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Monte Carlo Simulation of Electrodeposition of Copper: A Multistep Free Energy

Calculation

1. Introduction

An electrochemical interface is defined as a phase boundary
between a metal and a liquidChe structural dynamics of such

an ubiquitous

electrodepositioR. The extensive knowledge of interfacial
dynamics and structure would direct the a priori solution to the
problems existing in the process of electrodepostitidlec-
trodeposition plays a vital role in applications like thin filhs,
microelectronicg;® microelectromechanical systerdfs,and
nanofabricatio~13 Electrodeposition of metals has several
aspects that complement the aforementioned fields such as (i)
control of deposition thickness precisely to nanometer séale,
(ii) the reversibility of the phenomena for most of the mefals,
and (iii) attaining complex structures like two-dimensidr(@+

D) and three-dimensiorfa(3-D) topographies that are difficult

to achieve via conventional fabrication technigues. Recent works
on electrodeposition primarily focus on copper (Cu) deposition
which involves length scales of a micrometer or even less. This
importance to copper can be attributed to (i) the large conduc- .
tivity of Cu relative to other metafs!® (i) better electromigra-
tion,> and (iii) cost effectiveness$.For these persuasive reasons,
more research is done on perfecting Cu electropldfinthe
copper electrodeposition plays a major role in applications suc
as (i) production of protective coatings and/or decorative
coatings on diverse substrafégii) production of alloys having
compositions difficult to attain through other production meth-
ods!® and (iii) the synthesis of tailor-made nanoparticfes,
having ad-hoc properties and dimensions. Copper has becom
the metal of choice for interconnects, replacing alumirfdm,
because of the performance of integrated circuits, reliability
improvement, electromigration, resistance of interconnects, an
reduction of interconnect delay tini¢2! At present, copper is
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Electrodeposition of copper (Cu) involves length scales of a micrometer or even less. Several theoretical
techniques such as continuum Monte Carlo, kinetic Monte Carlo (KMC), and molecular dynamics have been
used for simulating this problem. However the multiphenomena characteristics of the problem pose a challenge
for an efficient simulation algorithm. Traditional KMC methods are slow, especially when modeling surface
diffusion with large number of particles and frequent particle jumps. Parameter estimation involving thousands
of KMC runs is very time-consuming. Thus a less time-consuming and novel multistep continuum Monte
Carlo simulation is carried out to evaluate the step wise free energy change in the process of electrochemical
copper deposition. The procedure involves separate Monte Carlo codes employing different random number
criterion (using hydrated radii, bare radii, hydration number of the species, redox potentials, etc.) to obtain
the number of species (CuQir CuSQ or Cu as the case may be) and in turn the free energy. The effect of
concentration of electrolyte, influence of electric field and presence of chloride ions on the free energy change
for the processes is studied. The rate determining step for the process of electrodeposition of copper from
CuCh and CuSQis also determined.

used as an interconnect material due to its high electrical
conductivity and higher electromigration. In general, copper is
deposited by an electroplating process, due to the competence
in depositing several hundred micrometer thick metal lagers.

In comparison to other physical deposition proce¥sésuch

as sputtering, E-beam evaporation, and chemical vapor deposi-
tion, the electroplating process is cheaper and faster and requires
lower temperatures. It is a known fact that the copper deposits
obtained at high current densities and overpotentials are
technologically importart® Copper deposits with open and
porous structures obtained at high current densities are used as

interface is important in the field of metal

electrodes in electrochemical devige¥ such as fuel cells,
batteries, and chemical sensors, whereas those of high surface
area are appropriate for evaluating electrochemical reactions
such as nitrate ion reductidhand for the reaction in which
nitrate is reduced to ammonia (high yield) in the presence of
aqueous acidic perchlorate and sulfate métlias the dimen-
sions of copper structures continue to scale down into the
nanometer range, the initial stage of copper electroformation,
i.e., nucleation, becomes increasingly import&ritlucleation

can be regarded as a critical stage of growth for definition of

the final film properties. Copper nucleation mechanisms have
hbeen investigated on substrates such as vitreous c&tbn,
sputtered TiNE® and coppe?? from solutions containing sul-
fates30 pyrophosphaté? and fluoroboraté? In addition, it was
found that the type of nucleation mechanism is highly dependent
on the solution pH and the presence of a supporting electr®lyte.
;Iectrodeposition processes of copper involve electrochemical
reactions and diffusion at different time scalé€opper ion is
transported by convection, bulk diffusion, and migration to the
gsubstrate and then deposited on the substrate through electro-
chemical reactions. Several theoretical techniques such as
continuum Monte Carlé%-37 kinetic Monte Carlé84> (KMC),
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Stepwise electron transfer
—._ from plane to Cu?* and Cu
/ ge-\) atom formation

