- 1 Method of coating a surface of a substrate with a netal by

- electroplating The present invention relates in general to a nmethod of
coating a surface of a substrate with a nmetal, and nore 5 particularly
copper, by electroplating, in particular a surface consisting of an
electrically resistive nmaterial. The_igvgntion Is especially applicable in
the field of 10 mcroelectronics for the fabrication of interconnects in
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organonet&l@&i@%%ﬁlng, so as to form 25 the said coating. Wen the
substrate is an electrical conductor, the electroplating is for exanple

carried out by passing a current betmeen the substrate to be coated which
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boards or printed wire boards) or for the fabrication

15 of passive elements, such as inductors, or in the

electromechanical field in integrated circuits or in

microsystems {(called microelectromechanical systems) .

The term “electroplating” is understood here to mean a
20 method of covering a surface of a substrate with a
metallic or organometallic coating, in which the
substrate is electrically biased and brought into
contact with a liguid that contains precursors of the
said metallic or organometallic coating, so as to form
25 the said coating. When the substrate is an electrical
conductor, the electroplating is for example carried
out by passing a current between the substrate to be
coated which constitutes an electrode (the cathode in
the case of a metallic or organometallic coating) and a
30 second electrode (the anode) in a bath containing a
source of precursors of the coating material (for
example metal ions in the case of a metallic coating)
and optionally various agents intended to improve the
properties of the coating formed (uniformity and
35 fineness of the deposit, resistivity, etc.), optionally
with a reference electrode being present. By inter-
national convention, the currxent flowing through and
the voltage applied to the substrate of interest, that
is to say the cathode of the electrochemical clircuit,



with a reference el ectrode being present. By inter- national convention,
. the current flowng through and the voltage applied to the substrate of
interest, that is to say the cathode of the electrochemcal circuit, 2
are negative. Throughout this text, when these currents and voltages are

mentioned with a positive value, it is 2i nplicit that this value represents
the absolute value of the said current “or the said voltage. 5 Copper
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responsible to significantly deform the conductor and
be a major cause of failure, makes it in particular a
15 material of <choice for the fabrication of metal
interconnects for integrated circuits of increasingly

smaller etched features,

Integrated circuits are generally fabricated by forming

20  active semiconductor devices, especially transistors,
on the surface of silicon wafers, the said
semiconductor devices being connected together by a
system of metal interconnects consisting of *lines” and
‘contacts”, also called “vias” placed in superimposed

25 levels and obtained by respectively filling “trenches”
and “wells” also called “interconnection holes”, made
in the dielectric layers.

Since copper is difficult to etch and has a high

30 diffusivity in many materials, the interconnects are

- generally produced by a sequence of steps comprising:
- deposition of an insulating dielectric layer;
- etching of the interconnect features in the
said dielectric layer;

35 - deposition of a barrier layer (generally made
of tantalum, titanium nitride, tantalum nitride,
tungsten nitride or tungsten carbide, for example) used
Lo prevent copper migration:;

~ filling of the lines and interconnection holes



; ‘dep'osi tion of an insulating dielectric layer; - etching of the

i nterconnect features in the said dielectric layer; 35 - deposition of a
barrier layer (generally nmade of tantalum titaniumnitride, tantalum
nitride, tungsten nitride or tungsten carbide, for exanple) used to
prevent copper mgration; - filling of the lines and interconnection hol es
3 with copper; and - renoval of the extcess copper by chem cal nechanical
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homogeneously or uniformly at the wafer scale, an
effect known to those skilled in the art by the term
“ohmic drop”. The high resistance of the barrier layer
15 results both from the high resistivity of its
constituent materials (generally metal nitrides) and

from its small thickness (generally from a few nm to a

few tens of nm, depending on the integrated circuit

generation), which thickness is imposed by the small
20 size of the interconnect features.

Consequently, it is generally necessary, prior to the
copper electroplating step, to cover the barrier layer
- using a non-electrochemical method - with a thin

25 layer of metallic copper, called a seed layer. This
seed layer, 1like the barrier layer, is currently
produced by vapor phase deposition techniques such as
PVD (physical vapor deposition) or CVD (chemical vapor
deposition) deposition processes.

30
Owing to the critical dimensions of the lines and
interconnection holes of current integrated circuits,
and their trend towards ever smaller dimensions, the
thickness of the copper seed layers at the present time

35 1is around 30 nm and should rapidly move towards 10 nm
or less.

CVD deposition produces a conformal copper layer, that
is to say one that accurately matches the topography of



deposition) deposition processes. 30 Omng to the critical dinensions of

. the lines and interconnection holes of current integrated circuits, and
their trend towards ever snaller dinensions, the thickness of the copper
seed layers at the present tinme 35 is around 30 nm and should rapidly nove
towards 10 nm or |ess. CVD deposition @roduces a conformal copper |ayer,
~that 1is to say one that accurately nmatChés the topography of 4 the
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needed to implement them and their low efficiency.

15 PVD deposition . is presently preferred from the
industrial standpoint because it allows surfaces having
a high resistance to be coated with better adhesion of
the copper to the barrier than obtained with CVD
processes.

20
The thickness of the coating deposited by PVD is
directly proportional to the solid angle seen from the
surface to be coated. Consequently, those portions of
the surface having salient angles are covered with a

25 thicker layer than those portions of the surface having
re-entrant angles. As a result, the copper seed layers
formed by physical vapor deposition are not conformal,
and therefore do not have a uniform thickness at every
point on the surface of the substrate. In particular,

30 shadow or overhang effects are observed at the sharp
edges of trenches or wvias, up to the point of
obstructing their apertures and then making it
impossible to fill them. Moreover, the sidewalls of the
trenches and vias may be covered with an insufficient

35 thickness of the seed layer, which then results in
imperfect subsequent filling, missing material or
voids. In addition, the seed layer produced on the
sidewalls of the features exhibits by nature an
adhesion that differs from that deposited on the flat



re-entrant angles. As a result, the copper seed |layers fornmed by physi cal
. vapor deposition are not conformal, and therefore do not have a uniform

t hi ckness at every point on the surface of the substrate. In particular,
30 shadow or overhang effects are observed at the sharp edges of trenches
or vias, up to the point of obstructing their apertures and then meking it
i npossible to fill them Mreover, the sidewalls of the trenches and vias

may be cover i ipsufficient 35 thickness of th ed | gyer, which
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with very small dimensions of the trenches and vias (of

on

the order of a few tens of nanometers) and wvery high
aspect ratios.
15
In this context, the electroplating technique presented
here constitutes an advantageous alternative to
chemical vapor deposition or physical vapor deposition
processes, and to the more conventional metal
20 electroplating techniques, which cannot be implemented
on resistive substrates.

This 1s because conventional electroplating, which
consists in applying in general a DC current to the

25 substrate immersed in a bath containing metal ions, can
be applied only to surfaces that are sufficiently
conducting, that is to say typically having a sheet
resistance of less than about a few ohms/square, which
is not the case for the layers forming a copper

30 diffusion barrier in the most advanced technologies,
the sheet resistance of which is commonly a few tens of
ohms/square to several hundred ohms/square and may be
several tens of thousands of ohms/square.

35 Sheet resistance is a quantity used by those skilled in
the art for measuring electrical resistance of thin
films or layers. It is expressed in ohms/square and is
equivalent to the resistivity for a two-dimensional
system, that is to say one in which the current flows



20 el ectropl ating techni ques, which cannot be inplenented on resistive
substrates. This is because conventional electroplating, which consists in
applying in general a DC current to the 25 substrate imersed in a bath
containing nmetal ions, can be applied only to surfaces that are
sufficiently conducting, that is to say typically having a sheet
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metal lization for h performance” silicon technol ogy Mat er .
Sci  (2000), Ty s process for filling the trenches and wells w1th

metallic copper is described for example by Rosenberg

15 et al., in “Copper metallization for high performance
silicon technology”, Ann. Rev. Mater. Sci (2000), 30,
229-62,

The use of copper electroplating on a copper seed layer

20 for filling trenches and wells has also been described
in Patent US 6 893 550 incorporated herein by
reference.

The electroplating method described in  document
25 US 6 893 550 is essentially characterized:

- on the one hand, in that it makes use of an
electroplating bath whose specific chemical composition
comprises at least one acid, preferably sulphuric acid,
at least one halide ion, preferably chloride, and a

30 combination of chemical agents capable of accelerating
or suppressing formation of the coating; and

- on the other hand, 1in that it consgists in
modifying the density of the current applied in
predetermined sequences.

35
Copper electroplating has also been recommended, for
- example in Patent US 6 811 675, for filling any voids
in the séed layer (seed enhancement) or for repairing
this layer (seed repair).



229-62. The use of copper electroplating on a copper seed |ayer 20 for
filling trenches and wells has al so been described in Patent US 6 893 550
i ncorporated herein by reference. The el ectroplating nmethod described in
docunment 25 US 6 893 550 is essentially characterized: - on the one hand,
in that it makes use of an electroplating bath whose specific chem cal
conposition conprises at |east one aC|a “preferably sul phuric acid, at

| east one halide ion, preferably chlorlde and a 30 conbination of chenical
agents capabl e of accelerating or suppressing formati on of the coating;
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DC current optionally ©boric acid 1n order to improve the
brightness of the coating and/or ammonium sulphate for
reducing the resistivity of the coating. The DC current
density applied during electroplating is between

15 1 ma/cm® and 5 maA/cm?.

It is indicated in the above prior document that this
electroplating process may also be used to produce a
copper seed layer directly, but this possibility is not

20 illustrated by any example and it appears not to be
easily achievable owing to the high current densities
mentioned in that document.

In this situation, the object of the present invention
25 is to solve a new technical problem, namely of how to
provide a method of coating a surface of a substrate by
electroplating with a metal which makes it possible in
particular to produce continuous and conformal copper
seed layers having a thickness of the order of 10 nm or
30 less and exhibiting excellent adhesion to diffusion
barrier surfaces that may have a high surface

resistance of up to a few megohms/square.

It has been discovered, and it is this that constitutes

35 the basis of the present invention, that it is possible
to solve this technical problem in a relatively simple
manner, which can be used on an industrial scale, by
-using a specific electroplating bath and by controlling
the conditions under which the surface to be coated is



It is indicated in the above prior docunent that this electroplating
process may al so be used to produce a copper seed |ayer directly, but this
possibility is not 20 illustrated by any exanple and it appears not to be
easily achievable owing to the high cgréegt densities nentioned in that
docunent. In this situation, the object~of the present invention 25 is to
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to as "col dwaMH Yan denkbl@ rWoi1eRing bath while the said surface is
not under electrical bias;

-~ a step of forming the coating during which the

15 said surface is biased for a time long enough to form
the said coating;

- a step referred to as “hot exit” during which
the said surface is separated from the electroplating
bath while it is still under electrical bias;

20 and in that the aforementioned electroplating bath
comprises, in solution in a solvent:

- a source of copper ions, with a concentration
of between 0.4 and 40mM, preferably of between 0.4 and
18 mM and more preferably of between 0.4 and 15 mM; and

25 - at least one copper complexing agent chosen
from the group comprising primary aliphatic amines,
secondary aliphatic amines, tertiary aliphatic amines,

aromatic amines, nitrogen heterocycles, and oximes.

