1 Method of preparing an electrical insulation filmand application for the
netal lization of through-vias The present invention rel ates
generally to a nethod for coating in prgtic nedia a surface of a substrate,
in particular a resistive silicon-based substrate, 5 with an insulating
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then come from the same semiconductor substrate or from different substrates.



I n dissipated power, increase in the operating speed of the system
associated wth the accel erated conmuni cati on between the functional units,
increase in the bandw dth of each functhonal unit, increase in noise

I muni ty; (2) inmprovenent in cost, e.g. increase in integration
density, inproved 20fabrication efficiency due to the use of the generation
of electronic chip nost appropriate for each functional unit, inprovenent
inreliability; and (3) the possibility of produci ng highly
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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 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 ehkimnation of excess copper by
chem cal - mechani cal poli shing. Due to the high resistivity of the

materials constituting it, the barrier |layer generally has too high a

resi stance to all ow honbgeneous or uniform copper 25deposition at the wafer
scal e by direct electrochem cal neans, a phenonenon known to those skilled
in the art by, the termohmc dr op. It is therefore necessary, prior
to the step withinigach iRYeby copper el ectrodeposition, to cover the barrier
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- 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 SisN4 or
aluminium oxide, for example),



The sanme problens result fromthis as those nentioned previously in 20
relation to the nethod described in docunent WO 2006/ 086337. I n
order to avoid the problenms |inked withgdry deposition nethods, one

possi ble solution lies in the use of a wet deposition nethod.

Various docunments fromthe prior art that do not directly relate to the
fabrication of through-vias of 3D integrated circuits describe nethods for
25 preparing an organic filmat the surface of a substrate, which may be an
el ectrical conductor or sem conducto k|n use of electrografting a
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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.



In these conditions, the aimof the present invention is to solve the 30
techni cal problem consisting in the provision of a new nethod of preparing
an organic filmat the surface of an el ectrical conductor or sem conduct or
substrate by el ectrografting, which nethod is: - especially suited
to the formation of an electrically insulating filmin the fabrication of

t hrough-vias, in particular of 3D integrated circuits; and 35- able to be

i npl enented wet in conditions conpatible with industrial constraints, while
| eading to a continuous and conformal deposition for a |large 6 range of
forn1factorsT@ﬁ@nﬂunnﬁﬁmékﬁﬁﬁient adhesion to the substrate. The
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forma filmRYAIRY a thickness of at |east 80 nanometres, and preferably
bet ween 100 and 5®|@weeerpmﬁ usesof sAnfaavantsglioits the, mon@nmmncawtsaﬂooemth@sed in

or of or 2l y. S| CRPIENTS, Sef oGO8 o RS B g SREhd ey Tt er

pr ef er abl roxyl ated solvents,”in
parti cuI&@ aftheindustrialopnsiggintst o 4 carbon at oms; car boxylic acids havi ng 2

to 4 carbon atonsj, 'a@ddﬁ@ﬁttrfé“i@facfa‘ﬂfsﬁhé‘edaﬁr'edca%@ﬂle%f%dlﬁg agdorbednonl thé Xt ur es
thereof. surface to be coated and therefore of being introduced into the organic film
formed on the substrate. This would result in a deterioration of the insulating
properties of the film thus prepared.

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



Water constitutes the protic solvent currently preferred in the context of
35the invention. Generally speaking, nmany diazoniumsalts are capabl e of
being used for 7 the inplenentation of gt he nmethod according to this first
aspect of the invention, and in particular the diazoniumsalts nentioned in
t he docunent WO 2007/099218. Thus, according to a particular
characteristic, the diazoniumsalt is an 5aryl di azonium salt chosen from

t he conpounds of the following fornmula (1): R N2+ A-(1) in which: - A
represents a nonoval ent anion, - R represents an aryl group. 10As an
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Accor di ng- t oingptiefi&t sreaquessie dol@en iroihicheheé filme pkécarsor iehodemfiom the sal t  of
t he af oLﬁfent I oned er mul a &bi‘ﬁ}l gh'Ch@SGrﬁ' f rcgm phenyl di azoni um

t et raf | Ut obBegeRErsANAS 3rE 5P PEMAZBNFUNPY%t r af | uoroborate, 25

4- br onopheny! di azeon ithe tothardfandp aw letectrberaftihgrptotgdol i plisest motemydkéigazoni um
chlori de, 4- B@%}Fo?é/ h%e@@gﬁ&aﬁfgw ddels dHd HRFPROKIA Gith a growth kinetics

4- cyanopheny azoniumt T'| Uoroborate, 4-carboxyphenyldi azoni um
t et r af | uor obeerapasibleqwith insluatifiabiensrEaintsdi azoni um t et raf | uor obor at e,

4-phenyl acetic acigydi fesingmd @t firsk | 6pe@&bPahétstesent invention relates to a

2- et hyl - 4- [ (2- et hyl pheny1)-dj azenyl. .
Zonul pheks. OMEMOR GhRBTHTS. 1 Abaricaly. s L, BEcHr AR Af 80 elpstisa

ni t r opht hal epstiueme or eihizbhaddiorosubbipate) suchnanagtiiber sutsthatez charaoterized

tetrafl uorOb%rt%tei‘t cgfrhglqgeggphenyl di azoni um chl ori de.

a) 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



Preferably, the diazoniumsalt will be chosen from phenyl di azoni um

tetrafl uoroborate and 4-nitrophenyl di azoniumtetrafl uoroborate. 35The
diazoniumsalt is generally present w tbl n the liquid electrografting
solution in a quantity between 10-3 and 10-1M preferably between 5x10-3
and 8 Il R2R4 in which the, identical or different, groups RlL to R4
represent a nonoval ent non- netal atom such as a haI ogen atom or a hydrogen
atom or a saturated or 15 unsaturated chem cal group such as a Cl-C6 al kyl

or aryl, a -COOR5 group in which R5 represents a h drogen at om or Cl- C6
al kyl, nitrithe, lmplﬁnmﬁat!on of Hhe eneshochagcgeding touthis firs aspegtp?fetheﬂwnyonl

wat er - sol ubl ghdORPNBEGicUb | the dReehiumUCsIBDNASRIohed |ih abdyarfoagrems! y be

chosen from et hg@%? Irlrgnomars conprising pyridine groups 20 such as
4-vinyl pyri dW i yl pyridine, or from ethyl enic nononers conpri sing

car boxylic gr oupsmpfaca&dmgrml a Qaetiduthr dnatduteisiit,i theadiazbniun sealbris @naci d,
mal eic a ri.c ac or am ne
salts, %degww ﬂlg@esaitdc'hﬁgqiyﬁ'ﬁ té%ﬁg'ﬂb&uﬂgs%?ﬂ?esﬁ kji’{gh P a7 acrgfnam de and

met hacryl ani de along with their N subRsNetAted derl vdbives, their esters
such as 2- hydroxy A’W .25 met hacryl ate, glycidyl net hacryl ate,

di met hyl am no- ylam no (eth propyl) (meth)acrylate and their
sal ts, quaterni zed de"repxﬁéﬁnﬁ@smeﬁo"?é&ém@%ztlom c esters such as, for

exarrpl e, acryl oxyet w,leppersbﬁfgtalnﬁrﬂ jp.um chl ori de, 2-

acryl am do-2- et h ropane, s C ac AIVPS vin ul i d,

vi nyl phcﬁbhorl c a‘g? 8" e&?"ﬁ?'lel %Ic% ery!igTodlp d f%@?ﬁ)ﬂb?a'lnt éarﬁ%&ﬁ‘&ﬁ %‘?tf%

30 vi nyl pyrr tHel aiesabstitutedy knoaloebaq:el,ysmbsmttmgd ardneiicodri metermacbmatis aadmnvat i ves,

Nvinylimd h
0 ot hy i ai FOSAREFTRINRD of e br, ke ?’a% BPTREIEE M et |
di et hyl di al | gdrapnising 3ito aramms,dbe heneeoawa ibeingicheserofiigna N, Q. $a 06F; thee 1 qui d

el ectrograft bﬁ%n%ﬁk&ﬁshﬁfénf@% Pre?el’éﬁlﬂlybéfﬁé bhéseRrRsH élécﬁ‘oh%ttré%@nﬂ@rg’%bubé

speaki ng, _thr's solution

t bl
mononer (L5,  suchas|NQes CObl kefones, SN, &Oa'ﬂow*aen%?@éq "t"‘(‘y‘?‘e hS’F ?nrglr ;ar ate i o of

the pol yneri zabl eTH® NFaftRduldily preférf@l GreapsnRUGTe ahé (nit}odn‘mnylg ahétpremgl 10 and
300. Br eviously nmentioned, the use of an el ectrografting protocol

in pul sed rmﬂ@” ¥nstitutes another essential and original feature of the
i nvention, to theAmohgbhe tdrapounds of pamtula (1) aboys, & weylespatiadly betchpsansi bl e,

conpl etely uﬂ'gé\pﬁl(d\;g%mcyanions 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
chloride, 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-diox0-9,10-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 102 and 10™M, preferably between 5x10” and



10 and in contrast to a cyclic voltametry el ectrografting protocol, to
obtain a continuous and uniformfilmwth a growh kinetics conpatible with
industrial constraints. Generally speakgng, the polarization of the surface
to be covered by the filmis produced in a pul sed node, each cycle of which
I's characterized by: 15- a total period P of between 10 ns and 2 s,
preferably of around 0.6 s; - a polarization time Ton of between
0.01 and 1 s, preferably around 0.36 s, during which a potential difference
or a current i%ﬁﬁfplied to the surface of the substrate; and -
an idle periddOWkh zero potential or current of a duration of between

200. Pl and 1I Is p@@{eféwbgpea]gz{nﬁgrtﬁvﬁr&%&rﬁgé@ng solution c'BhEaimﬁéhhgehstonerepar: Ing
an electrica I NS fing film whi ) t. been | hed is especially
useful in th&0 ?r@ﬁra%égis&ﬁg'proﬂW%ﬁﬁﬁ‘?\?in§§,°ﬂ”5% '%grr'% P@ﬁ?g&bﬁ%‘ 3D i ntegr at ed
circuits, for con®id theite@f thenanommer rsalublel incthel paitic ysolvesti icanstitgies @per

designed g o b%?ﬁ%?éﬁ‘gﬁ%'hgl ﬁe%r%ﬁf{hie?ﬁvehﬂéfr?r serving to prevent 25copper

mgratio or€ _ vant ageously, the aforementioned barrier
layer is itself piSotibsein dpreficgsiventpiediere understonddo denelecdWHNYNAMeEra | i qui d

nmedi um of pr ﬁ] hh&%ﬂo%ér@@vhb@@%biﬁtg mﬁihemrbﬂic Sovent @tliedsnersi.y be

under st ood. s context, It , been scovered, and &his constitutes
an original 30 f&aserskiled in the priwglhhews nodiHEURHD ¢opFing the MPBPMELS: i ng t o

prevent coppgipaBledtdeingrused iltHel dodtext ofthe prebepbinegetions| y consi st of a
ni ckel - cobal t-pbased netal fi