Copper adsorption on
kink and edge site of
the electrode surface

Copper adsorption
on plane site of the
electrode surface

Transport of hydrated CuS04 or CuCI2
from bulk to plane site electrode surface
involving stepwise dehydration
Figure 1. lllustrative representation of the processes involved in the electrochemical deposition of copper on the electrode surface. Blue circles
represent the water molecules, hydrated orange circles represent theo€@0QB5Q molecules (as the case may be), orange circles denote the Cu
atoms and the yellow bars indicate the metal electrode surface.

model describes the diffusion, migration, and homogeneous

chemical reactions in the bulk electrolyte coupled with phe- E {

nomenological expressions that take into account transport and E

electrochemical reactions on the metal/electrolyte interface. m C X
In this article, a methodology is proposed for the estimation T

of free energy changes involved in the various steps of copper . ’ ' R

deposition via multistep Monte Carlo simulation. First step is g y

the calculation of the free energy change involved in the . . ’ E

dehydration of a hydrated molecule (Cy®@r CuSQ) while

being transported to the metal/electrolyte interface from bulk . ’ '

of the solution. Here the hydrated molecule is considered as an WA2 »(d, =1/2)

entity and the molecular radii are written as a sum of the cationic % total

and anionic radii based on the hard sphere model. The second "

; : R ; Figure 2. Actual displacement of hydrated Cu@F CuSQ. Red circle
step involves the stepwise electron-transfer process leading to.n dicates the water molecules surrounding the GoECUSQ (depicted

Cu atom and subseqpent ads_orption of Cu on th? plane site ijas green circle); black arrow denotes the direction of movement of the
the electrode. The thlr-d step is the .surface diffusion of the Cu hydrated molecule and being the displacement made by the molecule
atoms from plane to kink to edge sites of the electrode. All of in each step.

the steps are interconnected by separate continuum Monte Carlo

codes that generate random numbers by employing appropriateby the molecules will be half the length of the cultl.f =

criterion. I/2). The simulation was performed for appropriate densities
(g/cn?) of the copper solution. For simplicity, the electrode is
2. Methodology assumed to be a smooth copper surface devoid of any anisotropy.

. . L 2.2. Input Parameters.(a) Hydration Number at a Chosen
The present simulation methodology requires input parametersConcentration, Nh The hydration number at a particular

such as (i) the molecular radii of CuGdr CuSQ (assumed as . _ A g
hard spheres), obtained as the sum of cationic and anionic radii,concentratlon IS denoted. ali. For any lonic palrMWXV., n
(ii) the radius of water molecules, and (iii) the standard redox vv_atqr,Nht < Nh., Nh, being the hydration number at infinite
potentials of the reactions (a) &u+ e < Cu™ and (b) Cu + dilution. Hence
e < Cu. Using the first two parameters, the hydration number .
of the molecules at infinite dilution and, subsequently, the Nh, = Nh, — ANRyq @)
hydration number at a chosen concentration by incorporating
the random distribution of species are formulated. Figure 1 WhereANhe indicates the total change in hydration number
depicts the visualization of the processes involved in the Of the ionic pair between infinite dilution and a chosen
electrochemical deposition of copper. concentratiot! _

2.1. Simulation Details.The simulation was carried out in (i) Total Change in the Hydration Numbe&Nhota. ANhotal
the NTP ensemble and the system (consisting of hydrated,CuCl depends upon (i) the dimensions of solvent (water) molecules,
or CuSQ assumed as hard spheres) was placed in a cubic boxZs (il) the mean nearest neighbor distance between two hydrated
of lengthl (A; cf. Figure 2). Boundary conditions are (i) |on_|c_p<'_;urs,_mD_and (i) the_magnltude of the_hydratlon n_umber
= Giotan-1) — Xn, WhereX, is the distance the molecule moved at infinite dllutlon.Athm is directly pr.oportlon-al tads (since
in each stepghota is the total distance the molecule has to the extent of des_olvatlon increases Wlt the size of the solvent
travel from the bulk to the interface, andoaip-1y is the molecules) and inversely proportional fil(when [fl— o,
remaining distance the molecule has to travel to reach the More solvent molecules will surround an ionic pair and hence
interface after each step displacement; rere 1 o Ninar; (ii) the number of solvent molecules §hed by an ionic pair