30 It has been observed, quite unexpectedly, that it is
possible, with the aforementioned electroplating baths,
to improve the adherence between the copper coating
layer produced by electroplating and the barrier layer
by bringing the surface to be coated into contact with

35 the electroplating bath without being under electrical
bias, that 1is to say without imposing an electric
current or electric potential relative to a
countereléectrode or relative to a reference electrode

on this surface, prior to the electroplating step.



the said surface to be coated is brought into contact wth an

el ectroplating bath while the said surface is not under electrical bias; -
a step of formng the coating during which the 15 said surface is biased
for atine |ong enough to form the said coating; - a step referred to as
"hot exit" during which the said surfaée is separated fromthe
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35 the electroplating,bath without being under electrical . bias, that is to
say Wit hout #tﬁ'pg’saisngg%\ﬁoel i E’ES@EF’F t DPTRFERIRILY pottdi® afErelsative to
a count er elmuss tdke otor ellatdive 4 osaedeflanancehaleagr adeoriudihisi wpr f ace,

prior teanthe ati.ng s 9 n_even nuor.e substanti.al i nprovenent
in thi sggdhe$%£%EI%% E)Néé:%l o%gg?%re @%Eﬁn?h FrrEE RS HPHE. s R TR e 1o
be coated i s<¢Ppingn that actatedh shefekect nogleat i g ediatifvaor taigxeri od of

at |east 5 spcondseigfferrdhi § S GRDT @G | BALRLER aNd 8l | 0P dd¥oddy the

el ectropl ati ng .
atter its removal from the electroplating bath.

15 It is therefore the “cold entry” and “hot exit” steps
that constitute the essential characteristic steps of
the method according to the present invention.

The step of forming the copper coating is carried out

20 in a relatively conventional manner, but it has been
observed that, unlike the processes described in the
prior art and especially in Patent US 6 811 675, the
level of current needed to form the coating is much
lower (at least five times lower than the mean value

25 mentioned in this prior patent, and in any case outside
the process windows mentioned therein)°

“Hot entry”, that is to say entry under bias, is the
standard practice in processes for electrochemically
30 depositing copper for filling trenches and wellg. This
is Dbecause, since the electroplating solution is
generally acidic, it is likely to cause etching of the
seed layer and consequently electroplating is
prevented, something which must be avoided.
35
During the “cold entry” step of the method according to
the invention, the surface of the gsubstrate to be
~coated 1Is preferably kept in contact with the
electroplating bath for a period of at least 5 seconds.



step. It has al so been observed, surprisingly, that it is possible to
obtain a seed | ayer having a conductivity 10 conpatible with

el ectroplating filling nethods, while keeping the coated surface under
electrical bias, preferably for a tinme of between 1 and 10 seconds, after
its removal fromthe el ectroplating batq} 15 1t is therefore the "cold
entry" and "hot exit" steps that consti ite the essential characteristic

steps of t t hod according t e_present.invention, The step of

form ng thehgbgg%? Sgpiﬁf%%g%%frkgﬁto Y ?%%%PQeF%}$v@P§ nti onal
manner, but durihas bben faibsierateibn hatf, jmdt kehicheseedcaases descriisbed in
the prior . Spec) . | 0, Pat ent . 6.811.675 he. |leyel ,of current
needed to f%?éﬁt&hqgegoaﬁ%%%lﬁ%%’ ;Egmelh'%%(ré)t& étabﬁ ?‘?15/%8 ?rrlreg%l (J)C\?\lﬁ t han
the mean val\&esth heyer ofiell | havhis opr itdri gatesppemndri hhaok dayerdut side
the Process Juays, B4 Oned tBe ) che HRbogRhLYopal Nabah8st 8ok Nt Ty
under bias, i;s the™ standard practice 1 n processes for electrochemcally

30 deposi ti fg*®opsermoey FPri ifri¢lendias grednel pEer THIS Prokessdse, since
the el ectroppddig &0lE oBvks wenesl kit acsdiig, &éndSal i kelptiligause

etching of the eed |l ayer and_consequently electroplating is prevented,
somet hi ng wﬁ5ﬁ1$h%ta%%¥%k%?deé.as§ iShg°eFE LREFH BRt PH mepsyrad t he

net hod accordiiregttly, taspéniablionwitie sorfiase wfaltlhetisibsheate tia be
peri od f Y catt e AEE. RO L PIEHR SHscived cAsE by et ng
thi s paranettgtoduiad ngatherflabgi catd on tfe | uprethatsecthtayeiont iis
possi bl e, SWRAIRING YrediP HIH OVEfBAdhESI 90 Q%tEPeproduction of
a thick copper layer (with a thickness of about 500 nm
to 1 micron, or more) that it is easier and more useful
15 to determine the energy of adhesion of the “seed
layer/fill layer or thick copper or thick layer”
assembly to the barrier layer, which energy i1is the
operational property of interest that is actually to be
optimized. For example, this adhesion may be determined
20 by peeling an adhesive tape bonded to the upper surface
of the assembly, for example by using a pulling test
system. The adhesion measured in this way, or
interfacial energy expressed in J/m?, characterizes
overall both the adherence of the seed layer to the
25  barrier and that of the thick copper layer to the seed
layer. It does not given precise information about one
or the other interface, but it does allow the desired
operational property to be quantified, namely the
strength of the copper/barrier interface. In what
30 follows, the expressions “adhesion of the seed layer”,
*adhesion of the thick copper layer to the seed layer”
and “the strength of the copper/barrier interface after
filling” will thus be used interchangeably.

35 It has also been observed that if the duration of the.
“cold” entry step is less than 5 seconds, the adhesion
of the copper layer to the substrate, although improved
compared with entry under bias, may remain insufficient

in certain cases, especially those requiring the



"seed layer/fill layer or thick copper or thick layer" 5 assenbly, that is
to say the "operational" adhesion of the assenbly for which the seed | ayer
is produced. Specifically, even though it is in general difficult for the
adhesion of a single seed [ayer to be neasured directly, especially ow ng
toits small thickness, it 10 is observed that the adhesion of the seed

| ayers produced accordlng to the preséHk Tnvention is obV|oust very

hi gh. Howeve .1s after production of t hi ck ,cop yer (with a

t hi ckness ofé%‘% TR ﬁ%} %ocfptﬁeérroﬁ gra]rﬁj‘FeeS tHat ?‘?ei:g (té'\‘:"and nor e
useful 15 t ovdigt ermbertiher eheygy aff adhesirdregfattdie tseeditl ayerdd- | |

| ayer or thig er or thick layer" assenbly to the barrier |ayer, which
energy is the operational property of interest that is actually to be

optim zed. For exanple, this adhesion may be determ ned 20 by peel ing an
adhes'VeStaRﬁlbeﬂge%ﬂﬁéﬂrﬁhﬁ&’eifsgfe?cﬁur9ﬁ1$@eogsﬁﬁﬂgiysté igxaml e by
using a pulling test stem hesi on neasured in or
interfaci al THERE XprEREA | nPyeherabhdr Retwprrred 0 @nst A9 %ﬁﬁ%qfﬂﬁe

adher ence ofaride :ﬁ@e@l | pyefetobihe Zboharrier asd that LQf-ddw thigle copper
| ayer to the see éer |t does not gl venhgr ecjse inf or mat i on about one

or the other 1?1?19( BIRETYY doBRAAMF 6% t RE dESPr e®SSdpert®iSShal®Sproperty
to be quanhéulmtamrm]l];ytlmzuﬁretrtg,th of téﬁ@mom@dﬂmﬂ‘rlman ntigiface. In

what 304 fol | gus expressi Q "adheS| on of the seed | ayer” "adhesi on
of the %El ck copper Iay r topflﬂ-'st Seetf | afer?o'cesfneds "t he? T teerﬁjtht&]fant he
copper/ barrild Jim’erface after filli ng" will thus be used interchangeably.

35 It has al so been observed that if the duration of the "cold" entry step
is less than 5 seconds, the adhesion of the copper layer to the substrate,
al t hough i mpiRR%RI iGonBar eBaRELEUSAET yLimibr TREBTANRY @i MaHSWT | ci ent

duration of this step, but under the experimental

15 conditions employed, no significant improvement in the
adhesion is observed for a time of longer than about 60
seconds.

During the “hot exit” step of the method according to

20 the invention, the substrate surface coated with the
copper is removed from the electroplatlng bath while
under electrical bias preferably for a period of
between 1 and 10 seconds, more preferably for a period
of about 1 to 5 seconds.

25
It has been observed in this case that a “cold exit”,
that is to say exit while not under bias (that is to
say again when the electrical bias of the substrate is
interrupted before the said substrate is removed from

30 the electroplating bath), the resistance of the copper
coating remains very close to that of the barrier
layer, even though it is sometimes possible to deposit
a thick filling copper on such a coating with
conventional electrochemical means.

35
In contrast, it has been observed, unexpectedly, that a
*hot exit” results in an extremely thin (10 nm) seed
layer having an electrical conductivity sufficient to
allow the next step .of filling with copper by



in certain cases, especially those requiring the - 11 deposition of a
copper seed layer in direct contact wth a barrier layer of an integrated
circuit inter- connect. 5 On the other hand, if the duration of this step
is 5 seconds or longer, preferably between 10 and 60 seconds and nore
preferably about 10 to 30 seconds, the_ _interfacial energy neasured by the
peel force is substantially equal t o, i6r even greater than that 10

obtai ned by sputterin rocesses (greater than 10 J/nR) . There is no
par ti cul ar I TIRGCTRGATRE DRSG HFRT oPTACIHL st&P"hut-Under

t he experi netiicde €16 Xosdi in oftse esypd oyed, no significant inprovenent in the
adhesion is observed for a tine of |onger than about 60 seconds. During
the "hot exit" step of the nmethod according to 20 the invention, the
substrat e swdeoeapet el t hhehéhotoppert i sstepovied fawomiédeout in

el ectropkati ] i e rical .bja efer eriod of
bet ween % aﬁggfgﬁ%gﬁ%%%%fcng?gé%re §§§b|?§f&?!a%8 r[%g qgéé%%%%t - t0 5
seconds. 25 ghedEsiheeptenseavedli fhehiwefeasaat hat faxedovalaw,t "thigt hat is

to say exit pMidfNol uBdehgdl feddfidlg | Selonesay Agalduyiencthe glectrical

bias of the substrate is interrupted before the said substrate is renoved
from 30 t he STEHF OISR RADat By, EBR resTSvakcesf ERea&dyFer toa i ng

remai ns veryr&faxsdhd® tdlaictafoddie paefeerblhaygt, eNen dhighdittdde
sonetlngﬁ passi bl e_to deposit_, a thick filling,cqpper on sugh a %Patlng
C ve 1ls

With §VStal 231 &4 0Gh T afoRbLAg, dgposition step when t

is also carried out in potentiostatic mode.

