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Dear Prof. Birbilis,
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Electrodeposition in a Chloride Excess. A Theoretical and Experimental Approach” by P.
Sebastian, E. Torralba, E. Vallés, A. Molina and E. Gémez; referenced as NB14-440.

After a careful reading of the reviewer’s comments we agree with reviewer 1 in the partial
reduction of the experimental content of the manuscript. In this line:

a) Experimental section has been removed and merely specifies the different working
temperature in DES, justifying the selection.

b) The 4.1. General behaviour section has been reduced and concisely new DES related
results are included. Figures 2 and 3 in the old version have been removed as well and
only the corresponding results are included.

c) An effort to reduce the text related to previously published results has been made
along the text.

d) Figures 9 and 12 in the old version have also been removed and the reader is referred

to the previous paper (ref[26]) for more information about experimental procedures.

All changes are highlighted in yellow in the new version.

On the other hand, we would like to state that the experimental content of this manuscript was
performed according to the conditions advised by the theoretical model. For this reason the
results included do not coincide with those previously published. We consider that the rest of

experimental figures are necessary to follow the argument of the manuscript.



Please find attached the answers concerning to the questions raised by referees 1 and 2 in the

document “Response to the reviewers”

We hope that, this new version is now suitable to be published in Electrochimica Acta.

Thank you in advance for your interest.

Yours sincerely,

The authors



*Response to Reviewers

Reviewer #1

First of all we would like to thank the reviewer for his/her constructive comments. In the
following we answer to his/her questions and suggestions explaining the modifications we

have made in this revised version following them.

Reviewer #1: The manuscript by P. Sebastian et all present in depth study of the nucleation and
growth mechanism of copper electrodeposition with stabilization of intermediate through
chloride complexation. Authors expand on their previous finding of "Copper electrodeposition
in a deep eutectic solvent. First stages analysis considering Cu(l) stabilization in chloride
media" which was published recently in Electrochim. Acta, 123 (2014) 285 earlier this year.

Well written, the manuscript adds new details on intermediates involves in the Cu reduction, but
experimentally, is trails path of the previous publication, along with similar experimental
approach. As a matter of fact, same concentration of Cu ( 0.05 M CuClI2 in DES solvent) were

used in both published and current experimental.

In this manuscript, the results derived for the Cu(ll) electrodeposition in DES solvent
correspond to a working temperature of 40°C, lower than that previously used in
reference 26 of 70°. This lower temperature was selected in order to prevent the possible
decomposition of the solvent at long working times. For this reason experimental results

related to DES solvent were included in the text.

Some parts of the manuscript (especially experimental) were copy-pasted from the previous
publication, the authors also carried over misprints. For instance, p.4 "Higroscopicity” instead
of hygroscopicity into the current manuscript. Same misprint can be found on page 286 of

published manuscript.

The experimental procedure was included in order to avoid the reader searching for the
other paper. We apology for the misprint.

In this new version, the content of Experimental section has been removed, and merely
specifies the working temperature in DES, justifying its selection.



| feel it would me more appropriate to focus only on theoretical parts of the modeling,

referencing previous experimental results.

According to the reviewer suggestions, in this new version the 4.1. General behaviour
section has been reduced and concisely DES related results are included. Figures 2, 3 in
the old version have been removed as well. An effort to reduce the drafting of some
paragraphs related to previous work has been made along the text.

With respect to the nucleation and growth section we would like to clarify that its
experimental content is related to different residence times at the potential E1, according
to the conditions needed to test the theoretical model, and so it corresponds to different
experimental results that those previously obtained and published in Electrochim. Acta,
123 (2014) 285. Nevertheless, following the referee’s suggestions Figures 9 and 12 of the
old version related to the rising part analysis of the j-t transients have been removed and
only their results are briefly presented. The reader is referred to the previous manuscript
for more information about the experimental procedures.

Reviewer #2:

We would like to thank the reviewer 2 for his/her in-depth reading of the manuscript. In the

following we answer to his/her questions in the same order that he/she stated them.

Reviewer #2: This paper presents an analysis of pulsed electrodeposition of copper in two
concentrated chloride solutions - an aqueous NaCl solution and a deep eutectic choline chloride
solvent (DES). High CI- concentration stabilizes the Cu(l) intermediate, so the Cu+2/Cu+ and
Cu+/Cu reactions occur at significantly different potentials. In the double pulse experiments,
Cu+ species are produced at the first potential E1 and Cu deposited at the second potential E2.
The Cu+2/Cu+ reaction at E1 is modeled by a classic EC mechanism with diffusion controlled
electrode reaction and Cl- complexation the chemical step. The deposition process at E2 is
treated by the Sharifker-Hills diffusion-controlled electrochemical nucleation and growth model.
The analysis appears to be successful, so that apparently these high CI- concentration
experiments remove the ambiguity typically produced when the potential ranges of the two
processes overlap significantly. The model and results are presented clearly and the paper is

generally well written.

Copper electrodeposition is important in fabrication of interconnects for semiconductor devices,
and chloride at low concentrations is an important additive in the damascene baths for this
process. In particular, chloride appears to accelerate deposition by an unknown mechanism



(even without other additives). Also, there is a lot of recent work on electrodeposition from non-
aqueous solutions. Therefore, there is considerable interest in this topic and so the paper is

appropriate for Electrochimica Acta. | recommend publication with minor revisions.