¥WoR+1,R being the bare molecular radii amﬁyd is the decreases). Consequerfththe expressions obtained are
hydrated radii of the molecule at the nth step of its movement;
were employed and the cube was confined (rigidly fixed) along ANR,, = Nh.dg )
the z axis. The molecules were initially placed at the center of ol [
the cube and allowed to move in the direction of the electrode,
in the present case along thexis. The distanced{y,) traveled Hence
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A where R and Rexcessdenotes the bare crystallographic radius
Nh, = Nh, -4 3) and the excess radius gained by the species on account of
hydration respectivelyRexcessmay be written as

REXCESSZ yrS (10)

andy is the dimensionless factor that depends on the hydration
number ofv;M#"v_XZ~ at infinite dilution (Nh.) as well as that
at a chosen concentratioNlf,). It can be representetas the
ratio between the hydration number at a chosen concentration

In eq 3, wheri3— oo (limit of infinite dilution) the ratiody/]
becomes negligible arldh; ~ Nh... To obtainNh, the estimates
of Nh, and Cneed to be evaluated.

(i) Hydration Number at Infinite Dilution, Nh . The
hydration number of an ion at infinite dilution is written>as

Nh, = Vion ) (Nhy) and the total change in hydration numbANhota). Thus
Vwater
__Nh
where Vion and Vyater denote the volume of the bare ion and 7= AN (11)
that of water molecules. In the present case, the ionic pair
(CW?*Cl?7) is considered as an entity, its hydration number at Hence
infinite dilution may be represented>®as
Nh
(V+Z+r+3 + V727r73) Roccess™ s ANh[otal (12)
Nh, = 3 ®)
s and the hydrated radius of the ionic paiM?v_X?~ is written
as
wherer, andr_ represent the bare crystallographic radii of the
ionic species C# and CI (or SQZ~ as the case may be), g Nh,
andv_ being the stoichiometric number of &uand CI (or RV = R+ fsm (13)
otal

SO as the case may be), whilg is the radius of water
molecules, whereas. andz- denote the charge on the cation
and anion, respectively.

2.3. Mean Nearest Neighbor Distanceill The explicit
equation reported by Fritsch et¥lfor [ilin the case of hard
spheres is given by

Equation 13 can now be employed to obtain the hydrated radius
of v+ M#Tv_X# at a chosen concentration.

The justification of the postulated expressionsNibk in terms
of ANhgta andNh, andRYd in terms ofNhe, ANhgtay, s, and
R is demonstrated elsewhé&tdy employing to determine the
hydration number at a particular concentration and hydrated radii

mC= (1)1/3 exp()[I'(4/3)— b] (6) for alkali metal halides, alkaline-earth metal halides, lanthanum
4, and actinium metal halides, and most inner transition metal
halides.
where
3. Generation of Random Numbers and the Criterion
o (—1)%™4R) Employed
b WZO mi(m+ 4/3) ™ In order to obtain the number of Cu@r CuSQ molecules
that reach the electrode surface, the central molecules are
and the dimensionless densifyis defined as allowed to move in steps (Figure 1). Random numbers are
generated for estimating the number of molecules that have
4scd, 3 reacheq the subsequent steps. To generate random numbers
n= TESOI (8) pertaining to each step, the parameters such as hydration number

of v:M#v_Xz (Nhyy), the hydrated radiusR") and the
corresponding decrease in the hydration number due to move-
ment of the moleculeANh,) need to be evaluated. Since the
surface of the cube is confined

c is taken as the concentration of the ionic pair ¥QTix2~ or
CwtSO27) in molecules/& andT'(4/3) denotes the Gamma
function, dyesol beINg the bare crystallographic diameter of the

species under consideration. The evaluation of the mean nearest Aotaiy = Sotaip-1) ~ %o (15)

neighbor distance plays a crucial role in several physiochemical

processes like hopping conducti®electron-transfer reactiofi$, RVW=RY AR +1 (16)
ur