The combination of “cold entry” and “hot exit” steps in
the method according to the invention makes it possible

15 to achieve better adhesion of the *“seed layer/copper
filling” assembly more easily and reproducibly.

The step of forming the coating by electroplating is
carried out for a duration sufficient to form the

20 desired coating. This duration may be easily determined
by a person skilled in the art, the growth of the film
being a function of the charge, which is equal to the
time integral of the electric current £flowing in the
circuit over the deposition time (Faraday’'s law).

25
During the step of forming the coating, the surface to
be coated is biased, either in galvanostatic mode (with
a fixed set current} or in potentiostatic mode (with a
fixed set potential, optionally relative to a reference

30 electrode) or else in pulsed mode (either the current
or the wvoltage being pulsed).

It is also possible to combine these steps, for example
a step in potentiostatic mode followed by a step in
35 galvanostatic mode.

In general, a satisfactory coating can be obtained by
biasing 1in galvanostatic mode preferably within the
current range from 0.1 mA/cm? (milliamps per square



In contrast, it has been observed, unexpectedly, that a "hot exit" results
in an extrenely thin (10 nm seed |ayer having an electrical conductivity
sufficient to allow the next step of filling with copper by 12

el ectrochem cal deposition using processes known to those skilled in the
art. Advantageously, the "hot exit" step is carried out in 5
potentiostatic node, that is to say by %ebi ng the electric potential of
the wafer at _a %i,xeg vgl ue, this_ potenti bei ng nmeasured either relative
to the count®PEiBEFFGde B the™& FBUi t BI r BPAE vBRF biaulret¥r e

el ectrode, pdelemabby’ ato thewsame.vol tage 10 | evel as during the coating
deposition step when this is also carried out in potentiostatic node. The
conbi nation of "cold entry" and "hot exit" steps in the method according
to the i nventki satasestiorypessiting mdy t@lachbevebliatinerd aghdsiamnimf t he
"seed | ager/ £QppRek- anfilildai-ng’ a%ﬁ@ly I Ly an pt i bly. The
step of Formfﬁg&?ﬁgngolgtsit%glgy e ec’tr]8 Iz:aLtﬁ1 %3’%? agag?;igdvgﬁ;é%ggr e
duration suf§fehedt Woy fidiah tHee pesdbsingdcedat cngreniy slidhe aridmiamy be

easi |y deterphaed aynt peLSPE,SKI I-e6d N 1he aplk; gr film
being a functjon of the charge, V\:hiaC% IS e%ual F%cftaﬁgd tio‘gyrrfe&f%%%i}gl of the
el ectric curtehtCrPBwWRE FRLENEOLERPELICEPSIES e RdeFdsiUliash an reell

(Faraday's |@3igR5 Puramgtehe, st encal Ger moma t e Gealdng.rAdie serwdace to
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obtained for a glven potential and a given

configuration.

15
A satisfactory coating may also be obtained by biasing
in pulsed mode, preferably so as to impose voltage

pulses.

20 In general, this step may be carried out so as to
impose voltage pulses corresponding to a maximum
current per unit area within the range from 0.1 mA/cm’
to 5 mA/cm?, and more particularly from 0.1 mA/cm® to
1 mA/cm?®, and to a minimum current per unit area within

25 the range from 0 mA/cm® to 0.5 mA/cm?, and more
particularly from 0 mA/cm® to 0.1 mA/cm?.

According to one particular feature, the duration of
bias at the maximum voltage may be between 0.15 and 5

30 seconds, for example around 2 seconds for a voltage
corresponding to a maximum current per unit area of
around 0.5 mA/cm®, whereas the duration of bias at the
minimum voltage may be between 0.15 and 7 seconds, for
example around 3 seconds, for a voltage corresponding

35 to a minimum current. per unit area of around
0.05 mA/cm?.

The number of cycles to be performed during this step
depends on the desired thickness of the coating.



a step in potentiostatic node followed by a step in 35 gal vanostatic node.
In general, a satisfactory coating can be obtained by biasing in

gal vanostati c node preferably within the { current range fromO0.1 n& cnR
(mllianps per square 1 13 centinetre) to 5 mdcnR2, and nore particularly
from 0.1 mAcn2 to 1 mAdcnR. A satisfactory coating may al so be obtai ned
by biasing 5 in potentiostatic nnde;‘b%iihposing a cell voltage in such a
way that the resulting cell_current l.ies within, the same.current,.range as
i ndi cated pr igﬁgﬁﬁ’[g'Alat h%%ﬁo?hék&éie%mo’r?aé}@edeapre%d@l?' s ar on
cell desi gnigpasameier she suuhbas tdfe adistanceo f bampklé€ otedotnierielgect r ode
or the pres of r o ill . b sy for _a.person.skilled in the
art to deteﬁ%%%@ t éﬁggrlgggltégg¥%?e%§é§ﬁ%%ngg§ﬁ§rg&jugﬂﬁéfﬁﬁﬂgﬁdurrent
obt ai ned forilalugtveatgbtlent tlad exdmalgsvbelowonfitglvst been hskrved

sati sfactory, ty J | he bi asi i d node,
preferabe Sﬂﬁﬁg'%%Fﬂé%ﬁ%i?%%l?gﬁgpégﬁ$sgggyiobi%:ggd%$€|?y%§§é step may be
carried out so as to inpose voltage pul ses corresponding to a maxi mum
current per mgét 1atearw hBtRclhe £ angs @R Qnly MMhen2i ndd, 51 6V ¢ and
nor e partlcg%early frgm,o.l mVcn2 to 1 mA/cnR2, and to a m ni mum current
per unit ar &St APR250 AT EHGEL T kPO DROHE t SPRP S nAPERR, L 8ifd Sor e
particul arl yorf rioing¥ly¥ esPst Dvd. dubBteakesAcehedishget0 reRe spaidec War

f he .dur.at i f _hbi h ' | t be bet 0.15
and 5 30 scltaE 90, B, ol ot Bhind o8 SR, ol e o ov

megohms/sguare.

The electroplating bath (or composition) used in the
method according to the present invention comprises, in
15 solution in a solvent, a source of copper ions and at
least one specific copper complexing agent, preferably
in a particular copper/complexing agent(s) molar ratio,
and more preferably this bath must have a pH of less

than 7.
20
In particular, excellent results have been obtained
when, in the electroplating bath:
- the copper/complexing agent(s) molar ratio 1is
between 0.1 and 2.5, preferably between 0.3 and 1.3;
25 and

~ the pH of the said composition is less than 7,
preferably between 3.5 and 6.5.

Although in principle there 1is no restriction on the
30 nature of the solvent (provided that it dissolves the
active species of the solution sufficiently and does
not interfere with the electroplating), water or a
hydroalcoholic solution will be preferred.

35 The copper complexing agents that can be used within

the context of the present invention may be chosen
from:

-  primary aliphatic amines, in particular

ethylamine, cyclohexylamine, = ethylenediamine and



corresponding to a maxi mumcurrent per unit area of around 0.5 mN cn2,
whereas the duration of bias at the mninmumvoltage may be between 0. 15
and 7 seconds, for exanple around 3 seconds, for a voltage correspondi ng
35 to a mninumcurrent per unit area of around 0.05 md cn2. The nunber of
cycles to be perforned during this step _depends on the desired thickness
of the coating. 14 1In general, a per'scilr? skilled in the art will readily
determ ne thce %ﬁer of .cycles to be performed knowing that, under the

af or enent i oned ee}faéqre%lo%ﬁrﬁ’ons, illustrated by the exanples bel ow, it
has been observed- 5 gdrainddry depddiphiaari o at eniseaboutif. 1 pantderuleycl e. The
| atter net hg%goii .Iﬁaénenti ng the invention has been used in particular to
produce cop see ayers on highly resistive substrates, the sheet

resi stance of 10 whitgrimaribe Wl irhatOioc 00Gwney square, @ambicularf ew

megohms/ squag rﬁ&v%ﬁ%y%afégﬂfgéﬂﬁhga&ﬁa(é&tfé%%ﬂ?iéﬁ%ﬁén§§ﬁg%-n t he

nmet hod according to the present 1 nvention conprises, ution in a

]

sol vent, a source of2XIHHEHC | onsaBHEeat | ead® onePgpédictil@rcoppédr 2-

conpl exi ng agetiindefaablang i, 2 Pardtwyl A1 copper / conpl exi ng agent (s)
nolar ratio, and nore IIpref er blﬁ\éFt hi s_bath nust haye %apH of less than 7.

20 In particul ar,” eXtet R r SCKEVESheed oBRAFHER ARh&YE 4G Nehe

el ectropl at ihg batipyridire comper/danpleximgl agent( S)pHedade r atli,a oi-s

between Q. 1 . ref erably, between 0.3 and.1.3; 25 and - . theg pH of

the sai égcor%gegrll x}t%inrcﬁ'slrfee’ss th%’ng ,lm%};g¥§?%5+91ﬁ%t weefi™s. 5 ar?dEG._S.
bipyrimidine; and

-~ oximes, in particular dimethylglyoxime.

In general, the nitrogen heterocycles that constitute

15 one of the preferred classes of complexing agents that
can be used within the context of the present invention
may be defined as monocyclic or polycyclic compounds,
whether fused or not, having 1 to 8 nitrogen atoms,
each ring of which contains 5 to 6 members and may or

20 may not be substituted with 1 to 8 atoms or groups of
atoms chosen from halogens, hydroxyl and alkyl groups
having from 1 to 6 carbon atoms.

The electroplating composition may include one or more
25 complexing agents.

It has Dbeen found that excellent results can be
obtained with complexing agents capable of being
adsorbed on a metal surface, resulting in ordered

30 layers. Such agents, which constitute the copper
complexing agents currently preferred according to the
invention, are especially pyridine, 2,2’-bipyridine and
the mixtures thereof, in particular mixtures in which
the molar ratio between pyridine and 2,2'-bipyridine

35 lies between 5:1 and 1:5, preferably between 3:1 and
1:1 and more preferably about 2:1.

