnedgrcmid edlutidres mbye berenployedriora cpmsstiondint o t he
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reference electrode), qor alter vel F in cyrrent in
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node erably aki ng,
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current per unit s ace’in

preferably oithQ)Slr'ﬁi@C@r’i‘i’ be coated intoggptack itk |5P'Fjd'élPld3ﬁ°|'~ttﬁ€ PéigF £ fopmingrthe

pol ari zati on cgitiighe naxi mum current may be between 2x10-3 and 1.6 seconds,
preferabtg bet Wee

T Bttt X et vt Sttt A
2x10- 3 and lrrﬁpmeeou@ adhesibar dblatvyeen the copper coating layer produced by
electrodeposition and the barrier layer by bringing the surface to be coated into
contact with the liquid solution employed in step C. without electrical
polarization, i.e. without applying an electrical current or an electrical potential
30 relative to a counter-electrode or relative to a reference electrode at this surface,
prior to the electrodeposition step.

An even greater increase in this adhesion has been observed when the
surface of the substrate to be coated is kept in contact with the liquid solution
employed in step C. (for example through immersion in the electrodeposition

35 composition) for a duration of at least 1 minute, for example around 3 minutes,
still prior to the electrodeposition step.



15 between 0.1 and 0.8 seconds, for exanple around 0.25 seconds. The
nunber of cycles to be carried out in the course of this step depends on

t he desired thickness of the coating. General |y speaking, those
skilled in the art will easily be able g determ ne the nunber of cycles to
be carried out, knowng that in the aforenenti oned 20preferred conditions
it has been observed that the rate of deposition is about 0.3 nm per

second. This node of inplenenting step C. nmade it possible to
produce copper seed |ayers having a thickness of between 50 nmand 1 pm on
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descri begy makghdef oH"?ﬁ?é@d%&e@ fabricate wafers of conductor or

a

sem conductor materi especl al |y made of silicon, with a novel structure.
Thus, according t &herefis Ma| reé@'ﬁ'é@'t In pHeCciRaIgnethe Bep of sepateting thencoated 5 - a
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25 - a step of formation of the coating in the course of which said surface is
polarized for a sufficient duration to form said coating;

- a step called the “hot exit” step in the course of which said surface is
separated from the liquid electrodeposition solution while it is still electrically
polarized.

30 In this method, the step of forming the coating by electrodeposition is
conducted for a sufficient duration to form the desired coating. This duration may
easily be determined by those skilled in the art, as the growth of the film is a
function of the charge, which is equal to the time integral of the electric current
passed into the circuit during the deposition period (Faraday's Law).

35 In the course of the step of formation of the coating, the surface to be
coated may be polarized, either in galvanostatic mode (fixed applied current), or



The invention will be better understood on reading the description of the
followng nonlimting exanples with reference to the appended draw ngs,

whi ch 25respectively show Figure 1. Schematic representation of a
pul sed el ectrografting protocol that cam7be used according to the

I nvention. Figure 2: Infrared ATR- IR spectrumfor a P4VP filmon
n-doped Si obtained in Exanple 1. 30Figure 3: Scanning el ectron m croscope
i mpage of a P4VP filmon n-doped Si obtained in Exanple 1. Figure 4.
Scanni ng el ectron microscope i mage of a P4VP fil mon p-doped Si obtained in

Ex le 2. . . Fi , ' | i f
pavp 11 m i n"osengsiait A Moo R ol PPuciefe i Bidiamia e n
Exanpl e 3. Freferencselettndde)s ardhliaimrtively mpulsedimodé (ia dRHEMOrf in lvoitage)n- doped Si
19 obtained in Ex o i ; ' ! e

L e o1 " i PR spcking If GPLER SoocRRANRS S GSIMRERR OF

Fi gure 8: Scaeatinggmay e piaing divo pelapieationsi epusedampanpreferpbly ise &s70 x 200
pmvias cgit ppplptufi@Retepsl | i con obtained in Exanple 6. Fi gure 9:

Scanni ng el ectron _n croscope. | e of a PAVP filmon whjch a PMI|ayer and
metal nanoparti cl ggnqglﬁ)yaw@g@ngnt%%@%n@yﬂe BHiLdQUL By FRRYINIFAERNHERBS t ed.
Fi gure 10: Scewespoading ¢ctar maximubt oseaeer uaiicsudfaca afbViR-Prshghi flbrs tteg k 100n

0 ectron i oPpeehado 6. MARE, Hod molk SpEUTBIY Famptehi I, ThRS AP h S
PHEMA | ayer tma nisinaum eamentaperi uitesirfabe & agandgenfrédahpifecn’ t@AdnAcms, have

been depqsit AQure 12: Scanning el ectron m croscope i mage of
a PHEMA- El\/ﬁﬁl?\lPlléefgrfglgtoggk'ﬁég 5 x 200 pmvias cut in p+-doped silicon

obt ai ned i n ExanpMeres spexifically, eifie duration ofipglarigation atsghe maxinemn cauresk
05500, | Mpecglbomedi IOEMIVE skapl) e Chotuiar o e
P doped o1 || S Bt Be R P85 St it 0 SRR e 1 ¢
p- doped si | i then nubitrairn eddirient Ewaymbeebétveen 2x10° Bh@ut.e ddzondepf préfekdblygept h
bet or e aneaPrsen s i et M fratoR RGeS PEREC ror 2 hours in
i nert gas. Fi gur eTh&nuBbeamnefi gygleete be carriediatit i thepeoursesafdhisfstep depends
P4VP- PHEMA- NpBthe desired thickness of the coating.
Generally speaking, those skilled in the art will easily be able to determine
the number of cycles to be carried out, knowing that in the aforementioned
20  preferred conditions it has been observed that the rate of deposition is about 0.3
nm per second.
This mode of implementing step C. made it possible to produce copper
seed layers having a thickness of between 50 nm and 1 um on highly resistive
substrates with “through-via” structures, the sheet resistance of which may reach
25 1000 ohms/ , or even several megaohm/sheet.
The present invention therefore covers a method of coating a surface of a
substrate, such as in particular the surface of a copper diffusion barrier layer of a
“through-via” structure, which comprises bringing said surface into contact with a
liquid solution employed in step C. as previously described and a step in the
30 course of which said surface is polarized for a sufficient duration to form said
coating.

This coating step C. is particularly useful for producing a copper seed

layer having a thickness that may be around 50 nm to 1 um, preferably from 200

to 800 nm, for example around 300 nm, on the surface of a copper diffusion

35 barrier such as obtained by implementing steps A. and B. in a “through-via”
structure.



25Cu stack in 30 x 90 pmvias cut in p-doped silicon obtained in Exanple
11. The foll owi ng exanpl es have been produced at |aboratory scale. Unless
indicated to the contrary, these exanpl es have been produced in nornal
tenperature and pressure conditions (ardB8nd 25C at around 1 atm in anbient
air, and the reactants used have been directly obtained commercially

30wi t hout additional purification. The substrates used have a .
surface to be coated generally consisting of silicon, optionally doped with
various elenments (n, p, p+) in various percentages. In sone cases,

and nore specific ' ; : A | £0, aces
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silicon, comprising one or more vias, characterized in that the walls of each via

15 are covered with an internal layer made of poly-2-hydroxyethyl methacrylate

(PHEMA) with a thickness of between 200 and 400 nanometres forming an

electrical insulator, which is itself coated with a layer of nickel, optionally alloyed

with boron, with a thickness of between 100 and 300 nanometres forming a

copper diffusion barrier, which is itself covered with a copper layer with a

20  thickness of between 200 and 500 nanometres forming a seed layer.