N u a | a
second ect, t hghqsmr@ﬂ?qrgﬁrsrv&llaa[x%/gniiage%uq%{)ﬁOC og&' E”Pé']og{?‘%g%gg’é‘%%t ing of
an el ect ri casolaisie thutheqrotio sahemt and satisfying SeSallstinggeneraldounyafil):ng
consisting of a first |ayer forrﬁ?g an el ggtrically insulating filmand a
second |l ayer formng a copper diffwsionMarrier, chpracterized in that: 10
A. said first layer is produced by enptwaying the previously descri bed
nmet hod,; B. said second | r is pr ced by: a) the

formati on by wef. process,. at th rface the first | [ bt ai ned,
of an Iorgan?/t‘,“ Wh'F%t%ﬁ%:“t'ﬁ?a]ﬁ CE@?’%WL‘I%Igécg",psx;;8%1“éFérﬁgﬁﬁgﬁg??Vgiﬁmgg?&of e
met al s or metmrtal aAtbmysuchi @ pandloganl abonobr @i bydrbger ataphabt a saturated or b)
bringin he fil us. f i t.agt ~W Li.qui d j ;

cont gi ni ayn#aé@g{eﬁoﬁneenﬂné{fgi og%fsﬁ ?ﬁgge g}—gmaw 'o? I‘ta_ _e’uéa%g@hgtdﬂr_ !ans t he
net al i ncor pehichdRd representha hydpgan @tam orp Garfel aliey!/| BilFde, @RRONYE ATV agent

under 10cond5hiidér%o§]51_abl ing the formation of a netal filmhaving a
| east

t hi ckness of at . .
Preferably, water-soluble monomers will be used. Such monomers will

advantageously be chosen from ethylenic monomers comprising pyridine groups

20 such as 4-vinylpyridine or 2-vinylpyridine, or from ethylenic monomers

comprising carboxylic groups such as acrylic acid, methacrylic acid, itaconic acid,

maleic acid, fumaric acid 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



100 nm According to a first enbodi nent of the invention, the

af orenentioned step B.a) is carried out by bringing the free surface of the
af orenenti oned internal layer into contgct with a liquid solution
containing: 15- at |east one solvent, pifeferably a protic solvent; at

| east one di azonium salt; at | east one nononer that is

chai n- pol yneri zabl e and sol uble in said solvent; and - at
| east one chenmical initiator enabling the formation of radical 20entities
fromsaid diazonium salt. The protic solvent and the diazonium salt

enpl oyed i n Yang withiit ieadlimBied step B.a) may be of the same nature as the
correspondi ng CONEEREMSIR dpesitind,thBisBRitién comprises: The use of an aprotic

sol vent, such as dinethylfor de, et one or .25di et hyl sul phoxi de, i
nonet hel ess concei B‘T’%)érwf’ﬁgé&@‘a'ﬁ@%%fmpm%r@hti ng stgp B. a?. e I'Sl'he
mononer that can bet lesstisai@M pfrdiararéam isglt@s),ee radi cal net hods may vary in
nat ure. i ), | |

descri bed5 [ nth&o@B'ﬁEﬁ%t}%@a%W@@dﬁ%&%n@@%ﬁ%? reyrZ g@ﬁ?rgép ﬁg‘ﬁe?hg

wat er - sol ubl betwesnitBrepdi3R@t have been described in relation to step A will
al so be used. As grefﬂb‘%leﬁ tfbﬁ%ﬁd,' ﬂﬁb?ds@to]?rance?é&i%b%fﬁﬁg BRI Hﬁ&ﬂsédlol enabl e

the formation of free'radical entity fromthe dlfa oni um sal t
general |y bem@He senstityigmanothsressential priginal Jesitire af FenBY§hteny FUEY f orm or

an organi C OpxtbROfHRRMhIS faRSQIdrprotdichl fiaked itpsospible) icompletaly unbepeatddyf t he

liquid sglution.to be greater than or egual .to 4. Pr ef lLy within
t he contﬁit 87d (i LONHRL N0, Bn€ycﬁ%¥°'éﬁ{8w{e@&|e‘?‘i‘ﬁ°9rai?fb‘4 p{%to%ol,néq é’ﬁEa?rg%m ng
agent chosencdntinnois and unifoen dilm nivithk el growth fkinedicy cdinpatilel Withr indesteinl as
filings for Sﬁ%ﬁgnﬁa 5The quantitative conposition of the liquid solution

: y

used in step vary within broad limts. Generally speaki naq, this
sol uti on conpri se6eneraliyt speskisg, thepalarizagen phihe suface tadifoeaveles) by the

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

- a polarization time To, 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

20 0.01 and 1 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 barrier, characterized in that:



- at |least 5x10-2M of diazoniumsalt(s). 10As will be understood, step B.a)
enabl es the formati on of an organic filmunder non-el ectrochem cal
conditions that are particularly advantggeous in environnental terns.

According to the invention, the organic tTilmthus obtained is processed in
order to contain particles, especially nanoparticles, of netals or netal
alloys, in 15particul ar of nickel or cobalt. To this end, this film

is brought into contact with a suspension containing said particles.

As will be understood, the nature of the nononer used for the pre aratlon
of the organic fiMnsaid fyslefpver 49 Paoruceh dYhgmplayingr thenBreyiguely cdaserikgd | pe
20 chosen so Eﬂﬂ;d the filmobtained in step B.a) and said particl es have
suf ficient physico-chemcal affjnit é) |ink said particles to said film
and al l ow a subsea-u%‘l‘ﬁ S§Fapd [avey |§tprcbc¥r|ce by: " General | y speaking, the
particles contained ina)the forrgaionchy Wetnpvedebs, cairthe strfade ofethel firstolayeret al

|1 , bly b 5 bl
metal s’ arl ¢ MU ePi OF fh SRR RIS pRRRRS; Brctpy fiRdbaiceeooffoP C
be al |l oyed wmnetalssoremetat sllaysch paﬁncpho@bh@k&i@rﬁebab‘d)r on or a mxture of these
conponents. Advant ageo%ﬂ)r}’neql Hel ﬁﬂn%u?f‘orﬂfeﬁk% c%ta‘é@chhta Iﬁﬂd)y&&hdﬂ th

boron will be used. 30 articles preferab have

nanoparti cl e€onipiBingratteast 1G] rngtahﬁalg\,@'p@@@blg Pﬁéh%ﬁam%é@t‘{rﬁéﬁ tg]?) PeRbnet res

and E’Ore prefn%@@b)teéﬁhﬂo' tHee%ﬁg&EtalﬁlrﬂOaﬁ@@cmﬂaétG%ne reducm helunger
speaki n

o1 T of a2 suicondkers Frapins egopmatiert e e i g FREATY of AL ie%Sy

nanopart i cI es0®@hmni ckel al l oyed with boron, this suspension may be carried

Roucoux ot al -\ Aéefo‘@@#ﬁeasEp%a%"?‘?f’ﬁ“%@%éf"ﬁ%eaﬁ“ea%@“ TR delshichgorarnt (A

cetyl tri met hytepnBoiisicatiiednouteby Huingiagnthe free eﬁurfpﬁ%(mrtbérafo@n‘(ﬁﬁt'%e% ckel

sul phate, anflg 5! g cﬁ%@ﬁwﬁh“émqa’rﬂ OREbHFmaMHy dri de, making possi bl e
t he synthesis oP o- val ent particl es in col'l oidal form 5The

particl ek present | n thet 'S?SjéA'?PéOIN?'P%PE?S%@PM@oPVPHC§‘f\ée;5‘ B.a) enable the
subsequent prepar ati on- gf |egstOakdiaz6miahi $4t; by a non-el ectrochem cal ,

general Ly G| ol eCLEOkE e FSRORY. & cIRRIhEi B sl
organi c fil msgsidmblaemt; agd netal particles is brought into 10contact w t h a
liquid solution contal -niap%ast 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

ng a

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



- at least one netal salt, preferably of the sane nature as the netal
incorporated into the organic film - a stabilizing agent; and - at |east
one reducing agent; 15in conditions enapling the formation of a netal film
having a thickness of at |east 100 nanonetres. Advant ageously, the
aforenentioned netal salt nmay be chosen fromthe group consisting of the
acetate, acetyl acetonate, hexafl uorophosphate, nitrate, perchlorate,

sul phate or tetrafluoroborate of the aforenentioned netal. 20

Advant ageously, the aforenmentioned reduci ng agent nay be chosen fromthe
group consi stdsg of hypophosphorous acid and its salts, borane derivatives

'(A\ l(;laBH:l DNABI) gl ﬁr‘é&ﬁ?@l y vt fﬁtl'féeébﬁﬂ@ctd t&igdllw@)ﬁﬂfeﬂﬁd)ﬁ)&he chemlcEI mltlatc])cr is a .

vant ageous af orenenti o st abi li zi ng, agen o n fromthe
group consi sF%éFﬂj %ﬁ’c@ﬁtﬁﬂeB atﬂss'hffﬁa' h Z!ﬂfeqr ﬁﬁ%’éﬂwﬁ? orm Mo nat e,

an 25ani noaced filirgs for exahmlee or a citrate of an aI kaI| met al .
Accordingto a se j . I to the
second a?pect of fﬁ%gvﬁg@%ﬂeﬁmqoﬁﬁgh?é@sfgﬁ%g@gﬁ%ﬂ?&ﬂﬂfgﬁ pE%?/marl zabl e

nononer usedvary vithipbraad)imits. a vi nyl pyridi ne, preferably 4-vinylpyridine,

step B.a) is carrgg rgn,;,t ﬁ%kﬁ%'tﬂQ'sBqubH%oerﬁ@essurface of the internal |ayer
of 30pol yvi nyl pyri yid solution conprising: - at

| east one sol vent: aﬁdeﬁ&%p@p@!vrﬁﬁwb@ RENYBE(S) - at | east one pol ymer that
is soluble in sai daﬁ@bgteg;tmaw@fagmumlsam(sgunct| onal groups capabl e of
bonding with the fu onal ps of I [ hygdr ogen
bonds or'Wan der %’é C'&‘E)HH@ET °§§'| %e (?r‘"i) B%§¥ P‘%@‘,‘pﬁ%gﬁﬁ&%ﬁ%‘{ﬂ

pol yners contaderi ngn-eleetrochemicad damditions nidlt gareupartICLHariseradfvamtagedw frol | owi ng
functi onal Sg\gr%imeﬂgaﬁj'ﬁ |, (primary or secondary) am ne, 13 amoni um

carboxylic a car rc acid salts, (cyclic or linear) carboxylic
anhydri de, ami de: ACZ'(Oﬁdil)IQ\IHRthmlGV@tRnr ther erganic Silna thiysiobsgiond is rRERsSEG al ky |

group havi nggohief Qg @oﬁlﬁfnbﬁéhuaéé”@peééll %n@ﬁar%@!eﬁl oﬁjﬂﬂ@&%h&“métaﬁ%ll&‘s in
phosphonj ¢ aci 3 salts horic acid osphoric acid salts, fphonl C

aci d, sulfphoﬁ?"é'qéﬂéiﬁf’!}% 9”5C°b§[§i phuric acid, sul phuric acid sal ts

succi nani ¢ aci d, FHEE @A) thisailinds SAdUghL irfodcbrathtivide a spéienaion montirtag t s,
Si(OH) n where n is an integer between 1 and 3; for a sufficient duration
to enabl e théa'?ié)f"'ﬂ;ﬁﬁ;on of said hydrogen or Van der Wals bonds.