In genexal, the electroplating composition includes a

source of copper ions, in particular cupric (Cu®') ions.



Al't hough in principle there is no restriction on the 30 nature of the

sol vent (provided that it dissolves the active species of the solution
sufficiently and does not interfere with the electroplating), water or a
hydr oal coholic solution will be preferred. 35 The copper conpl exi ng agents
that can be used within the context of fthe present invention may be chosen
from primary aliphatic amnes, in pa‘rt]i ular ethylam ne, cycl ohexyl am ne,

et hyl enedi am, ne_and 15 -.cycl ghexangdi am ne; - secondary al i phatic am nes,
0 particul apl BGYPEFTATHE - CREr (3 ERY NP PHARPS aFTWESS [0F pdiQHRGH ar | S
hydr oxyet hyl toes hyilsamenecanoket etaedet hylenepent dm npartiandanat icopydmes, in
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bi pyrim di ne; and - oximes, in particular dinethylglyoxinme. In general, the
nitrogen heterocycles that constitute 15 one of the preferred classes of
conpl exi ng AERPEILRAt LRake peedimudlrrn fRatusetexthef $oeree esuht

i nvention naypherdefibAgd ax MOyl ¢ QF tROhYCYEd C M%tiﬂ%‘ﬁ her
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Excellent results have been obtained with compositions
in which the source of copper ions is présent with a
concentration of between 0.5 and 4 mM.

15
According to a preferred method of implementation, the
copper ion source/copper complexing agent(s) molar
ratio in the electroplating composition used in the
method according to the invention is between 0.1 and

20 2.5, preferably between 0.3 and 1.3.

In general, this electroplating composition
advantageously has a pH of less than 7, preferably
between 3.5 and 6.5,

25
The pH of the composition may optionally be adjusted
within the aforementioned pH by means of a buffer, such
as one of those described in “Handbook of Chemistry and
Physics”, 84th edition, David R. Lide, CRC Press.

30

A currently preferred electroplating composition
comprises, in agueous solution:
- copper sulphate, with a concentration of
_ between 0.4 and 40 mM, preferably of between 0.4 and
35 18 mM and more preferably of between 0.4 and 15 mM;
- a mixture of pyridine and 2,2'~bipyridine as
copper complexing agents;
~ the copper/copper complexing agents molar ratio
. being between 0.3 and 1.3; and



It has been found that excellent results can be obtained with conpl exing
agents capabl e of being adsorbed on a netal surface, resulting in ordered
30 layers. Such agents, which constitute the copper conplexing agents
currently preferred according to the invention, are especially pyridine,
2,2' -bipyridine and the m xtures thereof in partlcular m xtures in which
the nolar ratio between pyridine and 2, b -bi pyridine 35 lies between 5:1

and 1:5, preferably n 1 and npre referab y about 2:1. In
general , the eIectro%?%t?ﬁgogo#&&y%Q%ﬁ1??W@?ﬁ&%l%£ E%ﬁ?@e §FSc 5§ﬁ€¥ i ons,
in particul &f, qupeierdiflyHetwansn 165 Havahimngeously, the aforenentioned
source of copper 1ions is a copper salt such as in particular copper

sul phate, copper chloride, copper nitrate or copper acetate, preferably
copper sul pﬁlé‘tee E&O@Qﬁﬁdi&@:qmm par t ithd amprfessnir e inviestsiaur ce sof

copper i@ns r h n
coggentrgtlgﬁﬁizﬁsEL etmeen gQ%@uﬁ d Oﬁgnégg#g%%rgbfﬁﬂgggi %éégnﬁ%ﬁgaand 18
nmM and nor e NOLKY e eV EEYY 16 &QAﬁ&ﬂeﬂﬁmlﬁﬁﬁiQﬁsﬁmmc%x@éltéﬁtQﬂﬁﬁnts have

been Obta'nQﬁfmléhnﬁ0690§k%@0”§n1'é‘§W&E@béhEofﬁﬂﬁﬁeaOBaQQE%%r1! i's
present with a concentration of between 0.5 and mM 15 According to a

preferred nmtHOEHFIHHF R A0S ¥R copper |on sour ce/ copper
coaneX|ng agent(s) nmolar ratio in the electroplating conposition used in

t he %p %§%&%_ to theal nven i on #é 8 gn g nd .20 5,

prefera 3-nd BF5ELERLgEnEPRPALPRT Bgt 8pFafFng 26 posi ti on

advant ageousjwewfmstmng afphess dﬂih?usﬁ,omrefceu;ah]aes at least one
material chosen among tantalum nitride, tantalum,
ruthenium, cobalt, tungsten, titanium nitride, examples
of specific barrier surfaces being ones consisting of a

15 tantalum nitride/tantalum bilayer or a ruthenium layer.

The present invention will now be illustrated by the
following non-limiting examples in which the method
according to the invention is used to deposit a copper

20 seed layer on silicon substrates coated with a copper
diffusion barrier layer. This method is especially
applicable in the fabrication of copper interconnect
structures for integrated circuits.

25 EXAMPLE 1l: Deposition of a copper seed layer on a

TaN/Ta barrier layer according to a first method of

implementing the invention

A. Apparatus and equipment

30
Substrate:

The substrate used in this example consisted of a
200 mm diameter silicon wafer covered with a silica

35 layer having a thickness of 400 nm, itself coated with
a tantalum nitride (TaN) laver having a thickness of
15 nm deposited by reactive sputtering and with a
tantalum (Ta) layer having a thickness of 10 nm, also
deposited by sputtering,.



between 3.5 and 6.5. 25 The pH of the conposition nmay optionally be
adjusted wthin the aforenenti oned pH by neans of a buffer, such as one
of those described in "Handbook of Chemi stry and Physics”, 84th edition,
David R Lide, CRC Press. 30 A currently preferred el ectropl ating
conposition conprises, in aqueous solugjon: copper sulphate, with a
concentration of between 0.4 and 40 1 preferably of between 0.4 and 35

4
18 mM and nore. pr ly . pf -between 0.4 and_ 15 mm a m xture_of ridine
and 2, o ol ol e LB LAY e PRt A\ EoBEppdt o
conpl exi ng agentsenvharusadi on beiond llee amar @n2 "apt rbckumd iy thde pH of
the said co LI Lop: being:le n .7, preferably tween 3.5 and. 6.5.
The processnggg%%ggﬁbgﬁo ?Ee %§8§§%f ﬂﬁ$§%¥igﬁeﬁgs SQ%B}ti%ﬁﬁ%gﬁék%%eful
for preparingiticébpper seed |layer having a very |ow thickness, for
instancesof the order of 10 rimor less, on a surface formng a barrier
| ayer preventing copper diffusion. 10 According to a particular
~enbodi mrent, the 0 ng g copper diffusion conprises at

| east one nmaterial chosen anong tantalumnitride, tantalum ruthenium

cobalt, tungsten titanifn1nitrid , exanpl es ,of §$60ific barrier surfaces
bei ng ones conci St PREEOPLAr48Tt SALHFHATINRERAdPt &RtEl GRaFN LS efasoraty
rut heni um | aygueoudhesqnesient icorardirdimaon | 10.30wgbe i kbyst1 atwed) byot he

foll ow non-l1j miting. exanpl es .in ich_t hod rding to the

inventigg iSQU%e %éyﬁﬁé%é%t §'§oﬁ%£? EBrsggdﬂﬁde?foﬁﬁggkﬁggﬁ’sJH% rat es

coated with @.Toppét (or 3.3mM)} of pyridine, the pH of the solution
being around 6.

Equipment:
15
In this example, an electrolplating deposition
equipment representative of that employed in the
microelectronics industry, model Equinox™ from

Semitool®, capable of processing 200 mm wafers was
20 used.

This equipment comprised an electroplating deposition
cell in which the seed layer was deposited and a
rinse/dry station was used after deposition.
25
The electroplating deposition cell comprised an anode,
made either of an inert metal (for example platinum-
coated titanium) or of a metal identical to that
constituting the seed layver, in this case copper, the
30 silicon wafer coated with the TaN/Ta barrier layer
constituting the cathode of this cell.

This cell also included a stabilized power supply for
delivering up to 30 Vv and 4 A and a device for
35 electrically contacting the cathode, physically
isolated from the solution by a seal. This electrical
_contacting device generally had a ring shape and
allowed the substrate to be biased at various contact
points placed uniformly around the said substrate. -



diffusion barrier layer. This nethod is especially applicable in the
fabrication of copper interconnect structures for integrated circuits. 25
EXAMPLE 1: Deposition of a copper seed |layer on a TaN Ta barrier |ayer
according to a first nethod of inplenenting the invention A Apparatus and
equi pnent 30 Substrate: The substrate uyused in this exanple consisted of a
200 mm di aneter silicon wafer covered‘w}#h a silica 35 layer having a

t hi ckness of -40 11 sel oated with . a tantalunlnlt de T | ayer

havi ng s t hi Eknab8Sor ieitlded B ASetbed o SRSe R dn EhE P B ch a
tantalun1(Tabelayeteﬂavﬁngl@duMQcmnﬁﬂﬁsofoﬂOrnnatahgoth@emwﬂd(beam
sputtering. constitutes a copper diffusion
barrier as u%gd i'n é%g?%%A?%anas %ﬁé structures in the fabrication of
copper interconnects for integrated circuits. 5 Electroplating solution:
The el ecty opl ati ng, s@kpdiDReest bgoggbélexanple was an aqueous sol ution
containing: 0.3 grt—(or I 7mvwof 10272 -bipyridine; 0.6 g/1 (or 2.4nm\V)
of CuS™4.5H2G and 0.3 m /1 (or 3.3m\M) of pyridine, the pH of the solution

bei ng aroundrfe E@tHIENECccoEihg tﬁbstﬂ%ﬁ”ﬁh@en@ﬂc@!eééﬁﬁkﬂké&'nﬂhe
deposition ﬁg@L onent re resentative of that enployed in the

m croel ectro RISt Oﬂ%d%?n%ﬁﬁ?ﬁbY?NFFQBﬁr Semi tool (r), capable of

processi ng 200 mm waf ers was
10 Step 1: “Cold entrv”

This step was divided into two substeps:

1.1. The aforementioned substrate was introduced
15 into the electroplating deposition cell so that the
face having the TaN/Ta barrier layer came into contact
with the electrical contacting device, the latter not

vet being electrically powered.
1.2. The assembly formed by the electrical
20 contacting device and the substrate, which hereafter
will be referred as the “cathode assembly”, was bought
into contact, for example by immersion, with the
electroplating solution. This contacting step,
generally lasting 5 seconds or less (for example 2
25 seconds), was carried out while the device was still
not electrically powered. According to one particular
feature of the method according to the invention, the
cathode assembly was then kept in the electroplating
solution without being biased for a period of at least

30 5 seconds (for example around 30 seconds).