This paper seems to constitute progress towards quantitative treatment of chloride effects on
electrodeposition. From the results, both the Cu+2/Cu+ reactions and the growth of nuclei are
under diffusion control, with only the chloride complexation reaction controlled by kinetics. In
fact, it is shown that after sufficient time at E1, the complexation reaction is also at equilibrium.
Would the model apply at the low chloride concentrations of greater technological interest?
Does the model provide insight into possible acceleration mechanisms at low chloride

concentration?

In the development of our theoretical model we assume that the bulk concentration of
chloride ion in solution is large enough compared with that of Cu(l) in order to a
pseudofirst-order kinetics is satisfied. If this condition is not fulfilled our model could not
be applied and the mass transport should be solved numerically. So, high chloride

concentrations are required.

The authors mention that the voltammetric peak separation in DES is much larger than expected
for diffusion-controlled reactions, and suggest that the ohmic resistance of the solution may be
significant. It seems that proper inclusion of ohmic effects could dramatically change the model.
Migration terms in the species balances and the electroneutrality condition would be included to

fully account for migration effects. Why is this model still valid if migration is important?

One of the main disadvantages of sweep voltammetric techniques like CV is the
distortion caused by the combination of the double layer charging process with the ohmic
drop, related with the uncompensated resistance of the solution. This distortion is much
less severe in pulse techniques, due to the discrete nature of the recorded current [V.
Mirceski, S.Komorsky-Lovric, M. Lovric in Square-Wave Voltammetry, Theory and
Application, Springer, Heidelberg 2007]. Our theoretical model is derived for the
application of a single potential pulse (Normal pulse voltammetry) so it is expected that
under the experimental conditions selected the IR effect is not significant on the NPV
response. Moreover, the ionic concentration of inert electrolyte in both aqueous and DES
medium is so high in comparison with the copper concentration that it can be expected



that the migration effects will not have significant influence [J. Phys. Chem. 2009, 113,
11157-11171]
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Abstract

This is an in depth study in the knowledge of the nucleation andlgraoethanism that
governs copper electrodeposition in excess chloride media. In tbediians copper
electro-reduction takes place via two well-separated ssapse the Cu(l) intermediate
is stabilized through chloride complexation. The process wasedtuiditwo media, a
deep eutectic solvent (DES) based on a mixture of urea and chblorae, and in
excess chloride aqueous solution, in order to also analyse salflaahce on the early
stages of the deposition process. In both media, copper electrividepéslows a
nucleation and a diffusion controlled three-dimensional growth mechalmdime with
a previous work a double potentiostatic step signal was employecbta je transients
associated to both nucleation and growth stages, and from thewhakle mechanistic
analysis of the copper electrodeposition was performed. dmadysis involved the
calculation of the surface concentrations of Cu(ll), freel)Gar{d complexed Cu(l) for
any time and potential required and the application of Sharifker-Hibslel, jntm
products and rising part analysis including the calculated parametdich are
strengthened as valuable tools for complete copper electrodepaaitalysis in these

media.

Keywords copper electrodeposition, first stages, surface concemtyatinloride effect,

DES
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1. Introduction

Copper electrodeposition has been for a long time an important topto thes interest
that copper coatings have in a wide range of applications.h@kibeen heightened yet

more by the massive use of copper in the electronics indlistly

As it is well known, the presence of free or complexed cationsolution has an
important role on the overall deposition process, as they stroright &bth nucleation
and growth. In the copper’s case, for instance, some commancidhboratory copper
deposition baths incorporate species which can act as compleximg,agene of them
(such as ammoniac, chloride, bromide, cyanide, thiocyanide, ety as well as

complexing agents for the Cu(l) intermediate [5-7].

Due to its fundamental and theoretical importance there ischoofareports related to
the Cu deposition mechanism [8-14]. However, to the best of ourl&dgey there is no
literature with takes into consideration a possible intermedgabilization when
performing the mechanistic analysis via chronoamperometribatehe mechanistic
analysis of the first deposition stages using chronoamperordatachas usually been
performed by recording the response after the application of aatygiagle

potentiostatic step. This procedure, however, does not leadidbleetesults when
stabilization of the intermediate occurs, so that commesitted to divergent or

unexpected results have been included in some of the refpd%s17].

Recently it has been proved that ionic liquids based on eutettiares of choline
chloride and hydrogen bond donors (known as deep eutectic solvents @ @BE)e
used for copper electrodepositidB-21]. In these media, chloride is present in excess
(about 5M) and the intermediate Cu(l) is stabilized by complexatitmnity such that