Preferably, the pAstwil bel ueddrstoed,d the | natire whtthe monomee ysedyfarrthd |1 be a

10wat er - sol uBJ‘e%a%?iloWB?rthe 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 currently preferred enbodi nent of the invention, the

chai n- pol yneri zabl e nononer used in step A.a) is 4-vinylpyridine and the
sol ubl e pol yner used in step B.a) is an%?cryllc pol yaci d. The net hod of
preparing a bilayer coating (insulator/Darrier layer) that 15 has just
been described is especially useful in the preparation of through-vias,
especially of integrated circuits, for constituting the internal structure
intended to be coated with a copper seed |ayer enabling the netal lization
of the throughvias. Advant ageously, the aforenentioned copper
seed | ayer i stabilizeg Rggntdd. RedcRust al. v@g 8l & §A57 . QR F9opLeddedbly in a

l'iquid medi ugych as cetyltr ﬁylaﬁ!ﬁ%ﬁﬂh fb@orhi@eabétWeéﬁ' P MREdt tpredubsdr] sucAnds on
relates to a net ?‘I

aring a coat of an electri conduct or or
seni conduct oF"CEEElb%{'Rh@F% ang 8 " 5'(‘9n@9%‘hr§g‘fj%tqsn§° ‘I’matﬁorPﬁY‘JéPﬁal M3t | ayer
form ng Fm gb@ﬁttﬂé t?@HyMtHeSiSUF 2drongleht hetad pheticles h ealioisatifong. t o t he
pr evi ous escri ng a
copper d| fusi on E‘& %‘F@f’)l?{%?eagﬁl tﬁ% g%ﬁﬁ‘}'fﬁﬁ%&%ag? ésge% %g?’@ﬁa elés)gHE bgd
step B., andsubseqient, prepara!hlombf acrpﬁtet ceating hyag eon- e}mtr@hheraly@r gererpioduced
by: called. C@:Ie%)ol@%%" NGh&od N X S?@awélgaﬁta A, DREpsREOpshd gy 1 nto

contact with dtion co "'east one solvent; -
copper ions ﬂlmeé/\idgkﬁbaﬂﬂ-?a&ﬁdﬂ%‘w etween 14 and 120 mM - et hyl enedi ani ne;

- the nolar rati OTé’fth@téHd| hE B |d1ﬁ1ni QoF@PIRY el Naritdsneerodgtlinend 2. 03;
35- the fdﬁ of sai d 05|t| on between 6.6 and 7.5; b) polarization
e

of said ec%’!}P‘Fta‘(t‘,‘ driayl éo@ﬁ%ﬁﬁ‘ %B&?gr for a 14 sufficient duration to
formsaid third | agereast one meths salt] prafierabip dofr thecsathe sétepe @s thekweetal t

possible to carr ut . net.al L i of the vias. It has been shown that the
i quid sol ut lnﬁﬂ?\é@%‘ﬁ W%h% ﬁgéﬁéﬁﬁ‘% make it 5 possible, conpletely
surprisingly, to eobtstabiizmgagpptrandeed | ayer | eading to a particularly high

coverage rate (9regfphstidhdne 2@ Tf;qenq:he substrate including in the m)st
critical areas of e Vi as, g[

s even when the stthquE cgas a h|
form factdr [recgselitions &nahlmgrta%lf@matlﬂ&ﬁfenleta'JHmé\P«mgcﬁt e &t Iegpt 10 to
15:1) and a {@h abhorfetveshi gh via vol une (from 0 8x101 to 5x106 pnB). These
l'iquid 10sol ution

t her ef erfe bIe W t
i ndustrial scale. Rdvan ageogs|y %‘Feqf fs |"&ﬂY| be g%crs%p %ﬁ%%@%l oyed
in step C. cgrqup ssistifipoe th@asetatapmnehylacehosaiar dexaflusmphosphate, gttnatent r at i on

of between 16 @@anélng%hate 8{tetraﬂuéAFBB&Ja?é'l%fQ['lﬁfa?Jrél\ﬁ;ﬁntf&@H lYet@f liquid

sol utions er‘rBfa rrses ose nmolar ratio of
copper i2Bs to et ngvammoaﬁvm@euagommemb@wdlredecmag@tooav be chosen Aofhough

there is no t h § t I rovi ded
it suffici en}tE ﬁdeuP (lb(ﬁ?smb o hgﬁdadgk ?R/@P%Jsgiggizégtﬁ!atssg‘?’atﬁ?gﬁﬁ?ﬁgéﬂoes not
e

interfere wi l(NaEHveDMA@}/tQ'@ﬁPéMﬂm? dehyd elaP rably water. 20ln general
terns, the |iquidagertadedis!¢ ecafetnentishapstabilizingragérteds 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,



source of copper ions, in particular of Cu2+ cupric ions.
Advant ageousl y, the source of copper ions is a copper salt such as, in

particul ar, copper sul phate, copper chlpgide, copper nitrate, copper
acetate, preferably copper sul phate, and nore preferably still copper
sul phate 25penta hyd rate. According to a particular characteristic,

the copper ions are present within the liquid solution enployed in step C
in a concentration between 14 and 120 nM preferably between 16 and 64 nM
Excel l ent results have been obtained with |liquid solutigns in which the 30
source of coppaONUhscarBoxyfie Sk qafboéylt,coﬁ@@rﬁaft&t (R et \iaear) rarbics2 v

{2 é?ﬁy: 'eggldlﬁ'rélﬁq@hgélé}ﬁndémt%ﬁmﬂ Whétteen r@presérhe g][nevrd% ehaébtbm @ffe ?]memglgr aln gns
2.00. siashdaung, 1, B eathe Some o Ay 5. & aﬂm@#p?%@l% Weop C.

lhas ade of bad wele) ;ﬁloﬁol'wnd acid> phaspheriv akidesaits, sutphwald wdatslutphnmd aslden t he
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et iyl enodi anPiie: BRBMS 3% brEHE Bl st ShinHad, ucSE acd Shs 200
of the l|iqui dhmallmlde;)phtbai'pmmedts, Ri(OHywiEre myaomtemfahetweemel ang 8ist ed i n
the afor e”eanrOa[jlaﬁiff QEH{(GU’\?’EOP% e @k J@rrﬁéﬁd(ne()f S3i& myaﬁ)gﬁﬁ%ro\f'ant hase

descri bed in: chem stry and physics - 84th édition”, David R
Li de, CRC PrWgsls hords.he case where the |iquid sol ution enployed in step C

5 conpri ses COWPOP@FérébI?,tﬂh@rpréﬁtaébl\iehﬁu%ﬂ%aﬂhat@ﬂ@rﬁtﬁthel pUNMEWill be a
et hyl en i quid solution enployed in step C. currently

s
preferret! aE’@E?F&PWBIetR?M"PFé i nvention, conprises in aqueous sol ution:
copper ions, in aAcondirgttoad icurehtly peefierrd6 anibbdimentVof 10e imtdnfibenénd ani ne;

th I I ! i

196 and 2. 0B 9'M®Qﬁﬁ%i$*°ﬁgf§g¢:@££€3§.Sﬁe.‘f’o%Qigf‘ﬁ ARy R R oRBI BN
af orenent i onadyllnequsia!ﬂ in stapt B.ahis aneacriie pelyptidyed in a conventional 15

el ectrodeposi tion trﬁH%ﬁ'o&QF’@Fép?hH? abbﬂaw @gattﬁge(.waftaqsarﬂér fyetlmby at e,

such as in particular usi on Frrler %rer of a structure of

t hr ough-12 a hgpiust ibgewm d@%ﬁﬁ'lbﬁét's whRasially lusefyl i B9 prepaiRtian Of toughuEsous| y
defined and aspec Gifmféyréﬂeﬂ@lr@ulﬁpﬂirlcﬂﬁstmmmhd isterrfah seuctliretinended st r at e,
CREN
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results in thnas_matter may be obtained usi ng a | iquid solution by
the condi 1 ons. f oRdiinEadEolah, AASRGRIrehOhdY Qe bed BpraEREGABrddledt 1 O
liquid s¥ut by V]mtldﬁposlfdpff mﬁthOdgpmef%aldbmah@wd ysdiumas been obser ved,
conpl etely unexpe¢hgdlatcortiih@ltol & tMRP aflee | thk ndedition 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



i nprove the adhesi on between the copper coating |ayer produced by

el ectrodeposition and the barrier |ayer by bringing the surface to be
coated into contact with the liquid solﬂ4ion enployed in step C. w thout
el ectrical polarization, i.e. without applying an electrical current or an
el ectrical potential 30relative to a counter-electrode or relative to a
reference electrode at this surface, prior to the el ectrodeposition 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
sol uti on enpsuffidentidyrafiaagodorm sajd thiskchlgyere t hr ough i mersion in the

el ect rodeposi t | ONASRALEDARArE8A], St CAMAKESR DRSS tétarheest matallizatidne, f o
exanpl e arounP 3 mnutes, still prior to the el ectrodeposition step. 16
I't has been BbYEMASI that the i nprovenent in the adhesiveness of the seed
| ayer on the bar ritetas| learshala chatthesliquld saistions enplayedniprsbepeCt hakedthesi on

f the " d | [ £ i | . - 1. €.
Che "vor & ngPoaiiResieraiael "Bl 6, SBRHTR okt shey | BEE leadtfia | . ©
produced. 51 partisulprys bighl coverage rates(igptater then SP&b)ueft betswbgiratairdidingisss by
peeling an a%eﬁ‘bgte%@g??ﬁgaﬁg"ﬁ? digy a'haethfé%f \Aﬂiéhftﬁé%uﬂ&ufré"ﬁaﬁﬁfhﬁgm' y, for

exanpl e by using 1 ne or a_tensile testing, machi ne. e

adhesi on t huforimefacier daspest ratiocdreaies thait &:le 96 1Y§N 8&5‘?%959458 0? A0 tod1

g haracteri é e;énd);éefef?!étzve@ohi@ht ie wiline i (freRe 98,20’ thex30%dmPRyRieseridulte
arrier at o e

t k f he. d_l :
There isttho PRILHNSAT r#&%@ﬁﬁg?@%ﬂ%ﬁg’&ggéﬁgﬁE@eglﬂaﬁsifl?lﬁgglg]e coat ed
substrate from t heneqpeferred daulily af diguidf $atutidnk eenfiptoyedt inostep fC. tdoapeieest i ng.
It has b b t ' ihle, . f ' d
| ayer havi ng TR litte: bel ook et RRert, . BhecttRlih fr eyt Aelarih O0¢