EXAMPLES .
The invention will be better understood on reading the description of the
following nonlimiting examples with reference to the appended drawings, which
25  respectively show:
Figure 1: Schematic representation of a pulsed electrografting protocol
that can be used according to the invention.
Figure 2: Infrared ATR-IR spectrum for a P4VP film on n-doped Si
obtained in Example 1.
30 Figure 3: Scanning electron microscope image of a P4VP film on n-doped
Si obtained in Example 1.
Figure 4: Scanning electron microscope image of a P4VP film on p-doped
Si obtained in Example 2.
Figure 5: Scanning electron microscope image of a P4VP film in 30 x 60
35 pm vias cut in p-doped silicon and obtained in Example 3.
Figure 6: Infrared ATR-IR spectrum of a PHEMA film on n-doped Si



a carbon sheet intended to serve as the counter-electrode; - a stabilized
el ectrical power supply and el ectrical connection device. The

el ectrografting of the P4VP onto the surface of the silicon substrate 25
has been carried out by applying to thel8ubstrate, previously caused to
rotate at a speed of 40 to 100 rpm (60 rpmin the exanple), a "pul sed
vol t age" el ectrochem cal protocol for a predeterm ned duration of around 10

to 30 mnutes (15 mnutes in the exanple). Figure 1 illustrates the _

el ectrochem cal protocol that has been used, 30w th: a total period
P of between, onds (0.6 seconds I n the exanple); a

pol ari zati on &a%d_ap'g %Fagg}fween 0.01 and 1 s (0.36 seconds in the exanple)

during which a poFiguresl: Stanhiageeledrant mirrascope oage of aafiffiMA dilm oot hre

35surface of g4 §l6|B§é|ﬁe’a‘.ﬁE(X§ e potential of -17 Vin the exanple); and
- an idle perlr'k’c\)lag:I with zerlo Eﬁﬁial called Toff, of a duration of between

21 0.01 and 1 s (Bawrec8cSs @@“""91 qlacironx BYigsPscppe image Of'l'ﬁepiéﬂf‘%ltﬁ'@n"bf this
el ectrogriaf t 7hg 2506 diad elda p* afopad bincd?eobtaﬂedmm |€8, t he desired
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det erm ned by thoggm §éa"fr"r19 F'lﬁ&(g%ﬁ[rx rggcopﬁgngqeogfq]b%f% flmeorl' 5:‘"% s a
function 5of PAAdayeptrdtmetdl mhnopertieles @btgimdd mdExample 7, 2hd stebeha\fe)beémnt i oned
condi tions, pfb(glté’(ﬁmr (P4VP) | ayer having a thickness of 300 nanonetres has
been obt ai ne Once the electrografting is finished, the sanple has
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Figure 13: Scanning electron microscope image of a P4VP-PHEMA-NiB
stack in 30 x 60 ym vias cut in p-doped silicon obtained in Example 9.

Figure 14: Scanning electron microscope image of a P4VP-PHEMA-NiB-

20  Cu stack in 30 x 60 pym vias cut in p-doped silicon obtained in Example 10.

Figure 15: Tof-SIMS depth profile produced on a P4VP-PHEMA-NiB-Cu
stack obtained in Example 10, before annealing (raw sample) and after annealing-
at 400°C for 2 hours in inert gas.

Figure 16: Scanning electron microscope image of a P4VP-PHEMA-NiB-

25  Cu stack in 30 x 90 pm vias cut in p-doped silicon obtained in Example 11.

The following examples have been produced at laboratory scale.

Unless indicated to the contrary, these examples have been produced in
normal temperature and pressure conditions (around 25°C at around 1 atm) in
ambient air, and the reactants used have been directly obtained commercially

30 without additional purification.

The substrates used have a surface to be coated generally consisting of
silicon, optionally doped with various elements (n, p, p*) in various percentages.

In some cases, and more specifically with some p-doped substrates, the
silicon surfaces are advantageously subjected to a preliminary treatment

35 consisting in an immersion in a piranha solution (H,S04:H,0, 5:1 v/v) followed by
an immersion in a hydrofluoric acid solution (10% v/v).



20surface of the silicon. The characteristic P4VP peaks observed
during the ToF-SIMS analysis in positive ions are reported in Table 1. lon
C2H6N C5H5N C5H6N C6H7N C7H8N C91- 18N C14h115N2 & Mass 44 79 80 93 106 130
211 25 Table 1: Characteristic peaks oR0P4VP deposit on n-doped Si
observed by Tineof-Flight Secondary |Ion Mass Spectroscopy (ToF-SIMS) in

positive ions A scanning el ectron m croscope (SEM analysis (see
Figure 3) has also nmade it possible to see the presence of a honpbgeneous
polymer filmon the 30surface of the silicon sanple. The insul ating

character of the RaLydRbn shla§&é%@§ %bcﬁkﬁﬂw Wiede ?&Hugge{%aﬂ\é’dzgé s'BVuty%%ﬁPes of

(Capaci t ance- Vol t age) neasur e resul ained are collected in
Tabl e 2. Pol Pa@Yeen 1 and 100 Q. cm

Example 1 - Preparation of a poly-4-vinylpyridine (P4VP) film on a
5 planar n-doped silicon substrate.
Substrate:
The substrate used in this example is a coupon of n-doped silicon with
4 cm sides (4 x 4 cm) and of 750 um depth with a resistivity of 20 Q.cm.
Solution:
10 The electrografting solution employed in this example is an aqueous
solution prepared by introducing 5 ml of 4-vinylpyridine (4-VP; 4.5x102 mol) into
95 ml of HCl 1M, then adding to the mixture thus constituted 236 mg of
4-nitrobenzenediazonium tetrafluoroborate (DNO2; 1x10 mol).
The solution has been degassed for 10 minutes prior to its use by an
15 argon flow.
Protocol:
To carry out electrografting on the silicon substrate a system has been
used which is composed of:
- a sample holder equipped with means for rotating at a predetermined
20  speed and shaped to support the substrate, the assembly thus constituted being
intended to serve as the work electrode;
- a carbon sheet intended to serve as the counter-electrode;
- a stabilized electrical power supply and electrical connection device.
The electrografting of the P4VP onto the surface of the silicon substrate
25 has been carried out by applying to the substrate, previously caused to rotate at
a speed of 40 to 100 rpm (60 rpm in the example), a “pulsed voltage”
electrochemical protocol for a predetermined duration of around 10 to 30
minutes (15 minutes in the example).
Figure 1 illustrates the electrochemical protocol that has been used,
30 with:
- a total period P of between 0.01 and 2 seconds (0.6 seconds in the
example);
- a polarization time T,, of between 0.01 and 1 s (0.36 seconds in the
example) during which a potential difference of 5 V to 20 V is applied to the
35 surface of the substrate (cathode potential of -17 V in the example); and
- an idle period with zero potential, called Ty, of @ duration of between



Refractive Breakdown Dielectric Resistivity index voltage constant WO .cm
22 (MV/cm PA4VP 1.5 1.66 4.95 2.6.1014 PHEMA 0. 98

21

0.01 and 1 s (0.24 seconds in the example).