the complete electroreduction process takes place via tweseggrated one-electron
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stages. This behaviour is similar to that previously obsemeaqueous concentrated
chloride solutions [22-25]. In a previous work the first stageSugil) reduction were
studied in two chemical systems having in common a chloride eXB#sS and
aqueous concentrated chloride solution) [26]. In both media, it was pcbfmaeply a
double-step signal in the chronoamperometric study as an adequegdpe to obtain
reproducible results on nucleation and growth processes. The ovefd# pf the j-t
response obtained by using this double-step signal presents twoarlearrelated to
Cu(Il) to Cu(l) reduction and to the Cu electrodeposition from )Cdthe purpose of
this work is to extend the previous studies and to deepen the knewtddthe
mechanism governing Cu(ll) electro-reduction by carrying loaitcomplete quantitative
analysis of the two reduction processes mentioned above.rddusres knowing the
surface concentration of the ionic species of interest orldarode at the instant in
which the second potential step is applied, which enables therpsefection of the
residence time value at the first applied potential and sodhteol of the conditions at
which the electrodeposition starts. In this line, a quantéaswdy that allows
evaluation of the surface concentrations of the species ird/oivihe first stages of the

deposition process (i.e. Cu(ll), free Cu(l) and complexed Chiél3)been carried out in

both media (aqueous solvent and DES), using analytical equations for the

current/potential response and surface concentrations obtained asthahitngse first
stages follow an EC reaction schef@€&, 28]. The equations obtained enable us to
estimate the formal potential of the Cu(ll)/Cu(l) couple #m&l complexation reaction
rate constant values between Cu(l) and chloride in the two mediarityear fitting

between experimental data and theoretical equations. Once dbesprhas been
characterized, the surface concentration values of Cu(@® €@u(l) and complexed

Cu(l) at any experiment time are readily obtained. Aftedsathe non-dimensional
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Scharifker and Hills (S-H) modg29, 30] has been used to analyze the nucleation and
growth deposition processes, an approach that has already been apgdietly rto
deposition processes in ionic liqui@s, 31-34]. As will be shown, the knowledge of
surface concentration values allows the complete quantitadivalysis to be

accomplished.

2. Experimental

The preparation of solutions and the electrochemical experimeresp@dormed in the
same way that had been previously described in reference T2@. selected
temperature in DES solvent was 40°C, lower than in [26], inraaessure liquid

stability at long working times.

3. Theory

It has been demonstrated that in a excess of chloride mediumteém@ediate Cu(l)
coming from the Cu(ll) reduction in the first stage of the radngbrocess stabilizes by
complexation, and so the complete electrochemical processsdoguneans two well

separated one-electron stages (Cu(ll)-Cu(l) and Cu(l)-C[Z6))

3.1. Theoretical model for the first stage of the cooper electrodeposition in excess of

chloride medium: Cu(l1)/Cu(l) reduction facilitated by chloride complexation.

In this section we focus in the theoretical model of the massport problem

corresponding to the first stage of the copper electrodeposition ohideide excess
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(Cu(In/Cu(l) reduction facilitated by chloride complexation) byussig that it takes

place via an EC process:

Cu()+e g Cu( 1)

Cu(1)+mcr Uz cu C),
where k and k indicate the forward and backward kinetic constants of the chaémi

reaction taken to be of pseudo-first order amé 2 or 3 (i.eCu(CI)m

cu(cl))).

When a constant potentidk;, is applied to this system at a planar electrode, mass

Cu(Cl), or

transport can be described by the following diffusive-kinetic eéguasystem and

boundary value problem:

cu(nn) —
5Cu(|) = _k1CCL(I)(X’ )+ kz%(cgm( X9
5Cu(Cl)m = k1ch |)(X' H-k Gy CDm( X9

being

t=0, x<0
tZO, X —» ©

Xx=0,t>0

D aCCu(II)(X’ t) --D aCCu(I)(X’ t)
)| T x| e T ax
x=0

} CCu(II)(X’t): c, (E:u(l)(xt)zoi (&u(d)m(xt):(]

(1)

2

3

4)

(5)
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CCu(II)(O’t)= CCu(I)(O’t)é] (6)

with  given by

F .
n =E(E1 - Egu(ll)/Cu(I)) (7)
In these equations; (x,t) and D are, respectively, the concentration of the spgdcie

and its diffusion coefficient,c is the bulk concentration of specié:sj( II) and other

symbols have their usual meaning.

The solution for this problem has been derived rogsly for spherical and planar
electrodes by assuming equal diffusion coefficidotsall the species involved in the
EC process [36] (i.e. B(1)= Dcu()= Decu(c), in this particular case). If different
diffusion coefficients are considered for specieglF and Cu(l) and supposing that the
function perturbation of the chemical equilibrium(f,t) = ¢, (.9 = Kgyey (%))
does not depend on time (i.e. assuming kinetidgtetate conditions (kss)) [28, 37] the

following expression for the j/E/t response is dedi

jEC_ (1+K) EC
Jec-_ = M F 8
jo  1+K+Kpe’ (X ) (®)

where y£¢ K and y are given by

3o =2 ek o) ©)
ye’
K =k, / k, (10)
and
D
y= Cu(Il) (11)
DCu(l)
7
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with y being the dimensionless rate constant of the cexagibn reaction

X=(k+k,)t (12)

j, the diffusion limited current density

D
jy = —FA|—4 ¢ (13)
and F (x) being given by
F(X) :\/7_112( &2 erfc(iz(j (14)

Equation (8) is applicable for ar§value providedk, +k,) t=5[38].