filling vias64pMby el ect rodeposition by keeping the coated surface under

el ectrical polari ﬁ@%g@ref&ﬁefd%ﬁhwf ][itﬂ.gd %ld%@tém%@d iRetepeEcomprises 10

seconds, preferab a duration of etvveer] 1@{1 | 5. seconds after, its
separatibn f Hose tose mplardatie of corper dons t9yathylepediarupe ¢s between 1.56 and 1, g
the liquid solgati ons enployed in step C. will preferably be enployed 20 in
an el ectrodepositipn thod conprising: . . .. - @a,st a t "cold
entry" step in théﬁﬁ?}@ss@e'@f 'Svﬂrﬁp Eer?ﬁgfﬁﬁﬂ iy PRPCRI qnoﬂ%e'%?%%tée#dt%lgssoglg%ght
wi t hout el ec{prodided icufficiently salobilizesdthe antiveecspevies bf thessolutigniamd does not
el ect rodeposi § i I i is state for a duration
of at | east k&w%ﬁ?@ﬂhl%ggﬁéﬁgg%%gﬁpﬁ;iéﬁrgré{él?glﬁb%‘%tt'2 coating in the course
of whi ch2@ai d sur fm@enersl sMmayr thes diawigrsolutiont emelpeest inigkeRt ¢oFOMPIgesran sai d
coat i ng; sourcé ofcoppBPiofid!ih @erticlRr BPQGJZ*%&FEIE ioRs.ep in the course of which
said surface I's separated from the |i 8%“ d el ectrodepositi OB: SOLU'[I on while
it is still electPAvaNtageoPely.atie,sRprcesBl RORASH doMveiSHh §OPRES S /SN & 1™br i ng
the coating pyrtiebiagt csppepGsiphaty) doppeortiocitiedcdpper anisatef icoppert acktatef i on t o
formthe desired coating. Thi urati,on y I be..de ) t hose
skilled in tﬂée?%ffﬂﬁ'}' afgpﬁ?{e sé'kpi\?fqﬁ CIt H‘é&?i Ipﬁ\gﬁz,égbél f%'rlllct(iloghgpof rg'yechar ge,
whi ch i s2®quakntbbydrate.ti ne integral of the electric current passed into the
circuit during th bd L j ; : W ions atdplebéntGatmise of
the step of for rragf%ﬁag?lté h?&g@%{a{r%@ar@?ﬁé&gﬁﬁe&@t o"?lr)]e co%t ed maylbe
pol ari zed, ekhendauidnsaitionapmploved dn ravere G finxa CoRpRItiabian chatween 114 epd
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.



17 in potentiostatic node (fixed applied potential, optionally in relation
to a reference electrode), or alternatively in pulsed node (in current or

in voltage). General |y speaking,igt has been observed that a
particularly satisfactory coating may be obtained by polarization in pul sed
node, preferably so as to 5apply current steps. General | y speaki ng,

this step may be carried out by applying current steps corresponding to a
maxi mum current per unit surface area in a range from0.6 mMAcm2 to 10
mA.cm 2, and nore specifically from1l mAcm2 to 5 mA cre and t m ni num

Y . : i
current per unit Sg Phcel ithe Aavidnsputionogmploygd dinsten &- SN OBHRMRNY R§and
preferably ofdjllstedhif the? aforementiond®pdl FPQEibyi waarisyof 4 beffetusuahi asnoref of

polarization_ at the maximymcyrrent may. be between 2x10-3.and 1. 6 seconds,
preferably bURﬁ%QﬁSC@.g?d ahdﬁ]ef.‘%mé’getﬁ%@,\l's ?ngfﬁfﬁlﬁse gﬁgﬁﬁﬁ%g.'é#vgde ‘onds,
whi | e the dutidéj GRCoPreps)| iar theatdasenwhdret tihe liquid rsolutionirenepioyedain bepb@t ween

2x10-3 a 1 n r t n a 0 C S, r
exanpl e gouﬁ%@%&% @@gﬁé@t@ aokﬂl‘é/r ltfhlglg ‘r’]’tﬁﬁbes?)uf)cF gél#clce@p'?“g Egggcaarr{d?ed out
i n the cour sethylenediamingt ep depends on the desired thickness of the coating.
General ly speaki ngjiglidQ3Ritid ihlphsyetiin 588 @curéhily prRAStdy ab@rdiRg o te

determ ne the nunber of cycles to be carried out, know ng that in the

af or ement i onEWeNkNsy EPrBPISSY It AAACHS SAETON: has been observed that the rate of
deposi tion is aboutodpesions) iner cone@tfation between TBarsl Gvoahd; of i npl emrent i ng
step C de it pos%i f%l e.t owproduce copper seed | ayers having a thickness
of bet 50 nm ahdY EMSHABIChi ghly resistive substrates with "through-via"
structures, the sht#wtmolesiaipafdie ethylehediamineytortbecoppes ioho Geingrhetwesn or even
sever al negag@%‘la%taezeéo. The present invention therefore covers a

met hod of coating a'surface of a substrate, such as in _particular the
surface of a coppethedit plsaideompasitioarbeing egtween 8.6'ang bdgh- vi a" structure,

whi |Ch Cg”Pfi ses bﬁc‘iw@efd?anénﬂidﬁeal%tgcmdtwgedrﬁmg@@nﬁ{ayteb_i@ a %dwg.gtidml utio]p
enpl oyed in step C. as previously descr|bed an step | e ourse o
whi ch” sal¥ sakeﬁt&wppgt'ﬂgﬂﬁh%@"%/%ﬁ“& %rwemgcﬁ%sﬁv%m%lfﬁ Bﬂ’shater SHel i d
coating. g En partitular é@bbétgz?}iﬁfﬁf@ Garries |p@r tof @usteuctyre wf ehrdughoia typeduci ng a
copper see er _having a thi e t r 1 _pom

pref erably ff'r% Dpkct 81808 ‘HW“CFQFE‘E%@ @@%ﬁﬁl&ﬁ\é%ﬁﬂﬁsggﬁﬁtﬁ%pﬁff ace of
a copper di f farsiingna 268ting orsaidustifaes ob theasuhstratey in e eonrse Ohwhichessid A, and
B. ina "thrguglkyl "Iaﬁ{ﬁ'cllf&té'%?fﬁgieﬂtsduration o foRf s?ﬁt(ﬂ%?g.that have just been

possible to fabricate wafers o

descri bed nmake 1t X conduct or or
sem cond?@t or nmat 8r hag beens pbsarvad, ysupritsingly thal pxeshent fesyitsainBigematier uct ur e.

may be obtained using a liquid solution by monitoring, during the
electrodeposition procedure implemented in step C., the conditions for bringing
the surface to be coated into contact with said liquid solution prior to forming the
coating.

25 It has been observed, completely unexpectedly, that it was possible to
improve the adhesion between 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.



Thus, according to a final aspect, the subject of the inventionis: 5 - a
waf er of a conductor or sem conductor material, especially nmade of silicon,
conprising one or nore vias, characterized in that the walls of each via
are covered with an internal |ayer nmadel@f poly-4-vinylpyridine (P4VP) with
a thickness of between 200 and 400 nanonetres formng an el ectrical

I nsulator, which is itself coated with a | ayer of nickel, optionally

al l oyed with boron, with a 10 thickness of between 100 and 300 nanonetres
form ng a copper diffusion barrier, which is itself covered with a copper

:g:{ _ Wla; 3 a thi ckNRSSh&n BRARAINEE the MproémERNANRE IRifedi®ndsd of theeed

- a wafer .of a conductor, or m conduct or terial,
especi al |y négrd lgyeron thedwarrierdaysrialsormgalssdt qusﬁaﬁq,@ pave @'ﬁ#ﬁ@?‘@? PZzed in
t h?t t2 hﬁ \éval tise wﬁeieaayerximmgll& thick Iggﬁp@;@dt_hm'rlftlbyafg _\Aihbleﬁ‘li.eatl}el “gvmkingadgogf
pol y- 2- hydr oxyet methacr W t ess of between
and 400 nanoﬁél?‘?sgén?%r%t %a§ﬁ%®ﬁe@f Wﬁgﬁlth? ﬁéelﬂ Ig\(%r'% B@ﬁ}@%l s itself coated
with a | dyer of nitckglossible; farmnedampleltoosvatiiated this ladhesivenedst by aeelimgcamess of
bet ween 100 . f ' P [ hon el ichis
tserT cover e RRISEER on e e 8, RIBRE 1€ e sdiibf P BaBe b0 ana
500 nanonet r 88N o7 nieAlinca Ndaskinel 8y & temsiianesting machine. Then@dhesi@httheh wi | |
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25r espect i vefie adngriveness of tﬁq:isggppéygr: 0% 'Pfehﬁ'{?'ﬁ[: apggl'r‘%s‘g%ﬁgﬁ'ﬁ‘ﬁwagﬁr 9 pul sed
el ectr ogi@f t coyspepontthe sdedtiagdr. can be used according to the invention.
Figure 2: Infrare R.I R . .3 PAVP f] - S ai ned
in Exanmpl e 1. BOF?B% =39 %ggﬁhﬁ:@ éﬁé%@?ooﬁ Eﬁ%%%gé’g%%&r%@@%o éoaa?%AfVP film
on n-doped Ssubstvate fient the céppemsead tayer after the forgatien f thscaatiigag el ect ron

m cr oscope i nage Pyl hinO ' [
Figure 5: Scanni nig)cfhe elgeﬁ{oongsﬁ%lvgzrjg@%tgf)gglg%?;blgﬁ‘ mé%%ﬁlﬂ\/gef |&f %Wége‘% 60 35pm

vias cut in [Y8opadng pIcpedictiving cpRafibiewith dhesiradifipeal snethods ofdling Yiag r ar ed
ATR- 1 R spect biraltrodefdsfeidh byl kedpPig the d08Rd stifacd Bn@dr dédifehl pblaFixatioR) € 4.

Figure 7: Scannin | 'ectron. m croscope, i of PH filmon n-doped Si
obtai ned i n. BRRBPY Taf s dudhof o betyeelt and 96 siConfle el F5 EOt cope

i mage of a PbEN&thednml and 75 sec@iy pftew iitas sepatation fromd dipedigsid solatiorobt ai ned
I n Exanpl e 6, . ElLgure 9: Scanning el ectron mcroscope i nage of a P4VP
filmon whi cﬁmgl%ﬁg\'q gt%glré and netal nanoparticles obtained in Exanple 7,

2nd step, have be@husithedisuidesblutions employed in step C. will preferably be employed

20 in an electrodeposition method comprising:

- a step called the “cold entry” step in the course of which said surface to
be coated is brought without electrical polarization into contact with the liquid
electrodeposition solution and preferably kept in this state for a duration of at
least 1 minute;

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



Fi gure 10: Scanning el ectron m croscope image of a P4VP-PAA-N B stack 10o0n
n-doped Si obtained in Exanple 7, 3rd step. Figure 11: Scanning
el ectron m croscope i mage of an electrografted PHEMA fil monto which a
PHEMA | ayer and netal nanoparticles obt& ned in Exanple 8, 2nd step, have

been deposited. Figure 12: Scanning el ectron m croscope image of a
PHEMA- PHEMA- Ni B 15stack in 75 x 200 pmvias cut in pt-doped silicon
obtained in Exanple 8, 3rd step. Figure 13: Scanning el ectron

m croscope image of a PA4VP- PHEI\/A— Ni B stack in 30 x 60 pmvias cut in
p-doped sili ﬁprpocéh}tnastaa@l mad ganechwmaMoptﬁmnwlngreeit@ﬁttcpra O
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P4VP- PHENR- NBEP'YZGIW'Cﬁ%RSk in 30 x 90 pmvias cut in p-doped silicon

obtai ned in Exa”pbgné%lly %@klﬁ@'ﬂhﬁvﬁtétgm%ﬁ%%ﬁ%d%‘(%y%ﬁﬁl?m@r&%ﬁteﬂe
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u

Cubst 1 at es. ubeh A SOkl s et e e R iy
si | i con, 1®pt aodptdfgrablgméd mh.cim?var i ous el errents (n p, p+) in various

per cent ages. 85, BP ERIERAK BB halfrlin S doPed

substrates, the si I |écoR suryg{ es ar e advant ageousl

prelim nary Mmay¥aberdietweme@nddstandglion smnﬂm@erahly. hetwegw rQahriH‘dsﬁlaJt i on

(H2SOA4: H202 Zachndd, br E%ﬁﬂé"%?om @85 's@EBhH§' WHild ﬁheaddﬂétﬂfnocﬁﬂ btfPérlz‘étlﬁfP hel
sol ution (10% v/ v

20 t |
had resi st i vie WaMNER C('J‘F"eBret’U@’eﬁelB I Conof??lg% 030 °6 seednds preferably <! &9

15 between 0.1 and 0.8 seconds, for example around 0.25 seconds.