random walk phenomendf etc., where the distribution of the

species in the dimensionality of interest is important. Since the |\ hare thotair_1) and dhoaiy denote the distance covered by

present case of copper electrodeposition involves electron iy z+,~yz at (h — 1)th andnth steps respectively (at= 1

oo oo et motogny s Gt~ do, e ropresent h el dplaceren
‘ - =mploying €q of the molecule in theth step andR?? is the hydrated radius

in eq 1, the hydration n_umber of any species at a chosen of those molecules that reach the surface of the cube (or) the
cogcfn:aélon (zjarFL bg__ea}glyl\j;ialu;a(tﬁd._rh hvdrated radi electrode surface (cf. Scheme 1). Once the molecules reach the
q ydrated Radii of v M= v_X*". The hydrated radius o044 surface, they get reduced in a stepwise manner (two
Rh)., IS alvxays greater than the bare radifige(o) of any ionic electron-transfer reactions ((a) €u+ e < Cu™ and (b) Cd
pain M#v-_X*". Hence + e < Cu)). Even on the electrode surface the molecules will
vd be slightly hydrated and the water molecules are totally shed
R = R+ Reycess 9) after the electron transfer and chemisorption of Cu atoms. The
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SCHEME 1: Procedure Employed in the Simulation Technique

Hydration number at infinite dilution (NA_) |

v

Hydration number at a particular concentration (VA, )

!

Hydrated radius (R”?) at a particular Concentration

cen

'

Decrease in hydration number in each step A(NA,) movement

v

Hydration number at each step (N, )

(i) Use N, as N,

initial

Corresponding hydrated radius (R*")

(11) dlotal(n) = dtotal(n—l) - Xn

| Generate random number for »,,,,, molecules |
n=1ton il l
hvd .
(i) R, = R, +1(R;being | Molecules moved to next step (NV,,) ‘

the bare molecular radii)

A4
| Thermodynamic force for each step (F),) |

F,x, where x, is the displacement in each step

| Work done for each step (W) |

v
Repeat the process till molecules reach the surface of the box(OHP) and R”? = R®? ~ R +1

x 0
Y vl Generate random number for the energy criterion - " EcuZ*/Cu/ and get the
z an - AGdehyd RT
n=l1

nFE°

number of Cu®" that reduce to Cu” and the criterion _"E.+/c, /. to get Cu’

that reduce to Cu atom on the plane surface

l AG;, is obtained as the sum of the free energy change involved in the
stepwise electron transfer.

Step wise electron transfer occurs v

and free energy of activation, | Surface diffusion of the Cu atom from plane to kink to edge sites |

AGZre = AGH + AG?, where +

criterion used to obtain the number of Cu atoms that surface diffuse will

AG; is the free energy change . . . ;
ot gy g be —Iy » and obtain the free energy involved in the process, AGZ/

involved in the electron transfer

from hvdrated electrode. | AG T _AG ﬂsgzan FAG +AGY
random number criterion for the electron-transfer processes areand (18) will get reduced and Cu atoms will be formed on the
as follows: plane sites of the electrode. The free energy change involved
in this process along with the dehydration energy leads to the
ir > — nFE(C)uH,CuJRT a7 free energy of activation for copper deposition on plane site of

the electrode surfacy\GPa"® . Thus

ir > — nFE2,,,o/RT (18)
AGiveion= AGfchyat AGg (19)

Here,ir is the random number ari}. ;.. andE2 . ., denote

the standard reduction potential of the?CACut and Cu/Cu where AGﬁfﬁy“'d and AG;, represent the free energy change

reduction reactions. Those molecules that satisfy conditions (17)involved in the process of transport of the molecules from bulk
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(center of the cube) to the electrode surface via stepwise

dehydration and the free energy change for the two, one ANh, = ANh[maKnl)(
electron-transfer processes respectively. After the formation of

copper atoms on the plane sites, the water molecules surrounding v
the CuC} or CuSQ are completely shed and the bare Cu atoms At N = 1, ANhotaip-1) = ANRor. Analogously Nh, andR)]
start surface diffusion to kink sites and edges of the electrode @0 be written as

surface. To account for the number of copper atoms that surface

LD(,H) +r

S

(23)

dtotal(n— 1)

diffuse to kink sites and edges, the criterion= — R/R2 is Nh, =Nh,_, — AN, (24)
employed. HerdR, and Rﬂl‘ﬁ’ being the radius of copper atom in