Note thatK given by Eqg. (10) represents the inverse of thaliequm constant taken of
pseudo-first order with respect to Cu(ll). The egmion for the real equilibrium

constant of the complexation reaction is

K real — — m (15)

The expression for the surface concentrations lotha species involved in the first
stage of the electrodeposition process are obtdgddllowing a similar procedure to

that used in Ref [28] and have the following form
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c 1+ K+ Kyéd

T )(EC

CCu(II)(O’) 1+ 1+K { 2 F XEC)_]}

CCU(I) (O’t) = CCu(n) ( 0") /é (16)

T )(EC

¢ ¢ 1+ K+ Ky é

CCu(CI)m(O’) 1 1+(1+ K)(1+yé7){ 2 F)(EC) 1}

When y ¢ > 21 .5, the diffusive-kinetic steady statdk&9 approximation applies [22,
33]. Under these conditionss ( x*) =J71XEC/(2+J71XEC) and Eq. (8) for the j/E/t

response simplifies to

Jec _ 1+K
o 1+K+ye (K+1/my)

(17)

This response is quite interesting since it carir@arized in an identical way to that

corresponding to a simple E process, so we have

E= E1/2+g|n(1d ._JECJ

Jec (18)
with E,, being the half-wave potential
. RT, (1), RT [(1+K)J/m
=Euveuny t—IN| = |[+—In| —F—F—— 19
E1/2 Ec (ny/cu() F y F 1+K\/a ( )

Expressions (17) - (19) could be used for a gengoald description of the system

instead of those deduced under kss conditions32Band are very helpful to estimate

the values ofe,,, K and/or ¥ avoiding numerical fitting, as is shown in Figée
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3.2. Treatment for the Nucleation and Growth:

The mechanistic analysis of the Cu(l)-Cu(0) ela#pmosition was performed from the
chronoamperometric results using the well-knowna8itker and Hills (S-H) model,
developed for nucleation and three-dimensional grodiffusion controlled, whose
basis are well-established and which can be catelsewhere [29, 30]. The two non-
dimensional equations given by Egs. (20) and (2t)espond to the limiting cases of
progressive and instantaneous nucleation, respdctivhe former is associated with
nuclei sequential appearance whereas the lattettifiés with simultaneous nuclei

formation:

Yoo ostt]]
o] [refrmt)] e

where j and t represent, respectively, the curdsmsity and the time during the
nucleation and growth stages, gpdndt, are the values of these magnitudes at which

the potentiostatic maximum is attained.

By assuming that the charge-transfer rate for cogpposition is sufficiently high for a
continued growth of nuclei through mass transfertiab to be established and that there
is no overlapping of the nuclei randomly distrilmiten the surface, the rising part of the
j-t transients can also be used as an adequate toaghdchanistic analysis. The
corresponding equations derived for progressive amstantaneous nucleation,

respectively, are the followings

10
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':%an(ZDC)% M720 72N, AP (22)

j = ZF(2Dc)’2 M72p 2N, 12 23)

where D, is the diffusion coefficient of the depositing si@s, c, M and zF are its
concentration, molecular weight, and molar chargspectivelyp is the density of the
solution, N, the maximum number of nuclei obtainable underpieyailing conditions

andA the steady state nucleation rate constant pej2€iie

As an extra diagnostic criterion to study the natten mechanism governing the
process, the.t.> products for the limiting cases of progressive amstantaneous
nucleation (Eqgs. (24) and (25), respectively) canused to determine whether the
nucleation process is progressing or has beentedresby taking advantage of the
surface concentration values previously obtainete jit.? products do not contain

quantities related to kinetic parameters, fact thakes them valuable [29].
j2t, = 0.260(Fcz)?D (24)

j2tm = 0.163(Fcz)?D (25)

4. Results and discussion
4.1. General behaviour

The voltammetric curves recorded in both media.(E)lgshowed similar profile, the
peaks corresponding to the Cu(ll)-Cu(l) reductionen@llowed by a second group of

features at more negative potentials related to)@lgttrodeposition [26].

11
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<Figure 1>

In aqueous chloride medium the peaks related to) @&ttrodeposition were sharper
and less negative than those recorded in the DBE&.iffset in Figure 1 shows a good
coincidence between the voltammetric curves recbfaem Cu(ll) and Cu(l) solutions

in the potential range where copper electrodepostakes place.

The diffusion coefficients of Cu(ll) and Cu(l) in tHeES solution at 40°C were
respectively determined from voltammetric experieenand potentiostatic
electrodeposition transients as described in reéer¢26]. Cyclic voltammograms were
recorded at different scan rates. The differenEggH,q between the cathodic and
anodic peak potentials (Table 1) approached 85 m¥ha lowest scan rates and
increased as the scan rate did, behaviour thaveascribed to the resistance of organic

media [21]. The Cu(ll) diffusion coefficient calctaa according to eq (26) [27]
Jp.€ = 04463 = ()2« /2w DE{CUGD v (26)

was 2.24-18nrs?, consistent with previously reported values aepttemperatures

[21, 26].
<Table 1>

The Cu(l) diffusion coefficient was determined i9.85 M CuCl solution. The ends of
the descending part of the recorded transientdaped as befits a diffusion controlled
process. Adjustment according to the well-known €bgquation leds to an average

value of 2.08- 10%cn¥s™.