The number of cycles to be carried out in the course of this step depends
on the 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 pm on highly resistive
substrates with “through-via” structures, the sheet resistance of which may reach

25 1000 ohms/O, 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 ym, 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.



Exanple 1 - Preparation of a poly-4-vinylpyridine (P4AVP) filmon a 5 planar
n- doped silicon substrate. Substrate: The substrate used in this
exanple is a coupon of n-doped silicon with 4 cmsides (4 x 4 cm and of
750 pmdepth with a resistivity of 20 afin Solution: 10The el ectrografting
solution enployed in this exanple is an aqueous sol ution prepared by
introducing 5 m of 4-vinylpyridine (4-VP;, 4.5x10-2 nol) into 95 m of HCl
1M then adding to the m xture thus constituted 236 ng of

4-ni trobenzenedi azonium tetrafl uoroborate (DNO2; Ix i0 nol).

The sol ution has HgemettRis1aRchdverjudiChethtitsethelI hake & Pobdisie 46 Fabitica®@n
15argon flow. Pr
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hol der equi ppel wirlidturgeans for rotating at a predeterm ned 20speed and
shaped to supportthe_substrat S . I ed being
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predet erm ned, durati of aroun 0, m_put 15 m nute n.th
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used, d301/0 t hthickness of -betwéeant al00 pard 300 Pnarfontettesefonmihg0a copgpel diffusiomds (0. 6
seconds in the exa e).. . ' ' [ - 10, -, t
004 and 1 DeHEAMILE kel covered iR aRpRln fkn Wl FlEiEsS o efliegh®t Weoe
di fference o20Gand 500 aanowndteesdpmingd seed talyer; 38dur f ace of the substrate
(cathode potential %areﬂ%fg éfiﬁfj?&@r ??‘@E’rﬁic@ﬁdu&éﬂn terial, especiall@madd & period
Ia I'e 0 a ?

with zero potential, ca , O uration of befwe 1001 and 1 s

e .
(0. 24 secondsili¢on, camPEsiagENe r more vias, eharagigrizad; igrihal therwallse ek Y4 af ting
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pot enti al di éleetriesldasudgrpt, ivdich 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 fim 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 um 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



In the aforenmentioned conditions, a polynmer (P4VP) |layer having a thickness
of 300 nanonetres has been obt ai ned. Once the electrografting is
finished, the sanpl e has been washed several tines with water then with

di et hyl f or mani de (DVF) before being dri%®d below 10 an argon flow then
oven-dried for 2 hours (90C). The drying of the sanple may al so be carried
out in an inert atnosphere and at hi gher tenperatures, typically between
100 and 200C, so as to obtain a material that is as anhydrous as possible.
Characterizations: 15The sanple thus prepared has been anal yzed by

I nfrared speg&gmggquxamgehy Ti me-of - Fl i ght Secondary | on Mass Spectroscopy

(ToF- SI MVB) . As e infrared spectrum obtai ned shows (see Figure 2),
the presence of tMrﬁaﬂﬁ‘ﬁgtﬂﬁ@@na@mi@ﬁ@’%waﬂ%?‘4?/@“'5%3 '%
(di azoni um agskdlsieBtaiiedlin EGtamplerd.un) confirns the presence of the pol yrner

O Lok S iRk S A0, g ST 1
i ons are 5 ep?s x@00ium Fabket it p*idopeCailiiiN @Eaibed DFRGMPEE6T7TN C7THSN COHSN
CL4F115N2 & NassFi@‘lllrg %: %Qalﬁﬁnglglgct}gfpmicroscope image of a P4VP film on which a
PAA layer and metal nanoparticles obtained in Example 7, 2nd step, have been
deposited.
Figure 10: Scanning electron microscope image of a P4VP-PAA-NIB stack
10  on n-doped Si obtained in Example 7, 3rd step.

Figure 11: Scanning electron microscope image of an electrografted
PHEMA film onto which a PHEMA layer and metal nanoparticles obtained in
Example 8, 2nd step, have been deposited.

Figure 12: Scanning electron microscope image of a PHEMA-PHEMA-NIB

15 stack in 75x 200 pym vias cut in p*-doped silicon obtained in Example 8, 3rd
step.

Figure 13: Scanning electron microscope image of a P4VP-PHEMA-NIB
stack in 30 x 60 um 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 ym 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 ym 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,SO4:H,0, 5:1 v/v) followed by
an immersion in a hydrofluoric acid solution (10% v/v).



211 25 Table 1: Characteristic peaks of P4VP deposit on n-doped Si
observed by Tineof-Flight Secondary |on Mass Spectroscopy (ToF-SIMS) in

positive ions A scanning el ectron mcroscope (SEM anal ysis (see
Figure 3) has also made it possible to 2ke the presence of a honbgeneous
polymer filmon the 30surface of the silicon sanple. The insul ating

character of the polyner filmobtained has been anal yzed by C(V)
(Capaci t ance- Vol t age) neasurenent. The results obtained are collected in
Tabl e 2. Polynmer Refractive Breakdown Dielectric Resistivity index voltage

constant (pc .cm TheZilicod YMistates usiViR theSe examples had resistivity values of
between 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 ym 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; 4.5x10 mol) into
95 mi 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 T, of a duration of between



1.66 4.95 2.6.1014 PHEMA 0.98 1.43 1.89 4.38.1013 Table 2: Electrical
measur enent s obt ai ned on P4VP and PHEMA fil ns. The val ues
obtained confirmthe strong insulating character of the P4VP 5coatings thus
formed. Exanple 2 - Preparation of a po2l-4-vinylpyridine (P4AVP) filmon a
pl anar p-doped silicon substrate. Substrate: 10The substrate used in this
exanple is a coupon of p-doped silicon wwth 4 cmsides (4 x 4 cm and of
750 pmdepth with a resistivity of 20 .cm Solution: Ildentical to that
used in Exanple 1. Protocol: 15The experinental protocol is identical to

t hat descri bggblidp,dlixgal(mjg@séconag intht RRarAgid).t i onal use of a light source
ot 0 obt ai n maxt HpfRE o (a A4RPOmIng o8 RParcs: 8t WihBe DalerPo0tTo do
this, the | aop the dediredahickiess ofltisd palgrenihsdatngidydrO Thisdurationtdae ezsityf ace of
exper | nont . e aeRAeE bl inbed TR B oy 08 Yo sF IRveE R £ Bn8or Eanp
1 i s used whif thegmmpentiahdifferepoe applied! di fference of 1 V to 10 V (cathode
L okape sty " SREELop D RBYEK SIARRr () bl 1o
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 CszN C5H5N C5H6N C5H7N C7H8N CgHgN C14H15N2
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 (Q .cm)




possible to see the presence of a honbgeneous polyner filmon the surface

of the p-doped silicon sanple. Exanple 3 - Preparation of a
pol y-4-vinyl pyridine (P4AVP) filmon a p30 doped silicon surface of
t hrough-vi as. Substrate: The subdtrate used in this exanple

consists of a wafer of silicon with 4 cmsides (4 x 4 cn) and of 750 pm
depth with a resistivity of between 3 Qcmand 26 0.cm etched with
cylindrical patterns of the "through-via" of 60 pm 23 depth and 30 pm
dianmeter. Solution: ldentical to that used |n Exanple 1. Protocol: 5To
begin with, [the sanple is placed i (MM{emdl ectrografting|sol ution under
ul trasound {or P&P secondd.50 as| to endbl e the vi #9% 0 be prametd¥y fi]led.
The protocol ipsiEMaAen| i depgcal |t o that43descr| bed 1.89 Exanpl e4.28.10"
Char acteri zati ons: A scanning electron mcroscope (SEM anal ysis

made it possirgbRe 3OFIAGried MuasLreficAts dRtaiReY BA PAYP Bhd PREMXIfRfs. Figure 5 nekes
it possible 0o see the conplete covering of a via by the el ectrografted

PAVP film The fil m obtained has good conformty. The percentage
conformity of theTHepabks obtirkal confimh able biroiid mdulating lkaraeter of tfe PAVP

t hi ckness. of the ellglacsﬁrong%ﬁfted | ayer on the vertical surfaces (profile or
si de) of ?he CORUNgE yS {8t the horizontal 15 surfaces on top of the via.
The thickness on the vertical surfaces is nmeasured at a given depth of the

4 b ined i
Uhese cond: + EXARIE 210 Bréiaraipnbfla pBlitanAhgliyritife PV Hiknl ieah! nod 11
pol y- 2- hydroﬂ@m‘dmﬂédmlhﬁl@sltﬁt@PHEMA) filmon a planar n-doped

silicon substrat egypdfiatéat e: |1dentical to that used in Exanpl e 1.

Sol ution; The electro raTtln solutlone n thi arrplel

aqueous 195 sol utﬁ-g 8 W%ﬂleﬁﬁmB Eﬂupsnrﬂfd%@ ORAG: filison with "

nnet hacryl at ¢ dni-Eibis (4& %mmah)j of 750 pfDdepth efithGr resiblivily P20 omn by adding to
the m xture thus tituted 236 ng of 4-nitrobenzenedi azoni um

tetrafl uoroborat e% 1x10-3 nol). The sol ution has been degassed
for 10 m nutes by Idendicaldahaifused grobxampled. to its use. 30Protocol:

Protocol:

15 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

20  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).

25 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.