vacuum and the hydrated radius of Cu@r CuSQ) molecules and

when they reached the electrode surface from the center of the

cube, respectively. The free energy involved in the surface vd rsthn

diffusion is represented aSGg[ﬁ and the total free energy of m =R+ ANh, (25)

activation involved in the copper deposition at plane, kink and

edges of the electrode surface is Although egs 13 and 25 involve the estimation of hydrated radii

otal  _ x ~plane s diff for the species Cuglor CuSQ at (i) a chosen concentration
AG;ctvation= AGxqctivation T AGer + AGg, (20) and (ii) each movement respectively, they are not identical, since
eq 13 deals with the total change in the hydration number
3.1. Hydration Number and Hydrated Radius at Each (ANhow) Whereas eq 25 is derived for the evaluation of
Movement of the Molecule. The variation in the hydration  discretised parameteAlNh,). Using the above estimatesf,
number of the ionic paiv;M?"v_X?~ during each movement  gnq Fé;yd from eqs 24 and 25, the random numbers can be
(ANHh), the hydration number and the hydrated radius in each generated for each step. Thus the number of molecules arriving
step N, andR}*) are required for obtaining the total number  at the surface of the cube and those that subsequently undergo
of CuCkL or CuSQ molecules that reach the electrode surface. electron transfer are obtained.
ANh, depends upon (i) the total change in the hydration number 3.2, Thermodynamic Force and Associated Energiesf
of CuChk or CuSQ between infinite dilution and chosen F,denotes the thermodynamic force apdepresents the actual
concentration at each stepNhotaip-1) = Nh, — Nhe, ,, and displacement of the hydrated electrolyte molecule at the end of
atn = 1, Nh,,_,, = Nh); (i) the distance traveled by the thenth step, thenM, denotes the total work involved in the
hydrated molecule from the center of the cubic box toward the displacement of hydrated electrolyte from the center of the cube
electrode surfacedraip-1)) in each step; and (iii) charges of  to the surface, en route to dehydration. In analogy with the
the ions constituting the ionic pair, concentration of the species, definition of the thermodynamic force for continuum models,

dielectric constant of water. it is appropriate to writé=, a$t
An exact incorporation of all the above factors is a tedious
endeavor; however, a heuristic method of analysis is rendered RT(N(nfl) -N,)
possible by employing the traditional Debykluckel theory T E———y (26)
(TDH) as applicable to the present simulation procedure. It may Nn(R:xl - ngd)

be emphasized that improvements to the TDH have been sought

in several recent studies so as to describe the electrostatic holavhere N, and Ng-1y denote the number obMzfv_Xz

correction terms in a more satisfactory mantiéirhe expression molecules present ath and 6 — 1)th step, respectivelﬁyd

for the classical Debye length is given®y and R being the corresponding hydrated radius &}

equalsRwvd whenn = 1. R denotes the universal gas constant,

e€gksT 12 andT refers to the absolute temperature (298 K here). Further,

(z+2+ 2_2)NBe2 on the bgsis of. consideration§ emerging from Figure 1, the

parametric relation for computing, is given by

(21)

D=

where the dielectric constant of water and permittivity of vacuum
are represented kyandeo, respectivelyNg denotes the number

of molecules in the solution and other symbols have their usual .
significance. In the methodology heig varies at each step '€ dehydration energy of CuCbr CuSQ follows as:

on account of the shedding of the hydration sheath progressively,

x. = 2000 27)

and the expression for the Debye length should reflect this plane Hinal inal
feature. Hence it can be surmised that a discretised Debye length Wiota = AGdenya = Z Wn =~ Z F X (28)
of the form = =
ceokaT 12 Equation 28 provides the free energy change involved in the
o = 0 (22) transport of the hydrated Cugbr CuSQ molecules from the
=D (z+2 + 272)(N(n,1) + Nwate)e2 bulk (center of the cube) to the plane site of electrode surface
via dehydration phenomenon.
is appropriate, where varies from 1 tofinai. In €q 22,Lp(n-1) Copper deposition occurs via two reversible electron-transfer
denotes the Debye length in the £ 1)th step and ah = 1, reactions. First electron transfer involves the reduction ¢fCu