Step 2: Formation of the copper coating

The cathode assembly was then biased in

35 potentiostatic mode by imposing a cell voltage
corresponding to a current per unit area of generally
between 0.4 mA/cm® and 0.8 mA/cm? (for example 0.6
mA/cm®) ahd at the same time rotated at a speaed of 20

to 60 rounds per minute (for example 40 rounds per



20 used. This equi pnent conprised an el ectroplating deposition cell in

. which the seed | ayer was deposited and a rinse/dry station was used after
deposition. 25 The el ectroplating deposition cell conprised an anode, nade
either of an inert netal (for exanple platinum coated titaniun) or of a
nmetal identical to that constituting t seed layer, in this case copper,
the 30 silicon wafer coated with the TafWTa barrier |ayer constituting the
cat hode of tmkﬁugggl. This cell also included a stabilized power supply for
delivering up to "V and 4 A and a device for 35 electrically contacting
t he cat hode, physically isolated fromthe solution by a seal. This

el ectrical o] I i ce.general | ring shape.and .allowed the
substrate to&%g @Pg%%&%gtqg%r?%hg %%ﬁ aé%ﬂﬂ%%?n 's %gagg?iﬂ%%W%r#?e%round

t he said subdpfareétoed, |enal sbeinthudeded dehicknees sappothéngsedd waf er
to be coatedy bpcl ug MRAns if aty,ng . Sal .
predeterninedagggedgg%?%. Expeﬁfﬁganﬁ ﬁégt5%%$l§ﬁéq¥%$%§ﬁlggto§3iﬁa to the
i nvention coRBFFSRd $'Relled| |igwi ey aprFbus Eemscriawtle stfepshel10fitep 1:

"Col d entry”ddpesdshgpowasndi ¥hdedel BhesbWOiauBSLeRS rchit.. The
aforenenti oned substrate was introduced 15 into the electroplating
deposition cell so that the face having the TaN Ta barrier |ayer cane into

contact wittnflee etieet rafatcmontachélg deviteiohbe | shéerdasssiyein bei ng

el ectri ly . 2 he assembl y.forned by the electrical .20
contact?ﬁg d%%?%g?%%da%ﬁ%tsgbgprQFE,q3%18ﬁ&hég%é¥Q%ﬁge passed th tie
circult.

In this example, the duration of the electroplating
step was around 50 seconds for obtaining a coating
15 having a thickness of 10 nm, and around 200 seconds for

obtaining a coating having a thickness of 40 nm.

Step 3: “Hot exit”

20 This step may be divided into two substeps:

3.1. After the electroplating step, the copper-
coated cathode assembly was withdrawn from the
electroplating solution with a zero speed of rotation,

25 while being maintained under voltage bias. The duration
of this phase was about 2 seconds.

The speed of rotation was then increased to 500 rounds
per minute for 10 seconds, the cathode assembly bias
30 Dbeing cut off during this final phase.

A pre-rinse with deionized water was carried out in the
cell.

35 3.2. The substrate coated with the seed layer was
then transferred into the rinsing/drying module in

order to be rinsed with deionized water.

The rinsing water was then removed, and then a drying



will be referred as the "cathode assenbly”, was bought into contact, for
exanple by imrersion, with the electroplating solution. This contacting
step, generally lasting 5 seconds or less (for exanple 2 25 seconds), was
carried out while the device was still not electrically powered. According
to one particular feature of the nethéf according to the invention, the
cat hode assenbly was then kept in the” %ctroplatlng sol ution mﬁthout

bei ng bi ased, r | east conds (for ex | e around 30
seconds). e%géaeﬁgﬁngﬁgg 8fSFﬁ%a%oBEe?lgBS??ﬁgW?ﬁecéﬁFHSangH§senbly was
t hen biased in 35 potentiostatic node by inposing a cell voltage

cor r espondi nﬁhéOfét‘é'ﬂ%ﬁmwa%ertg%%nﬁ%ﬁe%];ﬁjg: r%l ' %1080 MeeD ‘gtja?gﬁ/ at a

and 0.8 mA/ cn® exa the Same"time r

speed of 20 C@@t%@ $6hﬁ§§abertﬁ1hﬁteem®eﬁdexanple 40 rounds per 20 -

m nute). sThe duration of this step depended, as will have been understood,
on the targeted hi ckness of the seed 5 layer, This duration can be eaS|Iy
det er mi ned by athess GxELe edth® ERéTartertheaR oiih Do tilal i nyhe

dependi ng onrémev@habgetaes&e@hbaetBesembqglErdﬁﬂ%ﬁétéMééﬁ B enendihoned
condi tions osition rate was abqut 1 nm er coul onb of charge

passed in tﬁehf%?tgﬁit 45 FﬁFgl@ arfPtle, UPHETIUY Gt Fo¥e oPidfe @Fect?®®pl ati ng

step was aroumde5Desetoadsdﬁnxn@btnen$ﬂ@paoeoabrmgng15hea&baglegthlckness
of 10 ngy and around 200 seconds for obtaining a coating having a
t hi ckness of 40 nm Step 3: "Hot exit" 20 This step nmay be divided into two

substeps: 3.1. Af€erReselbscobtabreding step, the copper-

By applying the experimental protocol described above,
copper layers of 10 nm, 20 nm and 40 nm in thickness

15 exhibiting excellent conformality, adhesion and
regsistance characteristics were obtained.

Conformality was assessed Dby observing scanning
electron microscope cross sections and comparing the

20 thickness of the seed layer on the horizontal surfaces
with that on the vertical surfaces.

The sheet resistance was measured using a “4-point”
measurement instrument well known to those sgkilled in
25 the art.

The adhesion or interfacial energy was measured after
electrochemical deposition of a 500 nm thick copper
layer (plating layer or fill layer or thick copper or
30 thick layer) on the seed layer. This measurement was
carried out using an apparatus (pulling test system)
that applied an increasing vertical pulling force on
the surface via a strong adhesive tape until the copper
layer (seed layer and plating layer) separates from the
35 substrate. The work of this force (force multiplied by
length of the layer that has delaminated) is equivalent
to the energy that had to be supplied in order to
separate the copper layer from 1its substrate. By
dividing this energy by the area that has delaminated,



coat ed cat hode assenbly was withdrawn fromthe electroplating solution
wth a zero speed of rotation, 25 while being maintained under voltage

bi as. The duration of this phase was about 2 seconds. The speed of
rotation was then increased to 500 rounds per mnute for 10 seconds, the
cat hode assenbly bias 30 being cut off_during this final phase. A
pre-rinse with deionized water was cafried out in the cell. 35 3.2. The
substrate co d the seed |layer was ., then transferred into the
r|nS|ng/dry|§% nﬁ%é%gy =T oFer $5%PelTi AREHFWFEh dei oni zed water. The

rinsing water was then renoved, and then a drying 21 operation under a
stream of ni ey C o] h en stopped so as to
all ow the drééﬁg c%g?ﬁ ﬁé%hggatg%tghée%ﬁg%%%%ggggga%at|%5%581 e t he
exit step, aHd T#hartikedew.the renoval of the cathode assenbly fromthe
el ectropkating solution, was carried out under voltage bias at the sane

| evel as during the _te- of fornlng the coating. 10 C. Results obtai ned By
appl yi ng t he HEPRE ORY. ar CRPReRhGRed lawpier opage Padhf 10

nm 20 nnlambrfh@mllna&brchﬁﬁébrdﬁngxmdatlég @ecdEent meenbar Mg ty,

adhesi on ang, [£S)Stance 1aracter|sfTE§_VETE‘ﬁﬁfﬁ“ﬁﬁﬂ?‘tﬁﬁrvrﬁﬁrrry was
assessed by-ég%é§%$5§#3§%£iﬁiﬁ@ﬁ—%ﬁgkgﬂon m croscope cross sections and
conparing the 20 thickness of the seed Iayer on the horizontal surfaces

with thag Oﬁxﬁh@hXEHQA%H furfgﬁgsneghq %g&ﬂr§§5§ﬁﬁgce ﬁgﬁé£$$ured usi ng

a "4-point" neasurenen nﬁrmmm
invention is used for depositing a copper seed layer on

diffusion barriers having a high resistance.

A. Apparatus and equipment

15
Substrate:

The substrate used in this example consisted of a 200
mm diameter silicon wafer coated with a silica layer

20 having a thickness of 400 nm, itself coated with a
tantalum nitride (TaN) layer having a thickness of 5 nm
deposited by the ALD (atomic layer deposition)
technique.

25 This TaN layer constituting a copper diffusion barrier
as used in “double damascene” structures for the copper
interconnects of integrated circuits had a surface
resistance of around 3500 ohms/square.

30 This wafer was then cut into rectangular pieces 1.5 cm
in width and 6 cm in length, called hereafter

“samples”.

Electroplating solution:

35
The solution wused in this example was an agqueous
solution containing: 0.3 g/l (or 1.7mM) of 2,2-
bipyridine; 0.6 g/1 (or 2.4mM) of CuS045H,0; and 0.3
ml/1l {(or 3.3mM) of pyridine, the pH of which was around



25 the art. The adhesion or interfacial energy was neasured after
el ectrochem cal deposition of a 500 nmthick copper |ayer (plating |ayer
or fill layer or thick copper or 30 thick layer) on the seed layer. This
nmeasurenent was carried out using an apparatus (pulling test systen) that
applied an increasing vertical pulling %grce on the surface via a strong
adhesive tape until the copper I|ayer (Seed |ayer and plating | ayer)
separates frgmthe 35 substrate. The work of this force (force multiplied
by length of the layer that has delaminated) is equivalent to the energy
that had to be supplied in order to separate the copper layer fromits
substrate. By diwd IS energy by the area that has del am nated, 22
t he energy per ué%?g%reaigs obt ai ned. Sone of the results of the
measurenents taken are given in Table 1 below. 5 EXAMPLE 2: Deposition of
a_copper sseerbd ayels ofcandpbl bagihes Layer aecding d 0ia deoand gt hod of
|nplenent|n3%%he |nventlon his exanpl e e nmet according to the
present tidHei 2 QEImFBF18€SGS|?ﬁﬁ&@iqg%ﬁﬁﬁKBeéﬂQQ£ﬂﬂﬂ(NWeRﬁffu5|on
barri ers havimgradduagh, resi stance. A. Apparatus and equi prent 15
Substrate: The substrate used in this exanple consisted of a 200 mm
di aneter silicon wafer coated with a silica |layer 20 having a thickness of
400 nm itséffigzoatell wi whsa dramidadn niith dea( Tabelrayemiag ngwo
tQLEﬁPg%g}ﬁoﬁﬁﬂﬂﬂgé¥¥%§éﬁfggbXnkgeﬁ%ﬂDéﬁ%fgg&Eégyfﬁ %'Egﬁttg%wthe

one hand, a sample holder and its electrical contacting

device and, on the other hand, the anode formed from a
platinum coated titanium part were fastened.