D

Example 3 - Preparation of a poly-4-vinylpyridine (P4VP) film on a p-
30 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 um depth with a resistivity of between 3 Q.cm
and 26 Q.cm, etched with cylindrical patterns of the “through-via” of 60 pm



| dentical to that described in Exanple 1, a cathode potential of -20 V

havi ng been applied in the exanple. Characterizations: The sanple obtained
has been anal yzed by infrared spectroscopy and the 35 infrared spectrum
obtai ned (Figure 6) shows the presence 23 adsorption bands at 1720 cm 1
(PHEMA), 1520 cm 1(di azonium and 1350 cm 1 (diazoniunm) which 24 confirns
the presence of the electrografted polyner filmon the surface of the

silicon sanple. A scanning el ectron mcroscope (SEM anal ysis (see
Figure 7) has also nmade it possible to see the presence of a honpbgeneous
pol yrmer fil myguntahg 305k biRart&t the silicon sanple. The el ectri cal

measurenments carried out on the PHEMA filmare reported in the preceding
Tabl e 2. The val u8QlUsloN; ned confirm the strongly insulating character of

t he PHEMA coat i ngkdehtites td Hatesed ihExampigol.e 5 - Preparation of a

pol y- 2- hydr oxyet hél !rret Eacryl ate (PHEMA) filmon a planar p-doped silicon
substrate. Substr : *dentical to that used in Exanple 2. Sol ution:

151 denti dal to thaw begiedwith) the semble id pléeedimtid electtairafting ablution thder used i n
Exanpl e 2. rd ' . T I ' has been

anal yzed bycpl?\’{aggéngddo ﬁ%‘g%‘?‘{aﬁg%é%as %’n%f’a{b??e{“gd’%%@ ggé)g%egkcq@ g%m shows clearly
the presence of chbg Beatesd istthen Eéﬁtﬂf@' &7 theh dessribed indg@ated pol ymer film on

the surface of thehaiddteAgatibner! e 6 - Pr epar at ion of a o
pol y-2- hydr oxyet hyf_efRaciyTate (PHEMR. TLIVE OMafs ndaPse eibiigop surface
10 demonstrate the covering of the vias. Figure 5 makes it possible to see the
complete covering of a via by the electrografted P4VP film.
The film obtained has good conformity. The percentage 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 um 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.
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 ml 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



The substrate used in this exanple consists of a wafer of silicon with 4 cm
sides (4 x 4 cm) and of 750 pmdepth with a resistivity of between 8 nmQ cm
and 20 macm etched with cylindrical patterns of the "through-via" of 200
pm depth and 75 pm di aneter. 30Sol ution24 Identical to that used in Exanple
4. Protocol: ldentical to that used in Exanple 2. Characterizations:

35The sanpl e obtai ned has been anal yzed by infrared spectroscopy and the

i nfrared spectrum confirns the presence of the el ectrografted pol yner
(PHEMA) 25 on the surface of the silicon sanple. A scanning el ectron

T o 0soope ( Sifmanal YokankoBeud abkifoirnd Bty AGF ShihE iRadPet ke

presence of a oanen ous pol yner entire surface of
the via. TheSHeMf®MAle.y percentage for the dep03|t as neasured in 5Exanple

3, is 40% Exarrplﬁszanmi?g @@uﬁbmwméc@e%m)wy% @seenﬁghaéqr)/rharalsoer st ack
on a pl anar m gope ntl?ﬁ‘ to,t hat used

"1 Exarpl o 1MaHRg ot 0 F JAE cEPeRte 8f & PmeoFneRtnppamer T (GrLtticon
barrier: 5 surface of the sliconcamipidoor on (NI B) barrier is deposited in three

teps onto the POl dect Rl UMKELANESA BAVE) ohnL BRMAHIA) A deRndde end

of Exanple 1. St yaci d
type: Sol ut inothe precedmg Table 2. The values obtalned confirm the strongly lnsulatlng

character of the PHEMA coatings thus formed.

10 Example 5 - Preparation of a poly-2-hydroxyethyl methacrylate
(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 um 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 pym 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)



The solution enployed in this exanple is an aqueous solution of polyacrylic
acid (PAA, MN 450000, 1 g.1-'). 20Protocol: The substrate coated
with a PAVP filmobtained in Exanple 1 is imersed for 10 mnutes in a
beaker containing the aqueous solution 28 polyacrylic acid. The sanple is

t hen washed several tinmes using distilled water, then dried under a stream
of argon. 25Characterizations: The sanpl e thus obtai ned has been
anal yzed by Ti ne-of-Flight Secondary |on Mass Spectroscopy (ToF-SIMsS). The
ToF-SI M5 anal ysis, the results of which are reported in Table 3, has nade

&Hggzsgghgoéﬁﬁ%[ﬁﬁ%@ bftHR dilleen claprRct eristic PAA peaks. 1on C2H302 C3H303

COHBN CIOH1505 G Mass 51 71 111 113 143 130,215 Table
3: Characteristi cAmsaNNiRG rleckan awcrsﬁwppﬁﬁﬂgma&ﬁ'ai@eeo lgure §) made |
Ti meof - Fl i ghpossRoftigie)thk Pheddhies ofSp Boimbgatsony pofyater BinvVBdpvdringrthgahtiree i ons.
surface of the via. The conformity percentage for the deposit, as measured in

5 Example 3, is 40%.

Example 7 - Production of a P4VP-PAA-NiB insulator/barrier stack on a
planar n-doped silicon substrate.
Substrate:
10 Identical to that used in Example 1.
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 C6H702 CeHgOz CH7O4 CgHgN 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:




35Step 2: Incorporation of nanoparticles of NI B: 26 Sol ution: A
col | oi dal suspension of N B nanoparticles was prepared at 20C. To this end,
120 ng of a metal precursor N1SO4 (4.5x104 nol) were dissolved in 50 m of
dei oni zed water, then 1.8 g of cetyl 526rinethyl ammoni um brom de (CTAB,
4.7x10-3 nol) stabilizer was added. 80 ng of sodi um borohydri de ( NaBH4,
2x10-3 nol) dissolved in 2 m of deionized water were then added, in a
single injection, to this solution. The solution instantly changed col our
to becone the intense black characteristic of the zero netal present in
coll oidal form 10Prot gg |'n The substrate wth a surface coated

w th a P4VP- PAA pol yner ayer prepared in the preceding step was
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enpl oyed in this drigniged water werephee cdded,i inta singlei inigction, do dhisyaolstioneaker 50

i of deioni zed At sihch ifkapfy NiRbed 214 %?@z&n@%é infidhsf bibéd basi ¢

sodiumcitrate (1x10-2 g citric_aci -2 mol) and 141 ny
of di net hyl ani no 56?"8%”%@!\9&@“92%( @3%§3|rﬁfﬁ§ent1l"h@”ﬁ'lq berfhe sol ution was
adj ustedigo 9 by addi ngrao@pdi um hydr oxi de sol ution NaOH or TMAH. Protocol:

30Th | uti h d tp.6QC th t di
e b O s B e BB SRR R R o Lo
bet ween 2 and 10 bilayet esepaidfdeirsﬂiespree&dﬁwg\ﬁmptmlntredmeﬂdntmm gadlsidad i n

d d :

ei oni zed water apgh dfilied g’ﬁé’lgésm@ﬁar ag{%ﬁlzeaﬁ%ﬂﬁmn @%e‘%r‘éFa?Hu&?c{e 98P

35The surface thus process orm met a
(mrror) appear ang¥amphe hbebwrangl and dhdninutes) theaa/vasbndtm gdeioniged 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 (1x102 mol) or 2 g of citric
acid (1x10? mol) and 141 mg of dimethylamino borane (DMAB, 2x103
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



t hi cknesses of netal obtained may vary between a few nanonetres and several
hundr eds of nanonetres. A scanning el ectron m croscope (SEM
anal ysis (see Figure 10) nade it possible to denonstrate the formation of a
continuous NIB netal 5filmover the ent2fe surface. Exanple 8 - Production
of a PHEMA- PHEMA- NI B i nsul ator/barrier stack on a p+-doped silicon surface
of vias. Substrate: 10ldentical to that used in Exanple 6. Insulation:
Produced according to Exanple 6. Diffusion barrier: A nickel-boron (N B)
barrier was deposited in three steps onto the poly-2- 15hydroxyet hyl

met hacryl at e ( PHEMgknasset ¥ nathlt GitaiREd alayt iy BBEvedh T Rhforfetreatte 1:
rom an adhesion prinmer This |ayer was

Formation of atie la ?lr formeg f
produced by foll oﬁﬁ‘vﬁ[ﬁf Hedreds gt BANOMetiERi ng of the publication Mevel | ec et
al., Chem Mater., 200K, scathind 3R3tr6R Iicros&PeUfSEM): anaBLishees Figureon0enpl oyed

in this exanple i n.agueous, sol uti on of ionpriner. To.develop it,
the foll ow ng sol ﬁ}alﬁgﬁtsgt%g@épﬁpe(ge %R?Ee&gf?fg%%ogé)f% {OETBQ%WIT&S?
p- am noand | i ne i nfilb0Qvaritheéntid€isudfa@M (sol ution A).
690 ng axle mol) of NaNO2 in 100 m of deionized water 25(solution B). 25
m of solution B are slowy added to 25 nl of solution A To this mxture 5
n of 2-hydr EXgmplg 8 nRradsictiongf-a PHEMA-PHEMA-NiBjnsulaterthasriepgtack t hen
the reacti onghs phidopetieflidoh ssifacdofiviasof | ron powder at 99% (1. 7x10-2
nol) or 16 m of goggﬁrgi_al hypophosphorous acid at 50 % by 30mass in
water, acting as 24 g agent. Protocol: The silicon substrate
functiont)i zed byIddneicditibfatalédinB@nmple &xanple 6 was i mersed in the
solution for a du ' f between 1 and 20 mi nutes before bei ng washed
(DMF, water), the;&%‘#g-gaﬁhnder a stream 350f nitrogen.

Produced according to Example 6.

Diffusion barrier:

A nickel-boron (NiB) barrier was deposited in three steps onto the poly-2-
15 hydroxyethyl methacrylate (PHEMA) surface obtained at the end of Example 6.

Step 1: Formation of a tie layer formed from an adhesion primer

This layer was produced by following the general teaching of the
publication Mévellec et al., Chem. 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 HCI 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, 4x107? mol) are then
added, then the reaction is initiated by adding 1 g of iron powder at 99%
(1.7x102 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:




Step 2: Incorporation of N B nanoparticles: 28 Solution: Identical to
that used in Exarrple 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 138 made it possible to see the

di stribution of NI B nanoparticles on the surface of the polyner. 10Step 3:
Formation of a nickel |ayer by electrol ess deposition: Solution:

Identical to that used in Exanple 7, Step 3. Protocol: Ildentical to that
used in Exanple 7, Step 3. 15Characterizations: The surface thus
processed is characterigggeoly a uni form metallic (mrror) appearance.
Dependi ng on the netal [ zation tine, thlcns sof nmet al obt ai ned may
vary between a few nandfREiFdo Shat @%Q/EY §8 of nanonetres. 20A

scanning el ectron m crg_& (SEM anal ysi s (see Figure 12) nade it

possi bl e to denonstrat ti ont us NIB netal filmover

the entire surface. gde@gﬁeflggmmf S%‘EF“O%???%PEQ $t@#%é NI B deposit, as

neasured 5n Exanpl e 3 Charagi@fizatBhsfxanpl e 9 - Production of a

PAVP- PHEMA- Ni B i nsul at qr i : p lede | agfg of

vias. Substrate: Identﬂ s::cgﬁﬁlﬁ%%ieﬁ%ﬁﬁﬁlg%gc%e %a%kl({égﬂrﬁq%nm

30Pr oduced accor dMagetib nogsiplgl 0 see the rdistribition aP iNdB - nanoparticles on the
surface of the polymer.