Lows, = Lo. Nin—1) denotes the number of electrolyte molecules to Cu” and the second is the reduction of Cio Cu atoms
in the (W — 1)th step and ah = 1, Ny-1) equals the initial

electrolyte moleculeNjnitia), Nwater being the number of water C¥" +e<cCu’ (29)
molecules. Further, the variation in the hydration number of n

the ionic pair is given as Cu"+e=Cu (30)
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According to the Nernst equation for the electron-transfer
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3.4. Free Energy for the Surface Diffusion of Copper

processes, the potential at which the reaction occurs can beAtoms from Plane to Kink to Edge Sites.The random number

written as®
RT, No

Erxn = E?xn + ﬁ In NReXd (31)

For reactions 29 and 30, eq 31 can be writte?? as

RT, Nce:
Ecwrce = E(()Zu2+/Cu+ + nE In Nog: (32)
_ o RT, Nou:

Ecuricu = Ecuca T nE In Nog (33)

3.3. Free Energy Change Involved in the Electron-
Transfer Process.Equations 32 and 33 provide the electro-

chemical potential involved in the electron-transfer processes.

The terms inside the natural logarithmic function indicates the

number of oxidized and reduced species that are involved in

the reaction.

To obtain the number of Cul that reduces to Cuon the
plane site of the electrode surface, the energy critdaricn —
NFEZ .. ,c/RT is employed. From the number of &uthat
reduces to Ct, the free energy change in each step can be
evaluated as follows:

N ..
0 E initial(1)
Ecwrcw = Ecwrcur T EIN Novarty (34)
where the standard redox poterffaE ;.. = —0.18 V vs

criterion used to obtain the number of Cu atoms that surface
diffuse will beir > —R/R>, whereR andR? represent the
bare crystallographic radius of Cu atoms and the hydrated radius
of the CuC} or CuSQ molecules at the electrode surface. This
radius ratio is chosen as the criterion for random number
generation because, even after the electron-transfer process the
anions and water molecules will surround the Cu atoms to
initiate the reversible reaction. In order to avoid the reversible
reaction, the Cu atoms need to overcome the energy involved
in its radius change and surface diffuse to kink and subsequently
edge sites of the electrode surf&éelhe justification behind

the assumption af is provided in section 4.4. The free energy
involved in the surface diffusion process is obtained by
determining the thermodynamic force that leads to surface
diffusion of Cu atoms. The thermodynamic force is calculated
as follows:

il = -RTN]
whereN2™ denotes the number of Cu atoms that diffuse on the
surface of the electrode. The free energy change associated with
the surface diffusion of copper atoms from plane to kink to
edge sites of the electrode can now be written as

(38)

AGG = Fan(RY — R) (39)
From eq 39, the free energy of surface diffusion can be
determined. Thus the free energy of activation for the copper

deposition process on the plane, kink and edge sites of the

SHE, the average of the potential calculated in each seed ofelectrode surface is now represented as
random number generation yields the total free energy change

involved in the process of electron transfer at the plane site of

S

the electrode surface\G;,; = —nFEce*cut. Niniain) is the
number of CuGl or CuSQ that reaches the plane surface and
Ninaiy is the number of C&f that is reduced to Cuat the
plane site.

Analogously, for the second reduction reaction, the energy

criterion used isr > —nFE2 ,,./RT and the energy equation
is
RT, Ninitai(2)
E =EL, ey T —=1In (35)
cwcu — Eeuicu T HE Ninai)

In eq 35, Ninitiaiz) = Niinaiqay i.€. the number of Cu obtained
from the first electron-transfer reaction aNeha(2) is the total
number of Cu atoms formed from second electron-transfer
reaction. E2 ,,c, = 0.531 V vs SHE® The average of the

potential calculated in each seed of random number generation
yields the total free energy change involved in the process of

AGactivation — AGpIane

activation

+ AGy,+ AGHT

sur (40)

3.5. Influence of the Electric Field. The electron-transfer
process from the metal electrode surface to thé"Gans in
solution is opposed by the presence of the electric field (a vector
guantity) at the interface which is normally directed to the
interface®” Thus the free energy for the reduction ofions
should include the contribution by the external electric field at
the interface. As the Gt ions move toward the interface, it
has to do some electrostatic work to oppose the electric field
present at the interface. If the total potential difference the
species passes SE, for the electronation process, the vital
part of potential difference the species passes will be written as
BAE. Analogously the free energy for this process can be given
asAGer = SFAE. The potential difference

second electron transfer at the plane site of the electrode surfaceand the symmetry factor can be written as

AGzt2 = —nFEcytcu. Thus the total free energy change
involved in the electron-transfer process is given by
AG; = AGy,; + AG, (36)
Thus
AGH "= AGKiy+ AG, @7)

The free energy of activation involved in the process of copper

deposition at the plane site of the electrode surface can be

evaluated from eq 37.