The duration of this electrografting step depends, as will be understood,
on the desired thickness of the polymer insulating layer. This duration can easily
be determined by those skilled in the art, as the growth of the layer is a function

5  of the potential difference applied. '

In the aforementioned conditions, a polymer (P4VP) layer having a
thickness of 300 nanometres has been obtained.

Once the electrografting is finished, the sample has been washed several
times with water then with dimethylformamide (DMF) before being dried below

10  an argon flow then oven-dried for 2 hours (90°C). The drying of the sample may
also be carried out in an inert atmosphere and at higher temperatures, typically
between 100 and 200°C, so as to obtain a material that is as anhydrous as
possible.

Characterizations:

15 The sample thus prepared has been analyzed by infrared spectroscopy
and by Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS).

As the infrared spectrum obtained shows (see Figure 2), the presence of
the adsorption bands at 1580 cm™ (P4VP), 1520 cm™ (diazonium) and 1350 cm™
(diazonium) confirms the presence of the polymer (P4VP) electrografted onto the

20  surface of the silicon.

The characteristic P4VP peaks observed during the ToF-SIMS analysis in

positive ions are reported in Table 1.

Ion CHgN CsHsN CsHgN CeHyN C;HgN CgHgN CiaHis5N;
Ct Mass 44 79 80 93 106 130 211

25 Table 1: Characteristic peaks of P4VP deposit on n-doped Si observed by Time-
of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) in positive ions

A scanning electron microscope (SEM) analysis (see Figure 3) has also
made it possible to see the presence of a homogeneous polymer film on the
30 surface of the silicon sample.
The insulating character of the polymer film obtained has been analyzed
by C(V) (Capacitance-Voltage) measurement. The results obtained are collected
in Table 2.

Polymer | Refractive Breakdown Dielectric Resistivity
index voltage constant (uQ .cm)




1.43 1.89 4.38.10's

PHEMA
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The substrate used in this example is a coupon of p-doped silicon with
4 cm sides (4 x 4 cm) and of 750 pm depth with a resistivity of 20 Q.cm.

Solution:

Identical to that used in Example 1.

Protocol:

The experimental protocol is identical to that described in Example 1,
with the additional use of a light source (halogen lamp, 150 W) placed in front of
the sample of p-doped silicon so as to obtain maximum light intensity on the
surface of the sample. To do this, the lamp is placed at a distance of around
10 cm from the surface of the sample. The sample is illuminated throughout the
duration of the experiment.

The pulsed electrochemical protocol described in Example 1 is used while
applying a potential difference of 1 V to 10 V (cathode potential -3 V in the
example).

Characterizations:

A scanning electron microscope (SEM) analysis (see Figure 4) makes it
possible to see the presence of a homogeneous polymer film on the surface of
the p-doped silicon sample.

Example 3 - Preparation of a poly-4-vinylpyridine (P4VP) film on a p-
doped silicon surface of through-vias.

Substrate:

The substrate used in this example consists of a wafer of silicon with
4 cm sides (4 x 4 cm) and of 750 pm depth with a resistivity of between 3 Q.cm
and 26 Q.cm, etched with cylindrical patterns of the “through-via” of 60 um



23 depth and 30 pmdianeter. Solution: Identical to that used in Exanple
1. Protocol: 5To begin with, the sanple is placed in the electrografting
sol ution under ultrasound for 30 seconds so as to enable the vias to be
properly filled. The protocol is then i@d8ntical to that described in
Exanpl e 2. Characterizations: A scanni ng el ectron m croscope
(SEM analysis nmade it possible to 10denonstrate the covering of the vias.
Figure 5 nakes it possible to see the conplete covering of a via by the

el ectrografted PAVP film The fil m obtained has good conformty. The

per cent age c rJy4t posit is calculated by finding the ratio of
the thi cknesggét? étnﬁe%e’ﬁégigrhgegtglgf ted |l ayer on the vertical surfaces (profile

or side) of the vB8elutionihat on the horizontal 15 surfaces on top of the

via. The thi cknessdepRicdI 6 tvalusbd M B@Mdi@ges is measured at a given depth of
the via (4 pm aboye the base of the via). The percentage conformty

obtained in t hesePEQRQEOL;i ons is close to 50% ~ Exanple 4 - Preparation
of a pol y5 2- hydr oTgeselgir witht thacayiphs B plated RiiEMARIetirbdraftifgasofltidAander doped

ili bstrate. b te: ldentical t hat d i le 1.

Sol ut i on: - THERRSIATE3P focs st o B o b v HpoRed Tl ¢ s an
aqueous 25 sol ut iTbe ppte@hisdien ydeatichl hg tiid described 2 Exesinple 2et hy |
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for 10 m@mut @embistuts the 2BV ng2b0eid Pibd.OFigufe 5 $nale€ it BORILR &99%{3 the
| dentical to thslt descrlbefd in -20 V

havi ng been SYPPEELAVRIGE %X@@Eﬁ( gﬁgﬁ%@@&@&%@?ﬁ@hg? e'rI]'EIea!sa(r)rpl e obt ai ned
has been anal yzedThy fiirnbbiaired tigepbl @dsfopyitaMhet fecentage conformity of the
deposit is calculated by finding the ratio of the thickness of the electrografted
layer on the vertical surfaces (profile or side) of the via to that on the horizontal
15 surfaces on top of the via. The thickness on the vertical surfaces is measured at
a given depth of the via (4 pm above the base of the via). The percentage

conformity obtained in these conditions is close to 50%.

Example 4 - Preparation of a poly-2-hydroxyethyl methacrylate
20 (PHEMA) film on a planar n-doped silicon substrate.
Substrate:
Identical to that used in Example 1.
Solution:
The electrografting solution employed in this example is an aqueous
25  solution prepared by adding 30 ml of 2-hydroxyethyl methacrylate (HEMA, 0.24
mol) into 70 m! of 0.1 N H,SO,, then by adding to the mixture thus constituted
236 mg of 4-nitrobenzenediazonium tetrafluoroborate (DNO,, 1x10 mol).
The solution has been degassed for 10 minutes by a stream of argon
prior to its use.
30 Protocol:
Identical to that described in Example 1, a cathode potential of -20 V
having been applied in the example.
Characterizations:
The sample obtained has been analyzed by infrared spectroscopy and the
35 infrared spectrum obtained (Figure 6) shows the presence of adsorption bands
at 1720 cm™ (PHEMA), 1520 cm™(diazonium) and 1350 cm™ (diazonium) which



35 infrared spectrum obtained (Figure 6) shows the presence of adsorption
bands at 1720 cm1 (PHEMR), 1520 cn#-1(di azonium and 1350 cm' (diazoniun
which 24 confirns the presence of the electrografted polyner filmon the
surface of the silicon sanple. 2A scanni ng el ectron m croscope
(SEM analysis (see Figure 7) has also nade it possible to see the presence
of a honbgeneous polyner filmon the 5surface of the silicon sanple.

The el ectrical neasurenents carried out on the PHEMA filmare reported in

- the preceding Table 2. The val ues obtained confirmthe strongly insul ating
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e obta ned
anal yzed by Madfd @Bs%tgécff’rs(%ctgﬁyprﬁ?'ﬁﬁ‘c? aszWgB%ﬂetQHSQQ Jﬂﬁ"s%\me clearly
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30Sol utipm: ExkERIPIECS! -t Prepatatitit dof Na EpdR2chydroRyetiifl O lmethacrylate
(PHEMA) film on a planar p-doped silicon substrate.
Substrate:
Identical to that used in Example 2.
Solution:
15 Identical to that used in Example 4.
Protocol:
Identical to that used in Example 2.
Characterizations:
The sample obtained has been analyzed by infrared spectroscopy and the
20 infrared spectrum shows clearly the presence of characteristic bands of the
electrografted polymer film on the surface of the silicon.