15 The electrical contacting device and the anode were
connected to a potentiostat capable of delivering

20 v/2 A.

B. Experimental protocol

20
The method according to the invention comprised the
following various consecutive steps.
Step 1: “Cold entry”
25

This step may be divided into two substeps:

1.1. Each specimen was introduced into the

electrolplating deposition cell so that the face having

30 the TaN barrier layer came into contact with the

electrical contacting device, the latter not vet beilng
electrically powered.

| 1.2. The assembly formed by the electrical
35 contacting device and the substrate, which hereafter
will be referred as the “cathode assembly”, was bought
into contact, for' example by immersion, with the
electroplating solution. This contacting step,
generally lasting 5 seconds or less (for example 2



25 This TaN |l ayer constituting a copper diffusion barrier as used in

. "doubl e damascene" structures for the copper interconnects of integrated
circuits had a surface resistance of around 3500 ohns/square. 30 This

waf er was then cut into rectangul ar pieces 1.5 cm inwdth and 6 cmin

| ength, called hereafter "sanples". %troplating solution: 35 The

solution used in this exanple was an aqﬁ ous solution containing: 0.3 g/l

1.7 dj /] f CuSO4. 5H20;. d 0.3
gf;l (OP“% 3%%§O&?Sbyrl rheé£¥ﬁ% %F W& %%emggk% @%ﬁﬁcﬁ3wa565 npnent:
5 For this e&@trpleéeca:rglcaééyc@¢wmedus@£tqardadmg:htdO@mm pa:mftimelar
af or ement | oneds eheCt abl aid g sabY! LendRIiG 1001 oducad, il cel

r Fio fgs, éﬁgTosures

provided with a cove openlng VS R
in which, onc@fecd %n@sﬁmlm ‘gaﬁpltél&ml Heptanxtll theel ebtcinabladgmact i ng

devi ce angd, éﬁ&ﬁfﬁb@taﬁkhﬁﬁﬂdbéfﬁbaB?Qgeao%@§jér E}%odplgﬂﬁ%ég EEe
astened. 15 THeetrectTi

titani um part mee§ i cal con actlng and t he
anode were 1288 pbPEnerxoupPhe 2EpuBfe38f S@EPRI8Iing 20 V/I2 A B.
Experi mental protocol 20 The nethod according to t he invention conprised

the follow ng vagjous,consecutive s egs Steg "Col.d entry" 25 This
step may be divigiﬁga#%eiﬂﬁﬁygﬁ hé copper coating

10 The cathode assembly was then voltage biased so as to
impose wvoltage pulses on the cell, having a maximum of

8 V to 12 V (for example 10 V) and a maximum between
0 Vand 2 V (for example 1 V).

15 The duration of biasing at 10 V was between 0.1 and 5
seconds (for example 2 seconds).

The duration of biasing at 1 V was between 0.15 and 7
seconds (for example 3 seconds).

20
In one specific example, each voltage application cycle
therefore consisted of biasing for 2 seconds at 10 V
followed by biasing for 3 seconds at 1 V.

25 Under these experimental conditions, the deposition
rate was about 0.32 nm per cycle and 200 cycles were
thus carried out in order to obtain a copver coating
having a thickness of 65 nm.

30 Step 3: “Hot exit”

The cathode assembly was then withdrawn vertically from
the solution while still being under voltage bias of
10 v.

35
Each specimen. was then rinsed by hand with deionized
water for 30 seconds and dried with an argon gun for 30
seconds.



1.1. Each specinmen was introduced into the electrolplating deposition cell
so that the face having 30 the TaN barrier |ayer canme into contact with
the electrical contacting device, the latter not yet being electrically
powered. 1.2. The assenbly fornmed by the electrical 35 contacting device
and the substrate, which hereafter vglérs be referred as the "cathode
assenbl y", was bought into contact, f exanpl e by imersion, with the

el ectropl ating sokutg 481 Sp€Q ting step, generally lasting 5 seconds
or less (for exaM, was carried out while the device was
still not electrically powered. According to one particular feature of

the et hod aneordlnCshéed b | BYSRPLEN alhogaLhade assenplyspas dhen kept

in the electroplating,5 solution W thout Dbein Iraséd period of
greater thatP¥5eb8HABYI( forskshpresaksange3®setohdohm/ stepre: wes nat i on
of the ceppeasbepaiédg 10 The cat hode assenbly was then vol tage bi ased so as
to inpose voltage pulses on the cell, having a maxinumof 8 Vto 12 V
(for exanple 10 V) and a maxi num between 0 V and 2 V (for exanple 1 V). 15

The durati ok ofobbasi figlat 1Y wass bet weenc@hdmand1 by seperds o mn exanpl e
2 seconds). Jghe %Cﬁél on of biasing at 1 V was between 0.15 and 7 seconds
(for exanple Sec drs). 20 In one specific exanple, each voltage
application cycle therefore consisted of biasing for 2 seconds at 10 V

fol | oneggby fhiasi far ds : nd hese .experd nent.al
condi tions, rItli}ihé(ja1 gg%gsﬁtﬁy}f@g& :\Lége%bgﬁfg%%'.bgf relﬁc‘:‘rﬁ£ p§§ éLf/lc e a""ncdl%o
cycl es were SR c@fri erovmd | § ofder tieeaprned Dwopps  deatimgrue

described in example 1.

The aforementioned protocol was also employed with

15 coupons obtained from silicon wafers coated with
barrier layers having high resistivities varying
between 200 microhms.cm and 50 000 microhms.cm (i.e.
between 400 and 100 000 ohms/square).

20 Good results were obtained in termg of conformality,
adhesion and resistance.

EXAMPLE 3: Deposition of a copper seed layer on an Ru

barrier layer according to a third method of
25 implementing the invention

In this example, the method according to the present
invention was used to deposit a copper seed laver on a
ruthenium-based diffusion barrier.
30
Substrate:

The substrate used in this example consisted of a
silicon coupon 6 cm in length by 2 cm in width, coated
35 with a silica layer having a thickness of 400 nm,
' itself coated with a ruthenium (Ru) layver having a
thickness of 30 nm deposited by sputtering. The sheet
resistance of this substrate was 7.5 ohms/square.



having a thickness of 65 nm 30 Step 3: "Hot exit" The cat hode assenbly was
then withdrawn vertically from the solution while still being under
voltage bias of 10 by. 35 Each specinen was then rinsed by hand with

dei oni zed water for 30 seconds and dried with an argon gun for 30

seconds. 25 - C. Results obtained In th? speci fic exanpl e defined above, a
copper seed |ayer having a sheet resis %nEe of 0.5 ohnisquare mas 5

obt ai ned. A e l.ectrochem ca osite this

| ayer. 10 Thrgﬂgge Ll% lf F‘l& @%esr%lg tstgn‘f?l fq%)(?raﬁ&ﬁfuéc‘rlf% r]e‘:f?%r gy of
around 6 J/n@sneé§@dedl@y thBNﬂébhn|Qﬂmasdeseflbedruutaxasplema fTHe

af orenment i ongghpy gL el Was al ég?gggl oqug:é/]\#&ne]cschscougggs S%jl VI ied, from

silicon wafers coated mnt barr | ayers havin I gh resi |es
varying bet¥#ReRIDRDEHi e BBEtEm and 50 000 nlcrohns cm (i.e. between 400
and 100 800 ohns/square). 20 Good results were obtained in terns of

conformality, adgeflon and resistance. EXAMPLE 3: Deposition of a copper
seed | ayer on an ier layer according to a third nethod of 25
i npl ementing the invention In this exanple, the nethod according to the

present . InMﬁQé'QQ m@loHsu%g ?}gf %ét§%8§§&p6éa%e% enéécal tS that

r ut heni um based u3|on
of Example 1.

10
Eguipment:

In this example, a glass electrolytic deposition cell
made up of two parts was used, namely the cell intended

15 to contain the electroplating solution, and a “cover”
for maintaining the various electrodes in operative
position.

The electrolytic deposition cell had three electrodes:
20 - an inert metal (platinum) anode;
- the silicon coupon coated with the TaN/Ta
layer, constituting the cathode; and
- an Ag/AgClQ, reference electrode.

25 Connectors enabled the electrical contacting of the
electrodes which were connected via electrical wires to

a potentiostat delivering up to 10 V/2 A.

B. Experimental protocol

30
The electroplating method used in this example was
made up of the following various consecutive steps.
Step 1: *Cold entry”
35

The electroplating solution was poured into the cell.

The various electrodes were placed on the cover of the
electrolytic cell.



The substrate used in this exanple consisted of a silicon coupon 6 cmin
|l ength by 2 cmin wdth, coated 35 with a silica |layer having a thickness
of 400 nm itself coated with a ruthenium (Ru) |ayer having a thickness
of 30 nm deposited by sputtering. The sheet resistance of this substrate
was 7.5 ohms/square. 26 This Ru | ayer g?y constitute a copper diffusion
barrier as used in "double danmascene” ructures in the fabrication of

i nt d .nt ted ci its. 5 Soluti . Th
sl bt on useren Thest RaBel NS i) T i G Ratite thag
Equi prent:  eheetirep bxaimy e sl wliass. ekecttinlyt istadeposthéomamsinblyrade up
of two partscugs ksefeanafiel veLliey CEL) IRt L, 0,00l gl nsthe

el ectroplating solution, and a “cover™ Tor faintai-ning
el ectrodes i®t ope AR ChoSRtt opotadpeial betrol ytic deposition cell had
three elgctrodes: 20 - an inert netal (platinum anode; - the silicon

coupon coated with the TaN Ta |ayer, constituting the cathode; and - an
Agl AgCL04 r ef%F eREESBPLYt MEde. MoTNEHHRREt dFs BHED 2ERERe (81 6ct rurstar
contacting afotbeecekrgehlodesmhi ebrWer eseorveched 1 ac@l get rdgalpgdres to

a potenti ost eliverjn p.to 10 V/2 A B. Experinental protocol 30 The
eIectroplatiﬁgﬁiﬁﬁﬁﬁpi%g%gi%e?ﬂ? Sbxanpl e was rmade up of the foll owi ng

vari ous consecutive steps.
10 Step 2: Formation of the copper coating

The cathode was biased in galvanostatic mode within a
current range from 2 mA (or 0.25 mA/cm?) to 8 mA (or
1 mA/cm®) (for example 6 mA {or 0.75 mA/cm?)).