12



O©CO~NOOOTA~AWNPE

4.2. Surface concentration

The complete analysis of copper reduction was nbgden accurate potentiostatic study
using the double step signal proposed previousy. [&t first the potential was jumped
from a potential () where no process occurred to a potentia) €& which only the
reduction of Cu(ll) to Cu(l) took place (Fig. 2A). t&f a residence time;)tin the
potential g, the potential was switched to a potentialaE which electrodeposition
occurred. The recorded current showed two cleduffes, at first the current decayed
monotonically to a quasi-stationary value (Fig. 2BYl, after applying the Epotential,
the transient showed the typical profile of a natih and 3D growth process (see

Figures 5, 6A and 8A).
<Figure 2>

A quantitative study was carried out to obtain infation about the surface
concentrations on the electrode along the residénoe (t). Figure 3 displays the
dependence on time of the surface concentratiotifsecdpecies participating in the first
stage of the copper reduction (i.e. Cu(ll) to Cuékilitated by chloride complexation)
in the two media selected (aqueous solvent and BifS, 3A and 3B respectively)
obtained by applying Eqg. (16). The Ealues selected, OV in aqueous solution and -

0.1V in DES, were chosen according to the previmli@mmetric results.
<Figure 3>

To build these plots it was taken into account @afl) can bind either two or three

chloride ions, giving rise to two different chlogidomplexesCu( Cl)  (wherem = 2 or

3, solid and dotted lines, respectively, in theuFég3). The stability constant of the two

different complexes was estimated in water usimgitifiormation given in RgB9] as

13
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K = 10°S for the complex with m = 2 and %0for the complex with m = 3. For the

theoretical calculations, the equilibrium betwelea tomplexed and uncomplexed Cu(l)

in DES was considered to be highly dispdadewards the complexed species (

real _ | real
Kpes = K yater >>1).

The values ofk, + k, (= k, for these complexation reactions highly displatedhe
products) required foy ¢ to be known (Eg. (9)) and to plot the surface eoti@tions

were obtained by non-linear fitting between the eripental Normal Pulse
Voltammetric (NPV) signals and the theoretical ofteg. (8)) as depicted in Figure 4.
Chronoamperometric experiments at different potenia which only the facilitated
Cu(ll) to Cu(l) reduction took place were used tolduihe experimental NPV

responses.
<Figure 4>

Tentative initial values required fat, were obtained by introducing experimentally
determined kg values in Eqg.(19). These Evalues were estimated by the linearifad

versus(jd —jEC)/j cc plots (Eq. (18)) as shown in the inset figurese Tantative

initial value used forEgu(”),Cu(l) was 159 mV, obtained from the literat{@&].

The optimum values OE&(”),CUU) ngz/cml

and k, that yielded the best fitting were 162

mV and 29< 10° s* for the data obtained in the aqueous solvent,1&8dmV and 1X

10° s' for that obtained in DES. From these, the valwesttie real forward kinetic
constant of the complexation reactich{Fa'(= k, /(CCI_)m) were obtained in the two

media for the two possible complexes considered tfiose withm= 2 or 3 ) a/** =

14
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3.2x10° M?s'and 1.x 10°M=s? for the complexes witm = 2 and 3, respectively,

in the aqueous solvent, ankf** = 4.8x 10° M?s*and 16 M*s™ for the complexes in

DES.

Several conclusions can be drawn from the anabfdise plots given in Figure 3. First,
it can be seen that the surface concentration ¢i)Gdsi almost always zero at any time
of the experiment in both water and DES. These iegppgbotentials correspond to
conditions of diffusion controlled current for thH@u(ll)/Cu(l) reduction, beneficial
conditions to the generation of Cu(l). Besides, bliserved that as time increases the
concentration at the electrode surface of compléxed) increases, at the expense of a

decrease in the surface concentration of free CTKi. observed variation is slight for

both media, such thaIC O,t) approximates quickly to the limiting value ¢

u(cl),, (
(Eq. (27)), which corresponds to 4.946°khd 16.393 &M in the aqueous media and

in DES (Figs. 3A and 3B), respectively.

Under diffusion controlled conditions E{ << Egu(”) (1)) and for complexation

/Cu

reactions highly displaced toward the produdt€® >>1 or K (= ko/k;) <<1), the

surface concentrations involved in the EC mechasisnplify to

CCu(II)*(O't) -0
c

CcU(u)*(OJ) _ Y 27
c Jmx

CC“(C"":(O't) =(1-1/ym)y

15



O©CO~NOOOTA~AWNPE

with € being the initial concentration of Cu(ll) in solutiandy and y given by Egs.
(11) and (12), respectively. From Eq. (27) it candeen that when time increases and

)((=(k1+k2)t) >>1, the surface concentrations of free and comple2el) tend to

zero and toyc , respectively. Equation (27) constitutes a singaieof expressions that

are adequate to obtain the evolution of the surfamecentration with time in our

system.

Note that, under the conditions selected thereoisdifference between the curves
corresponding to the complex with m = 2 and m =wBich coincides with the

behaviour predicted by Eq. (27).
4.3. Nucleation and growth

In order to address the study of the electrodepaosjtrocess in both media, different
residence times within the time range in which sugface concentrations showed a
guasi-stationary value were selectad=(t15, 30 and 45s). After the Bpplication, new
j-t transient appeared showing the typical nuateai@and 3D growth controlled by

diffusion profile.