Example 6 - Preparation of a poly-2-hydroxyethyl methacrylate
(PHEMA) film on a P*-doped silicon surface of vias.
25 Substrate:
The substrate used in this example consists of a wafer of silicon with
4 cm sides (4x4cm) and of 750 pm depth with a resistivity of between
8 mQ.cm and 20 mQ.cm, etched with cylindrical patterns of the “through-via” of
200 pm depth and 75 ym diameter.
30 Solution:
Identical to that used in Example 4.
Protocol:
Identical to that used in Example 2.
Characterizations:
35 The sample obtained has been analyzed by infrared spectroscopy and the
infrared spectrum confirms the presence of the electrografted polymer (PHEMA)



Identical to that used in Exanple 2. Characterizations: 35The sanple
obt ai ned has been anal yzed by infrared spectroscopy and the infrared
spectrum confirns the presence of the electrografted polynmer (PHEMA) 25 on
the surface of the silicon sanple. 25 A scanning el ectron m croscope
(SEM analysis (see Figure 8) nmade it possible to see the presence of a
honogeneous pol yner film-covering the entire surface of the via. The
conformty percentage for the deposit, as nmeasured in 5Exanple 3, is 40%
Exanple 7 - Production of a P4VP-PAA-Ni B insulator/barrier stack on a

pl anar n-dop . strate: 10ldentical to that used in
Exanpl e 1. Iﬁgﬁtﬁéa%dr%w&wgdl %am?(:@'(;rdl ng to Exanple 1. Diffusion barrier:

A ni ckel - bor on ( NABjcapeing |e¢ﬂctrpg ndigpassoneetbEM) analysis (see Figune: 8) madebl y- 4-
15vi nyl pyri deféll:flé;’ f0/53e ﬁl@rﬁr@éé?lc@BF ﬁ'%ﬁ%ﬁ@ﬁeddgepo?ﬁﬁ’er%mgé@éﬁmqethé -enffEP 1.

Formation of a ric tie : ution

The sol uti onsgﬁ%eo‘s} ej via. t-H'IesC %.'miWeW@e'?iﬁg%éQfeWGsde@SF'Et450Weé?fur%l"yacr ylic
aci d (PM5 MAE4SARIEE, isl40861- 1) . 20Pr ot ocol : The substrate coated with
a PAVP filmobtained in Exanple 1 is imersed for 10 mnutes in a beaker
cont ai ni ng the aqueous solution of polyacrylic acid. The sanple is then
washed sever Exatripley -uBrodudtiost of & P4VPxPAA-NiB insulatoe /barritristacls bneam of

argon. 25Cha r e sanpl e thus obtai ned has been
anal yzed by i’aﬁ{a(?- aébbagﬁ'cgec%unbcftramron Mass Spectroscopy (ToF-SIMs). The

ToF- SI M5 anal y5| S_Msul ts of V\:hl ch are reported in Table 3, has nade
it possifgye to defgupitdidb ehdthRed PAE@RIgH 1St c PM peaks.

Insulation:

Produced according to Example 1.

Diffusion barrier:

A nickel-boron (NiB) barrier is deposited in three steps onto the poly-4-
15  vinylpyridine (P4VP) surface obtained at the end of Example 1.

Step 1: Formation of a polymeric tie layer of the polyacid type:

Solution:

The solution employed in this example is an aqueous solution of
polyacrylic acid (PAA, MW 450000, 1 g.I™).

20 Protocol:

The substrate coated with a P4VP film obtained in Example 1 is
immersed for 10 minutes in a beaker containing the aqueous solution of
polyacrylic acid. The sample is then washed several times using distilled
water, then dried under a stream of argon.

25 Characterizations:

The sample thus obtained has been analyzed by Time-of-Flight
Secondary Ion Mass Spectroscopy (ToF-SIMS). The ToF-SIMS analysis,
the results of which are reported in Table 3, has made it possible to
demonstrate the characteristic PAA peaks.

30

Ion C2H302 C3H3O3 C5H702 C5H902 CH7O4 CgHsN C10H1505
Ct Mass 51 71 111 113 143 130 215

Table 3: Characteristic PAA peaks on an SiN/P4VP/PAA stack observed by Time-
of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) in negative ions.

35 Step 2: Incorporation of nanoparticles of NiB:



30 lon C2H302 C3H303 C6H702 C6H902 CH704 CO9HBN C1l0H1605 Ct Mass 51 71 111
113 143 130 215 Table 3: Characteristic PM peaks on an Si N P4VP/ PAA st ack
observed by Tineof-Flight Secondary |on Mass Spectroscopy (ToF-SIMS) in
negative ions. 35Step 2: Incorporation @ nanoparticles of N B: 26

Sol uti on:

Solution:

A colloidal suspension of NiB nanoparticles was prepared at 20°C.
To this end, 120 mg of a metal precursor NiSO, (4.5x10* mol) were
dissolved in 50 ml of deionized water, then 1.8g of cetyl

5 trimethylammonium bromide (CTAB, 4.7x107 mol) stabilizer was added.
80 mg of sodium borohydride (NaBH,, 2x107 mol) dissolved in 2 ml of
deionized water were then added, in a single injection, to this solution.
The solution instantly changed colour to become the intense black
characteristic of the zero metal present in colloidal form.

10 Protocol:

The substrate with a surface coated with a P4VP-PAA polymer
bilayer prepared in the preceding step was introduced into the colloidal
NiB solution. The sample was kept in this solution for several minutes, for
example between 1 and 15 minutes, then washed in deionized water for

15 around 1 minute before being dried under a stream of argon.

Characterizations:

A scanning electron microscope (SEM) analysis (see Figure 9)
made it possible to see the distribution of NiB nanoparticles on the
surface of the polymer.

20
Step 3: Formation of a nickel layer by electroless deposition:

Solution:

The solution employed in this example was prepared by
introducing into a Pyrex beaker 50 ml of deionized water, 1.41 g of NiSO,

25 (5.4x10° mol), 3g of tribasic sodium citrate (1x10 mol) or 2 g of citric
acid (1x10? mol) and 141 mg of dimethylamino borane (DMAB, 2x1073
mol). The pH of the solution was adjusted to 9 by adding a sodium
hydroxide solution NaOH or TMAH.

Protocol:

30 The solution was heated to 60°C, then the sample prepared in
the preceding step was introduced into the medium for several minutes,
for example between 2 and 10 minutes. The substrate was then removed
then washed in deionized water and dried under a stream of argon.