15
Degassing with argon may be employed - it allows some
hydrodynamic regime to be established in the cell.

The duration of this step depended on the targeted

20 thickness of the seed layer and could easily be
determined by a person skilled in the art, the growth
of the film being a function of the charge passed in
the circuit.

25 Under the aforementioned conditions, the deposition
rate was about 33 nm per coulomb of charge passed in
the circuit. '

In this example, the duration of the electroplating
30 step was about 200 seconds in order to obtain a coating

having a thickness of about 40 nm.

Step 3: “Hot exit”

35 The cathode was then removed from the solution, the
blas still being applied.

‘The cathode was then disconnected, and thoroughly

rinsed with 18 MQ deionized water, then dried using an



Sfep 1: "Cold entry" 35 The el ectropl ating sol uti on was poured into the

1. cell. The various el ectrodes were placed on the cover of the electrolytic

cell. 27 The electrodes were brought into contact with the electroplating
solution. At this stage, the assenbly thus forned was still not

electrically biased (it was at its opegéclrcuit potential). 5 The assenbly
was rmaintained in this state (i.e. unde no el ectri cal bias) for a period

of 10 to 60 g d ( exa ec p, 2. Formation of the
copper coatlng éggtﬁgéh - QB% %§8 éur 98?v§ﬁ8¥P§t§ bﬁﬁde within a
current range from2 mA (or 0.25 nA/ch) to 8 M (or 1 mdNcnR) (for

example 6 mA (or @, 7§egﬁiggﬂgﬁt3i§e59ga35|ng with argon may be enployed -
it allows sone VUTUUyﬂHnTt—TegTﬂE— 0 be established in the cell. The

duration of this step depended on the targeted 20 thickness of the seed

| ayer andg cogﬂzdapgwmgba;héieé;eﬁé&ﬂﬁ@ln@éaapE%E%eBls'ﬁéé&g]de@ tilﬁoe , the

gromh of the f|£n1 ein function of the_charge pass circuit.

25 Under the®af8F ﬁEHPPén@@@?%ﬁW¥1dW$PQ%e YepBsiPi o imattdrimenedout 33

nm per coul omds of obhatdgedpassedd N bdiey Ci bBYEEveln LR S £xaigdhidde
duration of %fgcgrﬁ Iatlﬁg 30 step was about 200 seconds in order to
obtain a coafing aV|ng %kness of about 40 nm Step 3: "Hot exit" 35

The cat hode was then renpved fromthe solution, the
10 This copper seed layer had a sheet resistance of
2.5 ohms/square measured by the method described in
Example 1.

EXAMPLE 4: Deposition of a copper seed layer on a

15 TaN/Ta barrier layer according to a fourth method of

implementing the invention

A. Apparatus and equipment

20 Substrate:

The substrate used in this example is identical to the
one used in example 1.

25 Electroplating solution:

The electroplating solution used in this example was an
agueous (de-ionized water 18.2 Mohm.cm) solution
prepared 1in a cleanroom environment (class 10,000 or

30 IS0 7} containing: 0.4 g/l (or 2.56 mM) of 2,2'-
bipyridine (purity 99.7%) supplied by Oxkem; 0.8 g/l
(or 3.2 mM) of CuS0.5H0 (purity 99.995%) supplied by
Alfa Aesar; and 0.367 ml/l (or 4mM) of pyridine (purity
99.9%) supplied by Aldrich.

35 After preparation, the solution was filtered at 0.2 pm.
The pH of the solution was between 5.94.

Equipment:



bias still being applied. The cathode was then di sconnected, and thoroughly
rinsed with 18 M5 deionized water, then dried using an 28 argon gun with a
gas pressure of around 2 bar. C. Results obtained 5 By applying the
experinmental protocol described above, a continuous conformal copper |ayer
40 nmin thickness was obtained (this i ng observed in a scanning

el ectron mcroscope). 10 This copper s Tayer had a sheet resistance of

2.5 ohns/ sq e t.had, described.in NPLE 4.
Deposi ti on gﬁﬂ% %ggEQ&Sggeé %gyegggﬁlg; f?Té bégfngcﬁgyéF’ ©r di ng
to a fourth o®ehesedfinieptmpbating t he |nvent|on A. Apparatus and '
equi pnent 20 Substrate: The substrate used in this exanple is identical to
the one used in exanple 1. 25 El ectropl ating solution: The el ectroplating
sol ution used in ¥ BRI By eous (de-ionized water 18.2
thn1cn)5so|ut|on prepared in a cleanroom environnment (class 10,000 or 30
| SO 7) cont f or 2.56 of 2,2'- bipyridine (purity 99.7%
suppl i ed by %c%r‘%’ atimg Sﬂeiﬂ'% HSeshi S0l 5 HEO§ pufanp 9. 95599
suppl i ed by i@éﬁmmsauso el SheB67s4dl/ In (SkafipM of pyridine (purity

99.9% supplied by Aldrich. 35 After preparation, the solution was filtered
at 0.2 pm The pH of the solution was between 5.94. Equipnent: 29 The
equi prment used i rE{ Reswkibspdletainedientical to the

10

By applying the above experimental protocol, copper
layers of 10 nm and 20 nm in thickness exhibiting
axcellent conformality, adhesion and resistance
characteristics were obtained.

15 _
The excellent conformality characteristics of this
layer are illustrated in figures la and 1b which
represent cross-sectional view in backscattered
electrons mode enhancing chemical contrast.

20
Conformality over trenches was also characterized on a
large scale (0. 01lmm?) using scatterometry. These
measurements showed a copper laver thickness of 7am at
the top, bottom and sidewalls of trenches and they are

25 in good agreement with actual thicknesses observed oy
SEM cross-sections.

Except for scatterometry, all characterization methods
are identical to the ones used in example 1.
30
Table 1 below gives some of the results obtained by
implementing Examples 1 to 4 described above. More
precisely, this table reports the sheet resistance and
adhesion values (measured according to the protocols
35 indicated in Example 1) obtained for copper seed layers
of wvariable thicknesses. Similar trends were also
observed for the sheet resistance bhefore treatment of a
few hundred ohms/squaré, or several tens of thousands
of ohms/square or even up to a few megohms /sguare.



one used in exanple 1. B. Experinental protocol 5 The electroplating

met hod used in this exanple is identical to the one used in exanple 1. C
Results obtained 10 By applying the above experinmental protocol, copper

| ayers of 10 nmand 20 nmin thickness exhibiting excellent conformality,
adhesi on and resi stance characteristiqg wer e obtained. 15 The excel |l ent
conformality characteristics of this | ge? are illustrated in figures la
and 1b which ep . ss-sectional.view in backscattered | ectrons
node enhanci%%£ch%§§§£%l%%%tras?%SZOt%%%?or F9 1 yF R r eithesSHREE al so
char act er i zetdeshs hantar gensdcaleglhe ihmPyalisésng sbabfaedmetinom These
measur enent s p 3y t-hi c S n the to bott om and
sidewal | s ofC?@%ﬁ%ﬂggogﬁdQﬁ%ﬁ%ﬂ%ﬁéé%ﬁyﬂ ﬁgggonQH%Egkg%FamfPﬁ §§Fud?é

t hi cknesses ®BServeeEHyiorSEMYCr 899lyénni oas. s Exedntd f el ecareptonegy, all
char act ersi zaht ORodBESRYS s PhE 4 denblealnto,theqoges yggd Lpjgxample 1. 30
Tabl e 1 bel ow gives sone of the results ob¥alned by 1 npl enenti ng Exanpl es
1 to 4 described above. More precisely, this table reports the sheet

resi stance and adhesion val ues (neasureg according to the protocols 35

I ndicated i n Exanple 1) obtained for Ccopper seed |layers of variable

t hi cknesses—Simt+artrendswere also ohserved for the_sheet resistance
before tredt nemppef seedlew hundred ohns/s$@edr eesdfstsenes al | tens of
thousands layer (ohms/square)
obtained Thickness Before After Adhesion
according to: {nm) treatment | treatment (T /m?)
Comparative 20 23 18 5
Example
Fxample 1 20 23 8 11-13
Example 1 10 23 18 11-13
Example 2 65 3 500 0.5 6
Example 3 40 7.5 2.5 > 20
Example 4 20 22 5.3 > 20
Example 4 10 21 15 > 20

10 The observations made on scanning electron microscope
cross sectional views showed that the copper seed
layers obtained by implementing the method according to
the invention are uniform and continuous and fully meet
conformality requirements.

15
The results thus obtained also show that the method
according to the invention makes it possible in
particular to produce continuocus conformal copper seed
layers that may have a thickness of around 10 nm or

20 less and exhibit excellent adhesion to diffusion
barrier surfaces.

Table 1 shows in particular that the copper seed films
have a sheet resistance very much lower than that of

25 the surface of the substrate, this sheet resistance
being lower the thicker the seed layer.



of ohns/square or even up to a few negohns/square. -- --------- - 30 For
conparison, this table also reports the sheet resistance and adhesi on

val ues obtained fromthe conpositions specifically used within the context
of the invention by applying a standard el ectroplating 5 nethod
conprising a "hot" entry and a "cold" exjt. TABLE 1 Copper seed Sheet

resi stance |ayer (ohns/square) obtal Thi ckness Before After Adhesion

according ta.,.(n tment freatnent (J nparative 20 23 18 5
Exanpl e Exaqrrf)?‘ﬁé 2%8%5% 8sfﬁdt13ef%?%%| eoég%nﬁgo 185F1- £ Y 65 3
500 0.5 6 ExemfphetBnd0 (5 guifzcientEyxanple 4hH2@t22rbsBstarBe) Exanpl e 4
10 21 15 > The qgﬂg L.ons made. 0N, scanni el ectron_m.croscope
Cross sectig%% Vi ews s_d%%@ﬁ%%gt thgﬁ%ﬁké? seeg%flayefgﬂﬂﬁﬁﬁ%QQF y

i npl enent i nget RREHRR KoL RE corieigading t hdwiemy éhei onhacknensf oofn aride
continuogs apshhalt | ¥cBBet] 4 pONf QLMRld Ly éﬁ&fifegﬁﬁﬁ'aé5fggeé' ts thus
obt ai ned al so show that the nmethod according to the 1nvention es it
possi bl e i n 3G ctf Mt @ pt®8%iee conti nuous conformal copper seed |ayers

that may have a thickness of around 10 nmor 20 | ess and exhi bit excellent

adhesion to diffusion arrjer, surfaces. Table 1 _shows in particul ar that
the copper s 9 FFFTered adnesion values are at least equivalent if

not better than those that would be expected by a
10 person skilled in the art within the context of the
implementation of a sputtering process.