AE = Ecprcw — Ecuricu (41)
d —
g= totéil Xq (42)

total

wheredia is the distance the hydrated molecule should travel

from the center of the cubic box to the interface andbeing

the actual displacement of the molecule in each step. Therefore,
the total free energy of activation for the electrochemical copper
deposition will be

AGpIane

activation

AGtotaI

activation

+ AGE+ AGHT + AG, (43)

sur
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Hence by employing eq 43 and random number criteria foreach a  varation of hydration number with each movement of CuCl,
free energy terms, the free energy of activation for copper 20 ————— 11117
deposition can be easily evaluated and tedious computation such

as KMC techniques, MD simulations are avoided. B . . .

4. Results and Discussion b

The number of water moleculeblate) is fixed as 18 000.

On the other hand, the chosen concentration of the system
dictates the number of molecules of copper chloride or copper
sulfate (Niniiat). FOr a chosen concentration, the number of
electrolyte molecules and the dimension of the cubic box are
estimated by several trial runs of the program by employing
the combinations of the two. The particular combination, which I *
satisfies the boundary conditions represented by eqgs 15 and 16 el ooy
is chosen. Since the simulation methodology consumes only a o 1 2 3 4 5 6
few minutes in the case of 201C seeds, the above procedure Number of steps

can be done easily. The number of electrolyte molecligs, L . .
varies from 1495 to 4178 for Cughnd 1250 to 3322 for \ariation of hydration number in each movement of CuSO,
CuSQ. The Monte Carlo seeds employed are?, 105, 10, L L
and 10 for each electrolyte. The calculations were carried out
using MATLAB version 6.0 on a Pentium IV personal computer.
The estimation of the free energy for the whole process of
electrochemical copper deposition for each concentration con-
sumes about 14 to 24 h (higher the concentration higher the
time) for 1 Monte Carlo seeds after the box sizes have been
fixed. In several trial runs, the results obtained using se®ds
were not significantly different from that for 10Oseeds.
Consequently, seeds higher thar? #@&re not employed.

4.1. Hydration Behavior of the Electrolyte. As discussed
earlier, the first step in the electrochemical copper deposition
process is the transport of the hydrated electrolyte molecule from
bulk to the metal/electrolyte interface. In each step movement T Y
of the hydrated CuGlor CuSQ they shed some of their Number of steps
hydration sheath and accept a new sheath around (configuration o )
change). The number of water molecules shed in each step isFigure 3. Variation of the hydration number of 6.023 10~> molal
determined from the simulation and it was found that as the SOlutions of (2) CuGland (b) CuS@with their each step movement

. . to reach the reaction zone (metal/electrolyte interface).
hydrated molecule reaches the reaction zone it lost almost 99% ( y )