Characterizations:

35 The surface thus processed is characterized by a uniform metallic
(mirror) appearance. Depending on the metallization time, the



A col | oi dal suspension of N B nanoparticles was prepared at 20C. To this
end, 120 ng of a netal precursor N1ISO4 (4.5x104 nol) were dissolved in 50
m of deionized water, then 1.8 g of cetyl 5 trinmethylamoni um brom de
(CAB, 4.7x10-3 nol) stabilizer was added/ 80 ng of sodi um borohydri de
(NaBH4, 2x10-3 nol) dissolved in 2 nl of deionized water were then added,
in asingle injection, to this solution. The solution instantly changed
colour to becone the intense black characteristic of the zero netal present
in colloidal form 10Protocol: The substrate with a surface coated
Wi th a PAVP- PAA p%éﬂﬁ%ﬁse@ dfﬁ?!@cél g&@ﬂ@&% VarSferet\Péé?P ?'é\ﬁﬁhaﬁ{;( Btréand

i ntroduced into the co sol ution he sanple was kept 1n this
sol ution for seveF@ﬁm#WWUg%gs°fBW“§%§ﬁ§}e between 1 and 15 minutes, then

washed in dei oni zed VVaF\chaﬁthg Jemtrennﬁncﬂoser@;fw(sfmeémmsbfteewugﬁrédoynder a
stream of ar gon Ct er) ﬁ{h m croscope

a
(SEM anal ysis (s 5eess! %oh(g%oqspa%g"@ fBrfBatﬂ%' ‘gge%g?rﬁ@uaﬁ‘% P&t on of
NI B nanop@arti cl esfhmovd.fretheleniﬁmcsﬂrfaéethe polyner. 20 Step 3: Formation of a
ni ckel |ayer by electrol ess deposition: Solution: The sol ution
enployed in this exanple was prepared by introducing into a Pyrex beaker 50
m of dei oni Example & - Productipnodf aiPBEMAPHEMAANIB inGulatoy /bayiesfstack basi ¢
sodiumcitra tric acid (1x10-2 nol) and 141 ny
of di net hyl agﬁnagabor ggdrgﬁDl\ﬁAlpgu aS%Bf‘vfds The pH of the solution was
adj usted to 9 by 2ubstate: sodi um hydr oxi de sol uti on NaOH or TMAH. Protocol :
30The sojl@tion wagddntiaslad that [BBEin BRRiplé Be sanpl e prepared in the preceding
step was |ntroducsd |!n£o the medium for several mnutes, for exanple
between 2 and 10 iThe substrate was then renmoved then washed in
dei oni zed wat er aRcbdicecddacoording tebsmpiat of argon. Characterizations:

35The surface thui, RLSGH |e'r5 characterized by a uniformnetallic
(mrror) appearan on the netallization tine, the 27
t hi cknesses of neAdlickebberondhi rrieAmasisiepesitad in thiee StepscmEe tl'&poiyra- sever al

hundr edsy of ”ﬁ*;d?gur gﬁ-ﬁ n;)ethac&ylate (PEMR‘) M@'dB%lr?é ttﬁ@@n&‘bﬁ 8, (SEM
o

anal ysis (see | e to dem)nstrate t ormatl on of a
conti nuous NI B negs® O TR AR B df a3 adhssio g - Production

of a PHEMA- PHEMVA- Wi3Iayas Wast prdduaed Ib?/f f§|townkg afe ag@mraioa%dhmgl bc@Re sur f ace

AG I

of vias. publication Mévellec et al., Chern. Mater., 2007, 19, 6323—-6330:
Solution:
20 The solution employed in this example is an aqueous solution of adhesion

primer. To develop it, the following solutions are prepared first:
- 1.08 g (1x10 mol) of p-aminoaniline in 100 ml of HCl 0.5M
(solution A).
- 690 mg (1x10 mol) of NaNO, in 100 ml of deionized water
25 (solution B).
25 ml of solution B are slowly added to 25 ml of solution A. To this
mixture 5 ml of 2-hydroxyethyl methacrylate (HEMA, 4x10? mol) are then
added, then the reaction is initiated by adding 1 g of iron powder at 99%
(1.7x10 mol) or 16 ml of commercial hypophosphorous acid at 50 % by
30 mass in water, acting as a reducing agent.
Protocol:
The silicon substrate functionalized by the PHEMA obtained in
Example 6 was immersed in the solution for a duration of between 1 and
20 minutes before being washed (DMF, water), then dried under a stream
35 of nitrogen.

Step 2: Incorporation of NiB nanoparticles:



Substrate: 10ldentical to that used in Exanple 6. Insulation: Produced
according to Exanple 6. Diffusion barrier: A nickel-boron (NiB) barrier
was deposited in three steps onto the poly-2- 15hydroxyethyl nethacrylate
(PHEMA) surface obtained at the end of BBanple 6. Step 1: Fornmation of a
tie layer formed from an adhesion priner This |ayer was produced by
follow ng the general teaching of the publication Mevellec et al., Chem
Mat er., 2007, 19, 6323-6330: Solution: 20The solution enployed in this
exanpl e i s an aqueous solution of adhesion priner. To develop it, the
foll ow ng sol utions aregpfgrared first: - 1.08 g (1x10-2 nol) of

p-am noaniline in 100 m of HC 0.5M (sol ution Aé'ig

690 ng (1x10-2 nol) of Iegntce! tothatoesediin Bxanale dnPERP-wat er 25(sol ution B).
25 mM of solution B arergbesd y added to 25 m of solution A. To this

m xture 5 m of 2-hydr i hyl t hagrylLat e ENMA, .4x10-2 nol) are then
added, then the reactigﬁgﬁ@litﬂitﬁrgta‘fs@a '%Exmgﬁgg@pg&of i ron powder at 99%
(1. 7x10-25nol ) or 16 niChefactspizationst al hypophosphorous acid at 50 % by

30mass in water, actin . e | 0 i - ilicon
substrate functionali ngg%{)ﬁlpheeq%ﬂgﬂ%m%gfsg{)%eegéﬁp %%éyr?f)ﬁ %se% F\A%%'T‘%qmr sed in
the sol ution for #aderitpasaiblef thseactba distsibutionD ofii NiBt eanoparticles dreithey washed
(DVF, water), theq,gsdecst tHé‘ﬁ@lS/m%r.St ream 350f nitrogen. Step 2:

| ncor poration of NI B nanoparticles: 28 Sol ution:
10 Step 3: Formation of a nickel layer by electroless deposition:
Solution:
Identical to that used in Example 7, Step 3.
Protocol:
Identical to that used in Example 7, Step 3.
15 Characterizations:

The surface thus processed is characterized by a uniform metallic
(mirror) appearance. Depending on the metallization time, the
thicknesses of metal obtained may vary between a few nanometres and
several hundreds of nanometres.

20 A scanning electron microscope (SEM) analysis (see Figure 12)
made it possible to demonstrate the formation of a continuous NiB metal
film over the entire surface. The conformity percentage of the NiB
deposit, as measured in Example 3, is 50%.

25 Example 9 - Production of a P4VP-PHEMA-NIB insulator/barrier stack
on a p-doped silicon surface of vias.
Substrate:
Identical to that used in Example 3.
Insulation:
30 Produced according to Example 3.
Diffusion barrier:
Produced according to Example 8.
A scanning electron microscope (SEM) analysis made it possible to
demonstrate the insulator/barrier stack over the entire surface of the via (see
35 Figure 13). The conformity percentage of the deposit, as measured in Example
3, is 65%.