For the three residence times selected the conopadt the transients recorded at a
given E did not reveal significant differences in the ratehe deposition process (Fig.
5A and 5B). Indeed, quasi coincidence was observeide current profiles, the current
maxima (j,) and the time elapsedyjt between the Eapplication, and also on the
achievement of the current maximum. These resuksim agreement with those
provided by the theory, with the Cu(l) concentratieaching a constant value from a

certain t.

<Figure 5>
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4.3.1. Copper electrodeposition in aqueous chlogrgeess medium

In aqueous chloride excess medium several j-tigatswere recorded by means of the
double step signal for all the selected, at different values of Eeeping & at OV. On
increasing the overpotential applied the recordaedeat increased and the maximum
was attained at a lower time. Note that a narrotemqt@l range (c.a. 20 mV) was

sufficient to observe relevant changes in the @di-t transients.

Figures 6A and 6B show, respectively, the j-t trants recorded at%15s and the

corresponding adjustment to the non-dimensional i@ddel. The adjustment of the j-t
transients was made once the current related td)&Lif(l) reduction was subtracted
from the total current to avoid overestimation & tcurrent related to copper
electrodeposition. The S-H adjustment showed that nucleation mechanism was

intermediate and close to instantaneous even &bwest overpotentials applied.

<Figure 6>

The analysis of the rising part of the experimeritahsients (Eqs(22) and (23))
revealed that, for the lowest overpotentials applibe slopes were close to 0.7, and on
increasing overpotential, the slope tended to @%,corresponds to instantaneous
nucleation (see also reference [26]). These resultsin well agreement with those
provided by S-H adjustment, so, in agqueous chlcextzess the nucleation was close to

the instantaneous one.

In order to analyse the possible influence of tesidence time on the nucleation
mechanism, the adjustment of S-H model for seeralurves recorded at a fixed E
and different £ values were compared (Fig. 7A). Non relevant déffiees were found in
the time range previous to the maximum. However atijusted data from tzshowed

slight differences. The curve corresponding te4bs appeared farther to the
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instantaneous limiting case than those recordedt 48s or 30s. This can be explained
by taking into consideration that extending theidesce time in the Cu(ll)-Cu(l)
electro-reduction zone could favour, in the aquemesiium, the formation of a low
amount of insoluble CuCl species, which could perthd deposit growth. Thus, the

data recorded after 15s were considered more Ieliabthe mechanistic analysis.
<Figure 7>

The knowledge of surface concentrations of Cu(l¢ (Sig. 3) at the instant that as
applied allowed the use of the produg{¥;j as an extra tool to analyze the nucleation
mechanism. Fort15s the surface concentration was¥9 M, which together with a
value for the Cu(l) diffusion coefficient of 115°cn’s* [26] yielded j’tm products of
8.87 10’ and 5.56 180 A’cm?s for progressive and instantaneous nucleation,
respectively. The obtained,}n products (Table 2) evolved on increasing the
overpotential from 10’ to 610’ A%cm?s, values close to those predicted for
instantaneous mechanism. These results in gooctragré with both those obtained
from the overall S-H adjustment and those fromngspart analysis, also indirectly
support the results derived from the theoreticahtinent of the potentiostatic curves
recorded at E which predict the appropriate concentration vaieomplexed Cu(l)

species on the surface of the electrode.
<Table 2>
4.3.2. Copper electrodeposition in the DES solvent

Proceeding in a similar way as in the aqueous medsets of j-t transients were
recorded in DES at different residence times withia time zone at which the surface
concentrations attained a stationary value. In &S solvent a wide overpotential

range was needed to observe significant changée irecorded currents.
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<Figure 8>

The comparison between experimental (Fig. 8A) dresbrietical curves obtained from
the S-H model (Fig. 8B), proved that in the DES sntithe nucleation mechanism was
intermediate, near to progressive at the loweslieppverpotential, but without fully
attainment of the instantaneous limit with sigréfit & increase. Therefore, from the
non-dimensional analysis, the effect of the solveature on the mechanism seems
clear. The growth of the nucleus formed was slowgdDES even for moderate

temperatures (40°C), effect observed previouslyHerdeposition of other met§82].

Complementary analysis of the mechanism which gevéne formation of the first
nucleus was also made by logarithmic analysis @tiging part of the j-t curves at short
deposition times in the same way depicted in refse[26]. The slopes calculated
evolved from 1.0 to 0.6 on increasing the overpidéni.e. the nucleation tended to
instantaneous nucleation when considerably inangatsie overpotential but this limit

was not fully attained as observed with the S-tihfis.

It is worth noting that in DES both the j-t curviecorded a fixed Eafter different
residence times{t and the corresponding non-dimensional adjustmeictsiot show
significant differences with respect to thevalue selected, as occurred in agueous
medium. The non-dependence between the residenoe tn B and the
electrodeposition process once the surface coratemtr of Cu(l) behaves in a
stationary manner was confirmed by comparison @fSkH adjusted curves obtained at
the different residence times selected (Fig. 7B).DES medium good agreement
between experimental and adjusted curves was fewed at long deposition times.

This behaviour could be related to both the higitdoride concentration in the DES
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and the specific nature of this ionic solvent thenefits the intermediate Cu(l)

complexation, avoiding the possible non-solublelCsffecies formation.