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%.



Produced according to Exanple 8. A scanni ng el ectron m croscope
(SEM analysis nmade it possible to denonstrate the insulator/barrier stack
over the entire surface of the via (see 35Figure 13). The conformty
percent age of the deposit, as neasured 2% Exanple 3, is 65% 29

Exanpl e10- Pr oduct i onof aP4VP- PHEMA- 111i 13-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
barrier: Produced according to Exanple 8. 10Formati on of a copper seed

| ayer: Sol ution: The deposition of a copper seed | ayer was carried
out using an_aqueous el ectrodeposition solution containin . 1-1 (32

2.1 m
m) of et hyl EXa@Pi®i nel@nd 2 g.Production) of cnsmPéMEd."gE!##rUi%Ew ;

The el ect r odgisdator PhariRirfseed Riyes SEadkesn ap-dbped SHRION surfArof wias. var i ous
consecutive steps; te: - 2 "cold entry" step where the substrate is
brought into cont *mer sion, W thout electrical power supply, in the
el ect rodeposi t i onIkdsicdl do thet used incB>@mpdd B.on of at | east one mnute (for
exanple 3 m nut esh;Isulati n: - @ copper gr owt h step where the substrate is
cat hode pol ari zed ano- pul sed node and si nul taneously set in rotation
at a speed of 20 Pepduos acsouling foda@mpa 3.mi nute (for exanple 40 revol utions
per minute). Fi guprrdsieAYdrtigps i n detail the gal vano-pul sed protocol

capabl e of being period P of between 10 ns and 2 s

25 used, w.ih a total
(0.6 s in the exaRfnduged %FCB'@"QWOZ%I@F&?F $inme TON of between 2 ms and 1.6 s

(0.35 s 1 t he exgophatiowoflacoppdrseed layétir rent per unit surface area
general ly between 0.6 .cm?2 and 10 mMAcm2 (2.77 mMAcm2 in the exanple),

an idle period Toff w n'poI arization of between 2 ms and 1.6 s (0.25 s
in 30 the exanple). Thbe depaditimnobé doppar stedpaykrpeasisarriad owt lusingean

understood, on th LT i e layer . i t jon can
easily be determ ﬁ%‘g&%@ @Egggegégﬁﬁdﬁyuﬁﬁphg&gg l,nba?ﬁt h%”gr?vﬁMZf bﬁt)he film
is a function of etH¥leppdipgnenssta.l| tkbonMhef EuPRuPH20.1 n t he af orenenti oned

conditiofg, the rate oprgiggpsition is around 1.5 nnn per coul onb of charge

35passed into the circuit, whic ives a duration of the el ectrodeposition
P lilll'\e electrocpepgsrgon method 1implemented ?n thIeS 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.cm?in the example), an
idle period Tos 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



step of around 17 mnutes in order to obtain a coating having a thickness
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 3l tage. The duration of this phase
Is 5 around 2 seconds. The rotation speed is then brought to 500
revolutions per mnute for 10 seconds, the cathode pol arization being cut
in this final phase. The substrate is then washed in deionized water and
dried under a streamof nitrogen. Characterizations: 10A scanning el ectron
m cr oscope (SEM aﬂﬁkyﬁﬁ§ (see Figure 14) nade it possible to denonstrate
the three-|ayer insulator(barrLgrlcoqur sEack over the entjre surface of
the via. The confornity etdeRfiagtenvhere the sHbstraty copted wit BFe® i n
Exanpl e 3, is 60%enldvedbRomi te slecthsichbsttorpisolution Mt B lzanve rothtdore speein

d db 15. I 1,-K . | yti cal d . [ L.,
El ectrochi m Act i gana-kest SilrgahMberibiabE HE alrdboh o IS kel
di f f usi orb of copperoundt2osecbrdsdiThé wstation peadi ie thexf broughintees00i reyolttionsugh t he

Tof -SI MBS profile. o mirg;e for TBYeLGRAR, e ‘{apﬁ)d-gﬁolai%%@rf%@ﬁq \%\Lﬁ‘i)’csin(tﬁigﬁﬁnﬁ gure

15) before (raw sanple) and after ahnea —dt 40 ours 1n a
control | ed 20at noBpdser dhe Behstrateis thes avashedin deippizad wWater aad gied nndefe NI B
di ffusion barrier g sEaARF pikdoggroduct i onof aP4VP- PHEMA- Ni B- Cu

insul ator/barrier/seed | ayer 'stack on a p-doped silicon surface of vias.
25Subst r at e: Iﬁﬁiggﬁgét—&ﬂ%r dzatl used in this exanple consists of a wafer

of silicthh with 4 cm sAdeanr(rg Xleétrommietoscope (BEM) malysipt(bee\Figure 14)
of “the ~tht ough- vnRet RedHR BDAaRPadisth e bvaB st IuRALPH L ERRelr Fon:
Produced accor di ngtatloo®cdhplestir®. subiatd atthervidh dineiconformity peicentagact thedi ng to
Exanpl e 8. Seed | gyfier layar Bs AEsEL4aT EUHPIRS, IsBdmsanpl e 10.
The barrier properties of the NiB layer have 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 cm 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 pm
depth and 30 ym 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



A scanning el ectron mcroscope (SEM analysis (see Figure 16) nmade it 31
possible to denonstrate the stacking of the three insulator/barrier/copper

| ayers over the entire surface of the via. Exanpl e 12 - Production of
a PAVP-N B insulator/barrier stack on g 5 doped silicon surface.
Substrate: Identical to that used in anple 2. Insulation: Produced

according to Exanple 2. 10D ffusion barrier: A ni ckel -boron (N B)
barrier is deposited in two steps onto the poly-4- vinylpyridine (P4VP)
surface obtained at the end of the isolation step described in Exanple 2.
Step 1: activation of the poly-4-vinylpyridine with a palladium salt
15Sol ut i on: possible to deppasistrateLiihe sta %Wﬁl%i%thrﬁe tﬂﬁi—"ét%éb&ﬁﬁ!ﬁr@OPBeran

aqueous activati ngy&lovéi P hbf firfic8af thea.(1. 10-5 ol ) of commerci al
pal | adi um chl ori de salt PdC12 dissolved in 100 mM HC 0.1M Protocol:

20The silicon substrate functionalized by the P4VP obtained in Exanple 2
was i nmrer sedEkamiphe 12ct Prathictipnsof atR4VP-NiB insulatar/ barriex stackwaea B0

seconds d m_put.es bef bei ng washed i n deionized water and dri ed
under a regm HTC?’Posé’éﬁC%mar acterizations: 25The surface thus
processed i s char Substrateid by a uniformnetallic (mrror) appearance.

Dependi ng on the fg bﬁéél kG Bt Q8ed ;’nrg(agltppaezt hi ckness of the netal obtained

may vary between a few nanonetres and several hundred nanonetres. 30
Exanmpl e 13 - Prodiﬂmﬂ_ﬂi a P4VP-N B-Cu insul ator/barrier/seed | ayer stack

on a p-doped sili priusdd dR6RIRS toB@MpleSpbst rat e: The substrate used
in this ﬁgarrple cm&mfer of silicon with 4 cmsides (4 x 4 cm
and of 7 pm dep stivity of 20 Qcm etched 35with
cylindrical patteAnsickel-bbloe (NiB) bargibr V3 dépdsitee inftwdGteps areptthe gpoty-& pm
di ameter. vinylpyridine (P4VP) surface obtained at the end of the isolation step described in
Example 2.
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 PAVP-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 um depth with a resistivity of 20 Q.cm, etched
35 with cylindrical patterns of the “through-via” type of 30 ym depth and 5 pm
diameter.



32 Insulation: Produced according to Exanple 2. Diffusion barrier:

Produced according to Exanple 12. In order to allow the different

5solutions to better penetrate the "through-via" type pattern, steps 1 and

2 can be carried out under ultrasound. ed layer: Produced according to

Exanpl e 10. Characterizations: 10A scanning el ectron m croscope (SEM

anal ysis nmade it possible to denonstrate the stacking of the three

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

conformty percentage of the nickel deposit, as neasured in Exanple 13, is

78% and the conformty percentage of the copper deposit, as neasured in

Exanpl e 13, is colmsulations c Al Ms 1. Method of preparing an

el ectrical 'y insubgddubgt ddcbrirdf tof B@nfpls .ace of an el ectrical conductor or

sem conduct or subi’t_ ate, such as a silicon substrate, 5characterized in

that it conpri ses.—'é?ﬂm% said surface into contact with a Iiquid

sol ution conpri si Repduced @cadrdingstd \Example 42. [Ieastdeorte alioaz dime differantt ;

ot east AR W Betfed Benbidatk RE ReRGloTA 638! SR sésPlfia a0sal ¢
be carried out under ultrasound.

Seed layer:
Produced according to Example 10.
Characterizations:

10 A scanning electron microscope (SEM) analysis made it possible to
demonstrate the stacking of the three insulator/barrier/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



- at least one acid in a sufficient quantity to stabilize said diazonium
salt by adjusting the pH of said solution to a value |ess than 7,

preferably | ess than 2.5; b) the polarization of said surface
according to a potentio- or galvano- 1 | sed node for a duration
sufficient to forma filmhaving a thickness of at |east 60 nanonetres, and
preferably between 80 and 500 nanonetres. 2. Method according to

Claim 1, characterized in that the protic solvent is chosen fromthe group
consisting of water, preferably deionized or distilled water; hydroxyl ated
solvents, in particular alcohols having 1 to 4 carbon atons; 20carboxylic
acids having 2 to 4 carbon atons, in E MSul ar fornmic acid and acetic
acid, and m xtures thereof. 3. Method according to Claim1l or 2,

e bommoundl BhrbGr AR Fehel ARSI & hesEr

repr esent s ael&mmoaﬂat(ﬁmummovnsem:Ebncmlpiroessmbsisatnn sacty las ga cnlqnon ébubﬁtkﬂthpd

accordin 3, characterized in that the 30
PRI SRR st

chai n- pol uble in the protic solvent and is chosen
fromthe gr oup of aNDWIHQWﬁM®GGM§Qnt¢?WWh aHigudsabition somprisings f ol | owi ng

formula (11): Rl R3. Ebrdtlc solvent;

- at least one diazonium salt;
- at least one monomer that is chain-polymerizable and soluble in
10 said protic solvent;
- at least one aC|d in a sufficient quantity to stabilize said
diazonium salt by adjusting the pH of said solution 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” ¢))

in which:

- A represents a monovalent anion,

- Rrepresents 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 followin'g

formula (II):
R Rs
R2 R4

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



R2 34 netal atom such as a hal ogen atom or a hydrogen atom or a
saturated or unsaturated chem cal group such as a Cl1-C6 al kyl or aryl, a
-COOR5 group in which R5 represents a hydrogen atomor a Cl-C6 al kyl,
nitrile, carbonyl, am ne or am de group3455. Met hod according to any one of
Clains 1 to 4, characterized in that the aforenentioned |iquid solution

conprises: - at least 0.3Mof polynerizable nononer(s), - at |east 5x10-3M
of diazoniumsalt(s), the nolar ratio of the polynerizable
nononer (s) to the diazoniumsalt(s) 10 being between 10 and 300. 6.