Identical to that used in Exanple 7, Step 2. Protocol: Identical to that
used in Exanple 7, Step 2. 5Characterizations: A scanni ng el ectron
m croscope (SEM analysis (see Figure 11) nade it possible to see the

di stribution of Ni B nanoparticles on th29surface of the polyner. 10Step 3:
Formati on of a nickel |ayer by electroless deposition: Solution:

ldentical to that used in Exanple 7, Step 3. Protocol: Identical to that
used in Exanple 7, Step 3. 15Characteri zations: The surface thus
processed is characterized by a uniformmetallic (mrror) appearance.
Depending on the netallization tine, the thicknesses of netal obtained may
vary between a few nanonetres and several hundreds of nanonetres. 20A
scanni ng el e&EXABIPIRI cr8@cope ( SRrgdusgtionsi of(sed Fi SIVE-RHEMAzNBGu
possibl e to GNNAEOrTBaRidrTScéd IHtrstaclObn A -dopled siicor bR TAES 8F vids! M over
the entire surface. ,The conformty percentage of the N B deposit, as
nmeasured in Exarrp%émit,"—aF%"— 50% 25 Exanple 9 - Production of a

P4VP- PHEN- Ni B i n§ddnsitairo isatrised irsExapipl®B. a p- doped silicon surface of

vias. Substrate: 1 iio al to that used in Exanple 3. Insulation: _
30Pr oduced accord anple 3. Diffusion barrier: Produced according

to Exanpl e 8. Produgedsacrnrdingyteeb@otpleB. ni cr oscope (SEM anal ysis nade it
possi bl e to demdng:fationt jepsul ator/barrier stack over the entire surface
of the via (see 3 he conformty percentage of the deposit, as

nmeasured in ExanpPeduced according to Example 8.

10 Formation of a copper seed layer:
Solution:

The deposition of a copper seed layer was carried out using an
aqueous electrodeposition solution containing 2.1 mlI? (32 mM) of
ethylenediamine and 4 g.I"* (16 mM) of CuSO,*5H.0.

15 Protocol:

The electrodeposition method implemented in this example
comprises various consecutive steps:

- a “cold entry” step where the substrate is brought into contact
by immersion, without electrical power supply, in the electrodeposition

20 solution for a duration of at least one minute (for example 3 minutes);

- a copper growth step where the substrate is cathode polarized in
galvano-pulsed mode and simultaneously set in rotation at a speed of 20
to 100 revolutions per minute (for example 40 revolutions per minute).
Figure 1 describes in detail the galvano-pulsed protocol capable of being

25 used, with a total period P of between 10 ms and 2 s (0.6 s in the
example), a polarization time Toy of between 2 ms and 1.6 s (0.35 s in
the example) while applying a current per unit surface area generally
between 0.6 mA.cm™ and 10 mA.cm™ (2.77 mA.cmin the example), an
idle period T without polarization of between 2 ms and 1.6 s (0.25 s in

30 the example). The duration of this step depends, as will be understood,
on the desired thickness of the seed layer. This duration can easily be
determined by those skilled in the art, as the growth of the film is a
function of the charge passed into the circuit. In the aforementioned
conditions, the rate of deposition is around 1.5 nm per coulomb of charge

35 passed into the circuit, which gives a duration of the electrodeposition
step of around 17 minutes in order to obtain a coating having a thickness



3, is 65% 29 Exanpl el0- Production of aP4VP- PHEMA-N B- Cu

i'nsul ator/barrier/seed | ayer stack on a p-doped silicon surface of vias.
Substrate: 5ldentical to that used in Exanple 3. Insulation: Produced
according to Exanple 3. Diffusion barrid0: Produced according to Exanple
8. 10Formation of a copper seed |ayer: Sol ution: The deposition of
a copper seed |layer was carried out using an aqueous el ectrodeposition
solution containing 2.1 mL.1-1 (32 m\) of ethylenediamne and 4 g.1-1 (16
mV) of CuSO4.5H20. 15Protocol : The el ectrodepositi on net hod

i npl enented in thj 3%5},@ e cornprises various consecutive steps: -
a "cold entry" step eré“t he substrate is brought into contact by

i mrersion, without electdi el egbweierswipgieythe; substiateeraated adtdypeenper dn

R copper gr out h i Mo R Sl depatoff llken (s AKT Tofon) speslt €5):

- a copper gro e ere subs | lzed in.

gal vano- pul sed m&z‘"ﬁﬁ’&'@i lFﬁRttp&i?éB Updereyoltage, %%%td?*‘f?ﬁigatdath%@?éed? 20 to
108 revoLSJt i onsdparoum'drmmtoﬁtlﬂsnr’l'hemtalﬁbﬁ spled Es\fchérfﬂb'r&@hglﬁﬁsomi'éwmmns Fi gurg
1 describes in detgj] . V. - pul,se [ Ot 0GO a e of. hei 5 used,
with a total peri é%l b'%‘?ggogtalv(\)e%ggﬂ%’ egarlfﬁo‘% %&?r&aEOE%F'HgtCH lngtﬁhsﬂig"aﬁ), a
pol ari zation ti meplrax. dhelsebsteate ithes veastied ir6 deiofiged wateriandtdriedaxelep| e)

whil e applying a quiksShlor it surface area generally between 0.6
mM.cm2 and 10 mA.cm 2 (OZR%OT‘%&fcmZ in the exanple), an idle period Toff

wi t hout pol arization ofN#aclgEziiopsing and 1.6 s (0.25 s in 30 the exanple).
The durag@on of this shepafiRgRMEiroAmidtdstogee(IEMieiialy3RAse® Fighie ﬂgﬁ' red
t hi ckness of the se d.{axer. hi s duratloF can e[\a5| |'|¥ Pe ?ete_rm ned by
those skilled in HRgedy possible f¢, demopgtiate dpe thrgerlayeminsulator/barden/eapper t he
charge passed i nt statkeverithe ehtire durfatdief tieovia Mt dobfethity peebichtagBof tiidie rate
of deposition is .char ge 35passed into the
circuit, which gi \%@éﬁ%&ép%ﬁ%a@ﬁ#edﬁﬁé&%ﬂ@g%6sd§%{gsi tion step of around 17
mnutes in order to obike hardec properigs lof thelyiBdaydrihake been demonstrated by
15 a well-known analytical method (M.Yoshino et al., Electrochim. Acta,
2005, 51, 916-920), which consists in tracking the diffusion of copper
into the diffusion barrier after annealing through the Tof-SIMS profile.
Comparison of the Tof-SIMS profiles (see Figure 15) before (raw

sample) and after annealing at 400°C for two hours in a controlled

20 atmosphere shows the absence of copper diffusion in the NiB diffusion
barrier.
Example 11 - Production of a P4VP-PHEMA-NiB-Cu
insulator/barrier/seed layer stack on a p-doped silicon surface of vias.
25 Substrate:

The substrate used in this example consists of a wafer of silicon with
4 c¢m sides (4 x 4 cm) and of 750 um depth with a resistivity of between 3 Q.cm
and 26 Q.cm, etched with cylindrical patterns of the “through-via” type of 90 um
depth and 30 um diameter.
30 Insulation:
Produced according to Example 3.
Diffusion barrier:
Produced according to Example 8.
Seed layer:
35 Produced according to Example 10.
A scanning electron microscope (SEM) analysis (see Figure 16) made it