These results therefore show that the method according

to the invention clearly solves the technical problem
15 posed.



have a sheet resistance very nuch |lower than that of 25 the surface of the
substrate, this sheet resistance being |ower the thicker the seed | ayer.
31 The copper seed | ayers obtained are sufficiently conducting (of
sufficiently | ow sheet resistance) to allow subsequent filling by
conventional electroplating, including%mhen t he thickness of the 5 copper
seed layer is very small, such as for~ nple around 10 nmor |ess. The
measur ed adhesi on val ues are at | east alent if not better than those
that woul d be expected by a 10 perso%%%#l ed in the art within the
context of the inplenentation of a sputtering process. These results

therefore s th ordin 0.t he.i nvent| .on clearly solves

t he technica pr(r)}g%t_élrrlnggl po%cgad&rg% g C%ﬁ e1°fIV|5\&11 hgY 8F 855t "Wdt

surface of FRPRTr e viidcttoppatiyy el echaontaesged chiar acttext zeick i n t hat
it 5 compriggsprisésstep referred to as "cold entry” during which the
said surface to be coated is brought into contact wth an electroplating
bath while the said aufFaRereEerred thdes dlceddy iapdirysi abirity whidtep of
form ng the woat s89adeRirFa i€ bhe cosdich %fsfsugﬁtb'ﬁ%%d dcadime
| ong enough to .form the salg@.qatln a step reférred to as t:hot exit"
during whi cH'*-%the®8a] tllé'lgsé%%‘?}ét ¥BilforkheSi@cBHSEREE iF 15
bat h under electundat dlestrbodll imiddat the af orenenti oned el ectropl ating

bat h COHRr! ses, in §O|Hélonfl%o%ﬁ?%§”¥ﬁé coating during which the

said surface is biased for a time long enough to form
the said coating;
- a step referred to as “hot exit” during which
the said surface 1s separated from the electroplating
15 bath under electrical bias; and in that the
aforementioned electroplating bath comprises, in
solution in a solvent:
- a source of copper ions, with a concentration
of between 0.4 and 40mM, preferably of between 0.4 and
20 18 mM and more preferably of between 0.4 and 15 mM; and
- at least one copper complexing agent chosen
from the group comprising primary aliphatic amines,
secondary aliphatic amines, tertiary aliphatic amines,

aromatic amines, nitrogen heterocycles, and oximes.

25
2. Method according to Claim 1, characterized in
that, during the aforementioned “cold” entry step, the
surface to be coated is kept in contact with the
electroplating bath for a period of at least 5 seconds.
30

3. Method according to Claim 1 or 2, characterized in
that the aforementioned step of forming the coating is
carried out by Dbiasing in galvanostatic mode,
preferably within the current range from 0.1 mA/cm?
- 35 (milliamps per square centimetre) to 5 mA/cm?, and more
particularly from 0.1 mA/cm? to 1 mA/cm®. '

4. Method according to Claim 1 or 2, characterized in
that the aforementioned step of forming the coating is



- a source of copper ions, with a concentration of between 0.4 and 40mV
preferably of between 0.4 and 20 18 nM and nore preferably of between 0.4
and 15 mm and - at | east one copper conpl exi ng agent chosen fromthe
group conprising primary aliphatic amnes, secondary aliphatic am nes,
tertiary aliphatic amnes, aromatic anmnes, nitrogen heterocycles, and
oxi mes. 25 2. Method accordl ng to d ai n3i31 characteri zed in that, during

t he aforenenég%ﬁpfg coI " eptry.step, the, surface to be coated is kept in
contact with | e¢tHopl & i n g or 18 peP?BﬁnB?'oﬁFaFé‘ést PG conds.
30 3. Met hodvreteralhyg tmmﬁbau.rrgl Gﬂ‘ 2cethar actlerbigzed ¢ that thse
aforenentio f £ atin carrledo bizasi ng in
gal vanost at Pﬁgsr;r%%@&& ce? &t}% h| netshgw%:%l’r%ent an%é F‘g‘r{] cn2 35

(millianps p%rm%fﬁiar é—’md rﬁaﬂ@d‘ er}loxe EanAAcnﬂﬁréﬁrdtme) 1pam/iccm?1 ardy from
0.1 MV chR tD dn T Hins . Method according to Gaim1l or 2, characterized
in that the aforementioned step of formng the coating is 33 carried out
by biasing in potentiostatic node, preferably inmposing a cell voltage so

that the fe5u|tlﬂi@t1€cﬁi|a@¢6f&iﬂg|tgsci\hﬂﬂ' n bhe 0. Jcﬂa%/a%%ﬁl%eé iRv cn
range, and oI € ﬁfl“c'#l arl%ﬂt e 0.1 mMMcn2 to 5 range. 5. Method

according to BECBEMCRELQREE, SESR iG ?Wl%lﬂetgﬁoﬁéﬁéﬁﬂgoﬁ@d step
of formng td:mmnﬁmngtlby chagled ont physbtagiode,i PprifseBIROER as

preferabhy so, asiﬂ%)% oy gjx_)ggee:,/\ﬂoqt eEt E%IO%%%S%N rﬁsron |ng to a .maxi mum

cat hode current areé
md/ cn2, and m@c@mrwmw Iyef rem 0. dreaAveaBino thenﬁ/am@ié famh t0o Ja

m ni mum cat hodeUr E8Nts P& /cm?, and more particularly from 0.1
mA/cm® to 1 mA/cm?, and to a minimum cathode current per
unit area within the range from 0 mA/cm® to 0.5 mA/cm?,

15 and more particularly from 0 mA/cm? to 0.1 maA/cm?.

6. Method according to one of Claims 1 to 5,
characterized in that, during the “cold entry” step,
the surface to be coated is maintained in contact with

20 the electroplating bath for a period of between 10 and
60 seconds, preferably for a period of about 10 to 30
seconds.

7. Method according to one of Claims 1 to 6,
25 characterized in that the aforementioned substrate is a

silicon wafer in the course of fabricating integrated

circuits, the surface of which, to be coated, is that

of a copper diffusion barrier layer,'such as a bilayer

based on tantalum nitride/tantalum (TaN/Ta) or Jjust a
30 tantalum nitride (TaN) layer.

8. Method according to one of Claims 1 to 7,
characterized in that, during the “hot exit” step, the
coated surface is withdrawn from the electroplating

35 bath while under bias for a period of between 1 and 10
seconds, preferably for a period of about 1 to 5
seconds. '

g. Method according to one of Claims 1 to 8,



unit area within the range fromO mAdcn2 to 0.5 mA/cnR, 15 and nore
particularly fromO m&cn2 to 0.1 mA/cn2. 6. Method according to one of
Clains 1 to 5 characterized in that, during the "cold entry" step, the
surface to be coated is maintained in contact with 20 the el ectropl ating
bath for a period of between 10 and 60, seconds, preferably for a period of
about 10 to 30 seconds. 7. Method accot ing to one of ains 1 to 6, 25

h teri ' hat.the af ti b te is, ili f i
The course G TRt G Fht dgFated-tl vt £E0F PREMEAPRERe THORHIEh, 1o be

coated, is thatind latipper diffusion barrier layer, such as a bilayer
based on tantal um nityid tal Ta r.just _a, 30 taptalumnitride
(TaN) layer. 8. Met h%%éa%gﬁggﬁgoﬁ?lt%%wgf %?g?%{gs)i fﬂglﬁr JEﬁgf“@lctlé?'ri zed in
that, durindreteeamol.éxiand sPep, tdrefenablad batwaes iG. 3 thdr @ws from t he
el ectropkatifigg 35 bath while under bias for a period of between 1 and 10
seconds, preferably for a period of about 1 to 5 seconds. 9. Mthod
according to one of @iRd 2ftéhe =¥d pemredidrioredisnlesst tham the

af or ement | ongte LT P-bdt @B batdng-gthe copper/conpl exi ng agent (s)

nolar ratio is between 0.1 and 2.5, preferably between 0.3 and 1.3; 5 and
- the pH of the said conposition is less than 7, preferably between 3.5

and 6.5. 10.10\t hestlastordéagrdngnetof Grai Mofl tO1&ims 101chatacterized in
o vent TPs ROSSLRr R hat of Tand Troal cohol | £ xt GHEE SR THES
electroplating Dbath, the aforementioned solvent 1is
chosen from water and hydroalcoholic mixtures and the
source of copper ions is a copper sgalt, such as in
particular copper sulphate, copper c¢hloride, copper

15 nitrate or copper acetate, preferably copper sulphate.

11. Method according to one of Claims 1 to 10,
characterized in that, in the aforementioned electro-
plating bath, the aforementioned copper complexing

20 agent is a nitrogen heterocycle chosen from pyridine,
2,2'-bipyridine, 8-hydroxygquinoline sulphonate, 1,10-
phenanthroline, 3,5-dimethylpyridine and 2,27~
bipyrimidine.

25 12. Method according to one of Claims 1 to 11,
characterized in that the aforementioned electroplating
bath includes a mixture of pyridine and 2,2’ -bipyridine
as copper complexing agents.

30 13. Method according to one of Claims 1 to 12,
characterized in that the aforementioned electroplating
bath comprises, in agueous solution:

- copper sulphate, with a concentration of
between 0.4 and 40mM, preferably of between 0.4 and
35 18 mM and more preferably of between 0.4 and 15 mM;
- a mixture of pyridine and 2,2’-bipyridine as
copper complexing agents;:
' - the copper/complexing agents molar ratio being
between 0.2 and 0.6; and



source of copper ions is a copper salt, such as in particul ar copper

sul phate, copper chloride, copper 15 nitrate or copper acetate, preferably
copper sul phate. 11. Method according to one of Clains 1 to 10,
characterized in that, in the aforenmentioned electro- plating bath, the

af orenmenti oned copper conpl exi ng 20 agegi is a nitrogen heterocycle chosen
from pyridine, 2 2 - bi pyri di ne, 8-hydroxyquinoline sulphonate 1,10-
phenant hrol i ne, yl pyr ne_a r nldln 2. Met hod
according to one of ﬁg &ﬁ%.gal Fé%?g?fgégx éh

af orenent i onéd @I@E@I@blﬁibﬁQWEBatﬂ Pnehddés5a mi xture of pyr|d|ne and
2,2"-bipyridine as copper conplexing agents. 30 13. Method according to
one of Clains 1 to 12, characterized in that the aforenentioned

el ectroplating bath conprises, in aqueous solution: copper sulphate, with
a concentration of between 0.4 and 40nM preferably of between 0.4 and 35
18 mm and nore preferably of between 0.4 and .15 nM - a m xture of pyridine
and 2,2'-bipyridine as copper conpl exing agents; - the copper/conpl exi ng
agents nolar ratio being between 0.2 and 0.6; and 35 the pH of the said
conposition being less than 7, preferably between 3.5 and 6. 5.