Using the surface concentration at the beginningthef electrodeposition process
(0.01694 M) and the calculated diffusion coeffitjethe products,ft predicted by
equations (24) and (25) for the limiting cases weleulated and compared with those
obtained from the extracted parameters from thexental j-t curves. All the,ftn
products obtained from the experimental data rapred the magnitude order predicted
by theory, although they were slightly higher th#tre value corresponding to

progressive nucleation (not shown), which is alwingshighest value.

According to the literature, in DES solvent copppecies are entirely complexed by
chloride[40], but no information about the equilibrium ctargs values is provided,
neither of the Evalue of the couple Cu(ll)/Cu(l) at DES. So, we ugieelK and E
values corresponding to aqueous medium as thaligitiess values in the subsequent
non-linear fitting of the experimental data. Thistf approximation could explain the
slight discrepancy between thg’ti, products from experimental values with those

calculated theoretically.

The coherency between the results provided by tmptete analysis with the S-H
model and the analysis of the rising part of tlasrents confirms that an appropriate
control of the initial conditions in the first steg of the electrodeposition and in the
stationary concentration of Cu(l) on the surface wekieved, although in the DES

medium this concentration value seems to be sjighittierestimated.
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5. Conclusions

In chloride excess medium the stabilization of tBe(l) intermediate by chloride
complexation slows down the second reduction séageimplies an extra overpotential
to get electrodeposited copper. The double stepntiat method allows to study

accurately the kinetics related to each step ofabaction.

From the j-t curves recorded along the first remctstep and by applying the
appropriate equations which describe the kineticshe Cu(ll)-Cu(l) reduction, the
surface concentration versus time functions areucksd for a fixed potential, and the
values of the surface concentrations of Cu(ll), iG2€l) and complexed Cu(l) present
in the electrode are estimated in any conditionth®se surface concentrations achieve
a stationary value, it is shown that residence sigreater than this stationary value are
suitable to initiate the electrodeposition procasscontrolled conditions. From this
knowledge, the length of the first step is selettgdetting the residence time at which
electrodeposition begins. Under these conditidmes analysis of the mechanism related
to the first stages of the copper electrodepositiom Cu(l) is performed successfully
in an aqueous concentrated chloride solution and Deep Eutectic Solvent (DES)
providing reliable results, in agreement with th@sgected. In DES at the selected
temperature progressive nucleation to intermediatebserved in a wide potential
range, whereas in agueous medium instantaneousatiocl is easy to get, a behaviour
which is always supported by the logarithmic analys the rising part of the j-t

transients.

The S-H non-dimensional analysis at a fixedvBlue shows slight dependence on the
growth mechanism between the results obtainedffareint residence times in aqueous

medium and none in DES, so the selection of a eesiel time value close to that

21



O©CO~NOOOTA~AWNPE

providing the stationary surface concentration tétcally predicted is enough for the

appropriate mechanistic analysis.

The incorporation of the calculated surface comegions in the jftm products
provides excellent concordance in aqueous mediuranditons at which
thermodynamic parameters are available, showingpdréormance of the theoretical
treatment. A slight displacement between experiaieand calculated jfim values is
observed in the DES medium, in which underestimatattentration values seem to
have been obtained probably due to the uncertamtye estimation of the formal

potential.

The results obtained sustain the use of the dostde mode as a very good
approximation to analyze accurately the Cu elecpodigion in both water and DES

when considering the stabilization of the Cu(l) imediate by complexation, avoiding
the uncertainty associated with the applicatiom @ingle step. Additional studies that
not only rely on voltammetric data would be higltdgneficial to know more of the

physicochemical properties of this novel solverd emunderstand how better it affects
thermodynamic and kinetic parameters of the chaegesfer and complexation reaction

so as to refine model predictive abilities.

The strategy developed here for the analysis ofctigper electrodeposition by using
experimental data of the two electrochemical siepslved can be extended to any
deposition process in which the overall reductiaket place via two well separated

stages.
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Figure captions

Fig. 1. Voltammetric curves at 50 mVérom: a) 0.05 M CuGlin DES solvent and b)
0.01M CuC} +3M NaCl aqueous solution. Inset: voltammetricvesrin DES solution:

solid line) 0.05 M CuGland dashed line) 0.05 M CucCl.

Fig. 2. A) Scheme of the applied double step sigBpPotentiostatic current transients
for the electro-reduction of Cu(ll) to Cu(l) from 6] solutions of CuGlin DES
solvent at 40°C at different,Ea) 400, b) 380, c) 370, d) 350, e) 340, f) 3§0,300, h)

250, i) 150, j) 0, k) -100 and m) -200mV.