30 of 300 nm - a "hot exit" step where the substrate coated with
copper is renoved fromthe el ectrodeposition solution at a zero rotation
speed whil e being kept polarized under voltage. The duration of this phase
is 5 around 2 seconds. The rotation sped8il is then brought to 500
revolutions per mnute for 10 seconds, the cathode pol arization being cut
inthis final phase. The substrate is then washed in deionized water and
dried under a stream of nitrogen. Characterizations: 10A scanning el ectron
m croscope (SEM analysis (see Figure 14) nmade it possible to denonstrate

the three-layer i §§n§ttﬁéy eaéaﬂaﬁéttraeé fRARe kirﬂ%g?ﬁrfe@ aﬁéaﬁatgzﬁar;ggréﬁdyggﬁfg of

the via. The conf percentage 0O e “copp ayer,
Exanpl e 3, is 60%aYyemseveathe tirgsgfasetof e ¥e. t he NI B | ayer have been
denonstrated by 15 a wel |l -known anal ytical nethod (M Yoshino et al.,

El ectrochim _Acta 05, 51, .916-920 whi.ch consists i.n tracking the

di f fusi on of 685‘&%!?%1 t Bre ER'TPE?i%‘ﬁV%'A\" iigsu ?Hﬁ’%ﬁﬁé&ﬁ%'ﬂ%%gh t he
Tof - SI M5 Br otlioped silicon surfacmar i son of the Tof-SIMS profiles (see Figure
15) before (raw s I nd after annealing at 400C for two hours in a
control |l ed 20at no hows the absence of copper diffusion in the NNB

di f f usi on barri er IdeBficatid &iat-uPed thuttempho®. aP4VP- PHEMA- Ni B- Cu

i nsul ator/ barri er f5&adtibayer stack on a p-doped silicon surface of vias.
25Substr at e: ubstrate used in this exanple consists of a wafer
of silicon with 4Pedusediaccordingtabempleidd of 750 pm depth with a
resistivigy of bebigasSion bditiepNd 26 acm etched wth cylindrical patterns

Ot U9 kIR ) Bate B Bt o Ao e b 2o o on
Exanpl e 8. Seiegipyidiee (P4VB) Burateciained atr thierepidiof thexisoiptien 3t8p dAs@ibadii nNg
electron m CEQasrﬁﬁgez.(SEM anal ysis (see Figure 16) nade it
Step 1: activation of the poly-4-vinylpyridine with a palladium salt
15 Solution:

The solution employed in this example is an aqueous activating
solution containing 2 mg (1.10” mol) of commercial palladium chloride salt PdCl,
dissolved in 100 ml HCl 0.1M.

Protocol:

20 The silicon substrate functionalized by the P4VP obtained in
Example 2 was immersed in the activating solution for a duration of between 30
seconds and 5 minutes before being washed in deionized water and dried under
a stream of nitrogen.

Characterizations:

25 The surface thus processed is characterized by a uniform metallic
(mirror) appearance. Depending on the metallization time, the thickness of the
metal obtained may vary between a few nanometres and several hundred
nanometres.

30 Example 13 - Production of a P4VP-NiB-Cu insulator/barrier/seed layer
stack on a p-doped silicon surface of vias.
Substrate:
The substrate used in this example consists of a wafer of silicon with
4 cm sides (4 x 4 cm) and of 750 ym depth with a resistivity of 20 Q.cm, etched
35 with cylindrical patterns of the “through-via” type of 30 ym depth and 5 pum
diameter.



31 possible to denonstrate the stacking of the three

i'nsul ator/barrier/copper |ayers over the entire surface of the via.

Exanpl e 12 - Production of a P4VP-N B insul ator/barrier stack on a p5 doped
silicon surface. Substrate: Ildentical 82 that used in Exanple 2.

I nsul ation: Produced according to Exanple 2. 10D ffusion barrier:

A nickel -boron (NIB) barrier is deposited in two steps onto the poly-4-

vi nyl pyri di ne (P4VP) surface obtained at the end of the isolation step

described in Exanple 2. Step 1: activation of the
pol y-4-vi nyl pyri dgpguidtion: a paI | adi um salt 15Sol uti on: The
sol ution enployed™in nple i s an_aqueous activating solution

containing 2 ng ( "OHE)'C%P‘;COEQ'W:EQTEP@"@H'%P pal | adi um chl oride salt PdC12
di ssolved in 100 Diffléfontbaderr ot ocol :  20The silicon substrate

functionalized by _the P4AVP o [a ai ne mrersed in the
activating sol uti BFP‘ﬁS?d FRIFRI dEd‘P"\BB(\)oéer{n39rd§éctBnE|£°"\ér’fBe differgnt es
before béh ngsaiatkdn'sctm bettbelpeneizaé that"roaditividt typd putttes, esd 1 @AM DEan

ni trogen. Bé%fﬂlr?{i °§9Ph§éﬁ§¥35%§%h§afgﬁigce t hus pr ocessed is characterized

by a unifor Depending on the netallization
time, the thickneSeedflayére netal obtained may vary between a few nanonetres

and sever al hundr}sSee é‘f?cbfcflzg[tog% ﬁ.ﬁﬂ@? e 13 - Production of a P4VP-N B-Cu

i nsul ator/barrier ayer p-doped silicon surface of vias.
Substrat e: Charactetizations:e used in this exanple consists of a wafer

of silicmn w t h 4AC§@aﬁhﬂgSel(eétrcbh dnigfBscaped QEM)7%9aW§bdﬁEH@ W;Io@ iBle to
reS|st|V|ty 20 a C ? thC|JnI’IC }ternso f1

"t hrough-vi a rp%Jsér t t% &9@88;& \#Ih a‘m@ev&r copper layers over the

entire surface of the via. The conformity percentage of the nickel deposit, as

measured in Example 13, is 78% and the conformity percentage of the copper

deposit, as measured in Example 13, is 60%.
15



32 Insulation: Produced according to Exanple 2. Diffusion barrier:
Produced according to Exanple 12. In order to allow the different solutions
to better penetrate the "through-via" type pattern, steps 1 and 2 can be
carried out under ultrasound. Seed | ayeB3 Produced according to Exanple 10.
Characterizations: 10A scanning electron m croscope (SEM analysis made it
possible to denonstrate the stacking of the three insulator/barrier/copper

| ayers over the entire surface of the via. The conformty percentage of the
ni ckel deposit, as nmeasured in Exanple 13, is 78% and the conformty
percentage of the copper deposit, as gagyged in Exanple 13, is 60% 15 33
CLAI V5 1. Method of preparing an electrically insulating filmat the
surface of an electrical conductor or sem conductor substrate, such as a

silicon substratej, ME%@Cdffﬁré&#ﬂg'dh élE@cFlchIEl iR SRS atathel%ﬁlffﬂ&! Barsai d

surface |nto ont Q]'m uird sol ution conpri sing: protic sol vent;
at | east oneS§FESNF ”Eté)f'tor sehiconductor substrate, %.'Fhlaéaéts"&ﬁé sabsbaer t hat

i's chai n-Jol yheractaddadan aimat iisedmyirises:i n 10sai d protic solvent; -
at |l east one acid_{p.a.sufficient .quant abj | ize said diazonium salt
by adjusting the Bw%’?gﬁfadd g‘b‘% i"d {aéiy W&ﬁ&z'qPELSS'LEZt\?8§°'7‘,P“E>'P8¥ erably

| ess than 2.5; -alp)ottcmelvlent ari zatl on of said surface according to a
potenti o- or gal vanolSpgﬂ? dﬁ@gi ration sufficient to forma film
having a thickness of at | east ?nanorre fes, and preferably between 80 and
500 nanonetres. - at leggl opsimaBemedthal is cha-polymerizablesand: salvble énd i n
that thel@r osdig pfitlcseVent;s chosen from t he group consisting of water,

pref erably dei oni zed or a?; Ftl |1 ed wa drox | at ed_sol vents, in

particul ar al cohol s havidig'eest & E%i b'Bn a ant quantity to stabilize said

diazonium salt by adJustlng the pH of said solutlon to a value less than 7,
preferably less than 2.5;
b) the polarization of said surface according to a potentio- or galvano-
15  pulsed mode for a duration sufficient to form a film having a thickness of at least
60 nanometres, and preferably between 80 and 500 nanometres.