Met hod accordi ngi to any one of Clains 1 to 5, characterized in that the
pol ari zat i onMsfalsatpm suchfegca haloganoaliopr@r ianhydrpgens el @idatedyer e of

bref or abl v ol g Bl o o R 6. o1
.6.S; - | igQn ti| 0,, 0 et ween O.

and 1 s, pref’V@f‘:bﬁSJe@!'teémad‘.yé@ggf‘ a&‘ﬁ? °h§ ﬁfﬁeaﬂ% B'gﬁ%'n?aﬁéﬂ"yhiam"éergrnce or a

current is appideegtotp. t he surface of the substrate; and - an idle

period with zero po ti,al . ren f | gn tee and 1
T oret eril v of 3 Hemabgeodtbiod 567 bpg br Bgiy £ A cbracl iy e B7C
el ectrical cefoderoentioned ligeidisolotioniceropriseabstrate, such as a silicon

substrate, said cogicdg EaMS pbiRrcdieohdihefgp! !aver formng an
electrically i _nsul_atl ngt f11mand an external I'dyer formng a copper
di f f usi on barri er ; atleastaed8rM ot digzaniumegalt(s),
the molar ratio of the polymerizable monomer(s) to the diazonium salt(s)
10  being between 10 and 300.

6. Method according to any 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



A. said internal |ayer is produced by enploying the nethod according to
25any one of the preceding clains; B. said external layer is
produced by: a) the formation by wet process, at the surface
of the internal |ayer thus obtained, ofa@n organic film containing
particles, especially nanoparticles, of " netals or netal alloys, in
particul ar of nickel or cobalt; 30 b) bringing the filmthus fornmed into
contact with a liquid solution containing at | east one netal salt,
preferably of the sane nature as the nmetal incorporated into the organic
film a stabilizi n% agent, and at | east one reducing agent under conditions
enabl i ng t hesSYriacaeATi tha afprementiongd mterrﬁalﬁawrfgt%cqnw%wwgs@ liguidysolutionst 100
nm 358. Met bgtaimgerding to G aim7, characterized in that the
aforementioned step B.a) Jis carried out in non-e{.ectro hem cal conditions
by bringing the free 3% '83§tPRESONENt REeferABlY SRIATS BT nt ernal I ayer into
contact with a |iquid sal least@necizzbaium salt; at | east one sol vent,

preferably a protic sol X t ne:diazon ; st one
nononer that is chain- p%ﬁefg%r%tr?n%a b’g&ﬁ%r t?'rggg'cgrh g@?@éﬁn@? h%c?ﬁ%%ag!)cﬁﬁbl ein
sai d sol vent meddls and soluble in said solvent; andat | east one chemical initiator

enabling the formation of ragj fé’égtds,ﬁ‘g Eﬁérﬁi%ag‘;ihgiﬁlozaéngblﬂigaﬂfénﬁo%ﬁﬂ f

9. Method according to either of Clalns , Characterized 1n that the
10 chai n- pol {a¢isel oniities figpheaid diageniemisaltst ep A a) is a vinyl pyridine,

pr el;] erably 4- ving|mgthbdiadeording to eMBkhaf Clalad 2.or (B, &heraetetiyedinhdt eneyet hyl
met hacry] ate

din th th . Whi i.S. ch - pol. i by f
"ot ca "Wt e pebielifitle ipnael P i feB AN sy AR R EeEY 10 o
Met hod accor dingigytiding e Mmethaxrylate 8 peferdbly hiaydaatyethy? ewthatryldtat anchén 15
afor enent | ongel: 4he Mk Bel WridhAk hahHafARIEINE bR PRI meflis gg foent i n
inely divided fofrmor an organi c or 1'norganic base 1n sutficren
proportions stp &-@MSQHYdTOXVQ‘%Y"mq@ﬁQ’Yb&uti on to be greater than or equal

to 4. 11 MetMiasod Ge&rdihg GotdheBradiBimG: 8 SR, RRAREIASH inthkb&le t he
chai npol gerl zabl e non used”in ster% A. ?r) is a vinylpyridine, ef erably
i/ y chasgly 1rp

4- 20 vihyl piarementiong gﬁémic@ﬁgﬁ'a@r&p 0 & g1kl & 39Enb N Msdhg t he
o, st peeonatrena vbatousbcniriskus palmarchapote aiset i
slolq\ljlent ;50 ;t of@gﬁpﬂ@ggﬁﬁ@ﬁ%@p gﬁé riiﬁwgn QBFELE,%'XO ?h’ sgi d sol ve%t aP\d
conprising 25 fuhttiethed amcordiyg depé&laine @f dheradtenigedi it hthahetheurbainonal
P o o SORHARY Rl 50 960) RSyt Spfrdipy<a00nds
functio gViovipyriding sed i HahstercBRYI1s 6aiad optiRy bripaiag the Higgsurfagripbxyl |
(primary or aRCGRda{aY)lafeP BFf pelimibyineC MtBO¥MHta& @ithd.a GghiBoxdltich aci d
salts, (cyclic or linear) carboxylic
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(=0O)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.



30 anhydride, am de: C(=0)NHR where R represents a hydrogen atom or an

al kyl group having 1 to 6 carbon atons, an am no acid, phosphonic acid,
phosphoni ¢ acid salts, phosphoric acid, phosphoric acid salts, sul phonic
acid, sulphonic acid salts, sul phuric agéd, sul phuric acid salts,

succi nam ¢ acid, succinamc acid salts,”phthalimde, phthalimde salts,
Si(OH), where nis an integer between 1 and 3; 35for a sufficient duration
to enable the formati on of said hydrogen or Van der Waals bonds. 36

12. Method according to Caim1ll, characterized in that the

chai npol yneri zabl e nononer used in step A .a) is 4-viny| pﬁ&qi dine and in that
the sol ubl e pol ymd?- Metbed j accandigg i aflaimy Hn eheraaterized oiny Hatdthe ghaifet hod

accordi ng t opgiheARdILmdroelBusédtin dép ABRIAALGHYIFRRIdeNahdah that the
af orenenti oned netal salt An_s chogey,fromt e group consisting of the
acetate, aceBYHRIEPOYMEr ¥setBsien Bd) BALHISROYARE: r at e, perchl orate,

ﬁ/gl Ehgte or tetraf.uasthbed aatording td lany aherof Cahs Jreedi 2yehaacterized in thayl.
thod acgording.to a gne i t ar er | L i n t he
af or enent on&&f %&%%F%“&Qewg{ﬁ' gaﬁhgﬁééﬁﬁeﬁo‘i}g@h@%ﬁ%j& g%lﬁSES?Igbi %%H‘ge%
10hypophosphaecataie, acétylacaionateshexfiuerophesphate, dérdte,aperoieraleicsBHhateDMAB)
gl ucose, for?&tﬁﬁ%@ﬁra@gfm SehRRtioned metal. 15 Method of preparing a

coating of an ctrical conductor or sem conductor substrate, such as a
si licon substrat el4Method gaeardigg ¢e g8V Sne 9 Caimad tonk3e charecierizrd infBathi ng an

3! ??t rical LYtHeU%FHr@Marglﬂ)nEw féduaﬁg: i @ﬁh@&@h_ IFraWe thd SrevipTicolsigtingoBper
char act of9 2 e BvRaprPRRHRroLS acd syt sali bpiane ded s ey DMfTcalcds

i mpl enent i ngfdrhaldehydwshdioapaztierg to any one of Cainms 1 to 6;

B. said internedi r ¢s ced N t 1 he

according to any 2%3\4%@3% gf n%rgégrﬂ% %4;&%t|hapbte§{1$%?cgrlégﬂt (éérrﬁﬁé'F&Faégr i's
produced by: semiconductor substriafenguahhas arsicor subsitate,osaid eatingt congistngiot | ayer
into contact i; FTNsTRY utd bshiREr I 1 t; 25-
copper ions F‘W 'Qiéggarllcléeﬁrfg{rﬁ@h 04 %Légt&\%gg\ "%H'ag?\%l @Or?ﬁ/laﬁeé@%&ﬁgér)\kgigpm ne;
t he nol atd r aforming a €opgar«iféesiombargies andophereral Ryemhiormigr sorsT 8fef 2. 03
the pH of saldje£ @AB@stetbainkpat?lg bet ween 6.6 and 7.5; 30b) pol arization of

said free sur aceAP];ai}j riﬁersn%i:Eamr\]/glr #saaf'ce)éuc]:agrbyaimspvefrrf\e;n%ing %e method according
to any one of Claims 1 to 6;
B. said intermediate layer is produced by implementing the method
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



duration to formsaid external |ayer. 16. Method according to Claim
15, characterized in that the liquid solution used in the aforenentioned
step C.a) conprises cupric ions com ng from copper sul phate in an anount
between 16 and 64 nMand in that the m(;ﬁlr rati o of 35et hyl enediam ne to

t he copper ions is between 1.96 and 2 17. Wafer of a conductor or

sem conductor material, especially nade of 37 silicon, conprising one or
nore vias, characterized in that the walls of each via are covered with an
internal |ayer nmade of poly-4-vinylpyridine with a thickness of between 200
and 400 nanonetres formng an electrical insulator, which is itself coated
with a | ayer sibi¢onpicomprising pne enandre vids) ehasactarized indhatnthewvalls of eash dianess 5
of between 1QQ @‘freﬁ%tﬁ‘%ﬁ%@ﬁb@%ﬁpH%Q%f%owpﬁ lp?l‘lélﬁé'%tﬂrb Badihkgy . Whi ch

is itself cover cop er wth nes etweea_t 200 and

500 nanonet r 8&b ﬁWnﬁ)oaa@%éBOIWQF‘etres forming gn %‘ftﬁ? d‘f‘sué?t%roﬁ’lm & or

sem conduct oftsdieédtddith asw loahickemqst&)naﬂy §Ildye@W‘th boesr) (ith M thickhessOr nor e
vias, ch actggl zed a.re overeﬁ WLt h an

i nt ernal 7 ay8F P¢RAGED '&50 BB&)L?OQ nﬁQWSQ%%ﬁTInQ&fWQSFé AION RAMEFWRIER 18 hes s of
bet ween 200 #self 4@@redhmithred reeppérolagemgithna éhiekriess ofil betwisar 200 randwbllch i s

itself coat eﬂ%ﬁénﬁgzré@ f&%ﬁéaﬁgﬁ‘gk%'el optionally alloyed with boron, with a

t hi ckness of ween nanonetres formng a copper di ffusi on
barrier, which isl8tWafer of aveanddctar on samicep@iston mpterialniespedally Hnadenelss of

bet ween .15 2Qf.qdoRBAsIAGBRERF Miste VsTcR&adeRRRA0IN! tA¥Ethe walls of each via
10 are covered with an internal layer made of poly-2-hydroxyethyl methacrylate 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 thickness of between
15 200 and 500 nanometres forming a seed layer.