Fig. 3. Time dependence of the surface concentrationseo$ppecies participating in the
first stage of the copper electrodeposition in tive media selected (aqueous solvent
and DES, Figs. 3A and 3B respectively) for the caseshich Cu(l) is complexed by

two or by three chloride ions (m= 2 and m= 3, resigely, indicated by solid and
dotted lines) obtained from Eq. (16). A) for aquesolution (k1 + k2) = 29%x10° s*,

Doy = 3-67% 10%nrs? Deyny = 1.5% 10° cnfs?, K (m=2) = 3.5¢ 107, K (m=3)

(n)
= 7.4x10% E; = 0 mV and ¢* = 10 mM. B) for DESK, +k,)=12x10°s*, D, =
2.24x 10%cn?s? Deyy = 2.08% 107 cnfs?, K (m=2) = 1.3x 107, K (m=3) = 1.6¢

108 E; =-100 mV and c* = 50 mM.

Fig. 4. Experimental (symbols) and theoreticalgd)NPV responses at three different
times of the experiment (t = 0.5, 1.5 and 2.5 sliceted by crosses, circles and
diamonds, respectively) for the Cu(ll) to Cu(l) retime facilitated by chloride

complexation in: A) the aqueous solution and B) iBD Theoretical curves were

obtained by non-linear fitting of Eq. (8) to thepeximental data by means of the Miner
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function implemented in Mathcad. Tentative initis#lues for(k1 +k2): 28700and

12600s™ for Fig. 4A and 4B, respectively. Tentatie,,,, = 159 mV for both

Ir)/cu

media. Other parameters were as stated in Figurdnget: LinearizedE vs

(jg—iec)!] ec responses at the three times selected.

Fig. 5. Potentiostatic current transients at défferresidence times;t a) 15 b) 30 and
c) 45 s from: A) 0.05M solution of Cugih DES solvent, E -100 mV, k= -1050 mV.

B) 0.01M solution of CuGl+ 3M NaCl aqueous solution;£0 mV, B=-390 mV.

Fig. 6. A) Potentiostatic current transients foe ttheposition of copper from 0.01M
CuCkL + 3M NaCl aqueous solution, using the double sigpag E= 0 mV, t= 15 s
and different & a) -360, b) -370, c) -390, d) -395, e) -400,405 and h) -410 mV. B)

Non-dimensional plots of (j§)? vs t/t, for some of the j-t transients of Fig. 6A.

Fig. 7. Non-dimensional plots of @} vs t/t, for the copper electrodeposition j-t
transients recorded at different residence timgsd) 15 b) 30 and c) 45 s from: A)
0.01M CuC} + 3M NacCl aqueous solution applying=E0 mV and k= -405 mV. B)

0.05M CuC} in DES solution applying £ -100 mV and E -1050 mV.

Fig. 8. A) Potentiostatic current transients foe tiheposition of copper from a 0.05M
CuCk solution in DES, using the double step signak ELO0 mV, i= 15 s and
different &: a) -950, b) -960, c) -975, d) -1000, e) -10501800 and h) -1150 mV. B)

Non-dimensional plots of (j)? vs t/t, for some of j-t transients of Fig. 8A.
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Tablel

Characteristic values of,E Ey ¢, |Exc-Epd, and jcfor the anodic and cathodic peaks of

the different CV voltammograms recorded from a OM5Solution of CuC} in DES

v/mVs' Epa/ V Eoc/V | |EocEpd IV joc 10°/ A cm”®
5 0.393 0.307 0.086 0.1698
10 0.397 0.295 0.102 0.2200
20 0.40] 0.28¢ 0.11¢ 0.308¢
30 0.407 0.28¢ 0.11¢ 0.419:
50 0.417 0.28¢ 0.13¢ 0.516¢
70 0.42¢ 0.26( 0.16¢ 0.590¢
10C 0.42¢ 0.25¢ 0.17¢ 0.637¢
15C 0.43¢ 0.24¢ 0.18¢ 0.787:

solvent at different scan rates

E vs (Ag/AgCl)
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Table?2

Characteristics values for the potentiostatic cumeaximum and.j° t products for

the j-t transients obtained from [Cu(ll)]=0.01M +dRI]=3M in aqueous medium.

E/mV tm/ S jm10°/A cm™® jm tm107 AZcmi’ s
-360 2.55 -5.24 7.00
-370 1.47 -6.50 6.21
-390 0.76 -8.95 6.09
-395 0.61 -10.2 6.35
-400 0.39 -12.8 6.38

E vs (Ag/AgCl)
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Table 1

Table 1

Characteristic values of Epa, Epc, |[Epc-Epal, and jy ¢ for the anodic and cathodic peaks of
the different cyclic voltammograms recorded from a 0.05 M solution of CuCl; in DES
solvent at different scan rates

v/mVs! Epa!V Epc/V | |Epc-Epdl / V joc 10°/ A cm™

5 0.393 0.307 0.086 0.1698

10 0.397 0.295 0.102 0.2200

20 0.401 0.286 0.115 0.3085

30 0.407 0.288 0.119 0.4192

50 0.417 0.283 0.134 0.5166

70 0.424 0.260 0.164 0.5906
100 0.429 0.256 0.173 0.6379
150 0.434 0.248 0.186 0.7871

E vs (Ag/AgCl)






Table 2

Table 2

Characteristics values for the potentiostatic current maximum and jm? tm products for
the j-t transients obtained from [Cu(11)]=0.01M + [NaCl]=3M in aqueous medium.

E/mV tn/ s jm10°/A cm™ jm’ tm 107/ AZcm™ s
-360 2.55 -5.24 7.00
-370 1.47 -6.50 6.21
-390 0.76 -8.95 6.09
-395 0.61 -10.2 6.35
-400 0.39 -12.8 6.38

E vs (Ag/AgCl)
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