2. Method according to Claim 1, characterized in that the protic solvent is
chosen from the group consisting of water, preferably deionized or distilled
water; hydroxylated solvents, in particular alcohols having 1 to 4 carbon atoms;

20  carboxylic acids having 2 to 4 carbon atoms, in particular formic acid and acetic
acid, and mixtures thereof.

3. Method according to Claim 1 or 2, characterized in that the diazonium
salt is an aryldiazonium salt chosen from the compounds of the following formula
(D:

25 R-N,*,A @O

in which:

- Arepresents a monovalent anion,

- R represents an aryl group.

4. Method according to any one of Claims 1 to 3, characterized in that the

30 chain-polymerizable monomer is soluble in the protic solvent and is chosen from
the group of vinyl monomers chosen from the monomers of the following
formula (II):

R1 Ra

R2> ————< R4 :

in which the, identical or different, groups R; to R, represent a monovalent non-



20carboxylic acids having 2 to 4 carbon atoms, in particular formc acid
and acetic acid, and m xtures thereof. 3. Method according to Caim
1-or 2, characterized in that the diazoniumsalt is an aryldiazoniumsalt
chosen fromthe conpounds of the followddg fornmula (1): 25R- N2+, A"(1) in
which: - A represents a nonoval ent anion, - Rrepresents an aryl group. 4.
Met hod according to any one of Clains 1 to 3, characterized in that the 30
chai n-pol yneri zabl e nmonomer is soluble in the protic solvent and is chosen
fromthe group of vinyl nononers chosen fromthe nononmers of the follow ng

f I [1) ] I t |ogen atom or a
hycr ogen at bce, 0SS o halfoer B, o £RVaEhn Bof, 0F  SIEREE 2 1. s
al kyl or aryMnsauratggorEenaicalugroln swoh s &RE:1Ce il ontasyla ahyiQRgegroap 6m or a
Cl- C6 al kyl, whidhrRdl r@prleﬁﬂt?%%rog%mdﬂ&n% aaéﬂéieal%?\'\ﬁrile? rodfi ind gFor di ng

to any one ofg%ai ns 4, ‘characterized in t the aror fent 1 oned
liquid sol ut PBYPS<YRPPi ses: at | east 0.3M of pol ynerizabl e nononmer(s), at

| east 5x1®- 3M of 8i Métm'tjlal&t@*dinb(tg)any one of Clairﬁ (1 t§> hggﬁﬂgéétériieggrb \ﬁweégﬁh% geand

ol yneri zabl poner(s). tq t i.azoniumsalt(s ei ng _

gOOY §f°%$%&g§3!%a&f°ﬂ§°?6°’HH9566ne of Caims 1 to 5, characterized

in that the pol art ableastr0.3¥ of golymetizdbde monsmpr(ejuced in a pul sed node, each

cycl e of which is_g@&g&%&gb@%d%gmuﬁ] Ja&é%: period P of between 10 nms and
.6S; - a a

2 s, preferably of around rization time Ton of between
0.01 and 1 s, prethermplay raticoefiitie Pohmneasizakle mangmain(s) ko thepdinzomitnalsaltiisj f er ence

or a curi®nt béifg dRAldeRdict shd 3Ry, sur f ace of the substrate; and an
idle period wit ero pqtential or current of a duration of between 0.01
and 1 s, pref erab%yMgﬁmgtagggqgmg_tggn\é_one of Claims 1 to 5, characterized in that the

polarization of said surface is produced in a pulsed mode, each cycle of which is
characterized by:
- a total period P of between 10 ms and 2 s, preferably of around 0.6 s;

15 - a polarization time T,, of between 0.01 and 1 s, preferably around
0.36 s, during which a potential difference or a current is applied to the surface
of the substrate; and

- an idle period with zero potential or current of a duration of between
0.01 and 1 s, preferably of around 0.24 s.

20 7. Method of preparing a coating of an electrical conductor or
semiconductor substrate, such as a silicon substrate, said coating consisting of
an internal layer forming an electrically insulating film and an external layer
forming a copper diffusion barrier, characterized in that:

A. said internal layer is produced by employing the method according to

25  any one of the preceding claims;

B. said external layer is produced by:

a) the formation by wet process, at the surface of the internal
layer thus obtained, of an organic film containing particles, especially
nanoparticles, of metals or metal alloys, in particular of nickel or cobalt;

30 b) bringing the film thus formed into contact with a liquid solution
containing at least one metal salt, preferably of the same nature as the metal
incorporated into the organic film, a stabilizing agent, and at least one reducing
agent under conditions enabling the formation of a metal film having a thickness
of at least 100 nm.

35 8. Method according to Claim 7, characterized in that the aforementioned
step B.a) is carried out in non-electrochemical conditions by bringing the free
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the internal layer of polyvinylpyridine into contact with a liquid solution
comprising:
- at least one solvent, preferably a protic solvent;
- at least one polymer that is soluble in said solvent and comprising
25 functional groups capable of bonding with the functional groups of the
polyvinylpyridine by hydrogen bonds or Van der Waals bonds, said polymer being
chosen from the polymers containing one or more functional groups chosen from
the following functional groups: hydroxyl, (primary or secondary) amine,
ammonium, carboxylic acid, carboxylic acid salts, (cyclic or linear) carboxylic
30 anhydride, amide: C(=O)NHR where R represents a hydrogen atom or an alkyl
group having 1 to 6 carbon atoms, an amino acid, phosphonic acid, phosphonic
acid salts, phosphoric acid, phosphoric acid salts, sulphonic acid, sulphonic acid
salts, sulphuric acid, sulphuric acid salts, succinamic acid, succinamic acid salts,
phthalimide, phthalimide salts, Si(OH), where n is an integer between 1 and 3;
35 for a sufficient duration to enable the formation of said hydrogen or Van der
Waals bonds.
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20  according to any one of Claims 7 to 14;
C. said external layer is produced by:
a) bringing the free surface of the intermediate layer into contact with a
liquid solution comprising:
' - at least one solvent;
25 - copper ions in a concentration of between 14 and 120mM;
- ethylenediamine;
- the molar ratio of ethylenediamine to copper being between 1.80

and 2.03;
- the pH of said composition being between 6.6 and 7.5;
30 b) polarization of said free surface of the second layer for a sufficient
duration to form said external layer.

16. Method according to Claim 15, characterized in that the liquid solution
used in the aforementioned step C.a) comprises cupric ions coming from copper
sulphate in an amount between 16 and 64 mM and in that the molar ratio of

35 ethylenediamine to the copper ions is between 1.96 and 2.0.
17. Wafer of a conductor or semiconductor material, especially made of
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nanonet r es f ahithrig itselSematied ajthra layer of nickel, optionally alloyed with boron, with a
thickness of between 100 and 300 nanometres forming a copper diffusion
barrier, which is itself covered with a copper layer with a thickness of between
15 200 and 500 nanometres forming a seed layer.