of its hydration sheath back in the solution. As an illustrative the hydrated radius of 6.028 10-5 molality of CuCh and
example Figures 3a and 4a and 3b and 4b explain the variationCcusQ, with the number of movements for all the Monte Carlo
in hydration number and the hydrated radius in each step seeds employed. From Figure 4, panels a and b, it is clear the
movement of 6.023x 10~ molality of CuCh and CuSQ hydrated radius decreases in each step movement of the hydrated
respectively. Figure 3, panels a and b, explains the shedding ofelectrolyte molecule. Although there is a sudden decrease in
water molecules surrounding the electrolyte, when it moves to the hydration number in the last step, the hydrated radius shows
next step. This involves breaking of old hydration sheath and gradual decrease. This is due to the decrease in the influence
subsequent formation of a new one around the electrolyte of the secondary and tertiary hydration effects on the electrolyte
molecule within the next step movement. This process is very molecule near the electrode surface.
fast because of the excess water molecules present in the The dehydration energy can be defined as the free energy
solution. Figure 3a shows that CuCequires 6 steps to reach  required by the hydrated molecule to move from the bulk to
the reaction zone, whereas Figure 3b implies that Gu&@ds the metal/electrolyte interface and is dependent on concentration.
only 4 steps. This could be attributed to the larger size of GUSO The dehydration energy of both hydrated Cu@hd CuSQ
in comparison with CuGl Apart from this, the molecules jump  decreases with increase in concentration. There is a sudden
by shedding a larger number of water molecules in the last stepincrease in the dehydration energy for concentrations 1.9876
due to the electrostatic force at the interface. It is also noticeable x 104 molal and remains almost constant (cf. Figure 5). This
that the hydration numbers converge from 10 t6 4€eds for  anomaly can be explained on the basis of the ion pair formation
both the electrolytes. between the cations and anions of the electrolyte molecule (cf.
As the hydration number of the electrolyte molecules Figure 6). This behavior is common for electrolytes such as
decreases from bulk to the interface, their corresponding NaCl at concentratiof&greater than 0.3 M. Figure 5, panels a
hydrated radius also decreases. The Monte Carlo code obeysind b, indicates the variation of the dehydration energy of €uCl
the criterion given in egs 15 and 16; hence, the molecules stopand CuSQ@ with concentration and the Monte Carlo seeds
moving when they reach the conditiﬁ&ﬂyd =R + 1, whereR, employed. The estimated values of dehydration energies con-
is the bare crystallographic radius of the molecule under verges for the seeds 3A.0%, and 106. From Figures 5 and 6, it
consideration. This condition is imposed on the molecules to is clear that due to ion pair formation, the movement of the
ensure that they do not completely dehydrate before reachinghydrated electrolyte molecule and hence the reorganization of
the interface. Figure 4, panels a and b, shows the variation in hydration is hindered. This hindrance leads to a sudden increase
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Figure 5. Variation of the dehydration energies of (a) Cu@hd (b)
CuSQ with the concentration at different Monte Carlo seeds.

Figure 4. Variation of the hydrated radius of 6.023 10°5 molal
solutions of (a) CuGland (b) CuS@with their each step movement
to reach the reaction zone (metal/electrolyte interface).

in the dehydration energy of both CyGind CuSQ. After a attributed to the following two factors: (i) less number of
threshold concentration of 2.01%710~* molal, the dehydration ~ hydrated electrolyte molecule that reaches the metal/electrolyte
energy remains almost constant for both the electrolyte mol- interface in comparison to the bulk concentration and (ii) the

ecules. small value of the logarithmic ratio of the number of molecules
4.2. Free Energy Involved in the Stepwise Electron  thatreaches the interface to the number that get reduced. Thus,
Transfer from Electrode Surface to the Hydrated Electrolyte the contribution of the free energy for electron-transfer process

Molecule, AGS,. In the present case, electron transfer occurs in to the total free energy of copper deposition-i82.9065 kJ

two steps, first reduction of Gt to Cu™ occurs and second  for both CuC} and CuSQ.

the reduction of Cti to Cu atom takes place. In both the  4.3. Free Energy for Copper Deposition on Plane Site of
processes the reactant species are surrounded by water molthe EIectrode,AGgﬁ',:’j“O”. After the formation of hydrated Cu
ecules. There is an equal probability of the reduced species toatoms on the surface of the electrode, deposition of the Cu atoms
get oxidized and come back to the solution, the whole processon the plane site of the electrode occurs. The total free energy
is reversible’® Hence, the Nernst equation for the estimation involved in the copper deposition on plane site of the electrode
of the equilibrium potential is valid. Employing the Nernst is calculated employing eq 37. Figure 7, panels a and b, depicts
equation, the reduction potential for both the reduction processesthe trend in the values akGyine " with the concentration of

are evaluated. The number of oxidized species that gets reducedhe electrolyte employed and the number of Monte Carlo seeds.
is obtained from the second set of Monte Carlo codes using the The free energies with the concentration of electrolytes and
random number criteriom > —nFEX ,.,./RT (to get number ~ Monte Carlo seeds show identical trends in Figures 5 and 7.
of CW?* that gets reduced to Clandir > —nFE2 ., /RT (to Since AG;ne "is defined as the sum of free energy contri-
get the number of Cuthat reduces to Cu atoms). From these butions from hydration behavior and electron-transfer process.
numbers, the equilibrium potential and hence the free energy The value due to second factor (electron transfer) being constant,

involved in the process of reduction are calculated. The valuesthe values ofAGggir‘]’:”m is totally dominated by the first factor

of AGg andAG; do not change with the concentration of the ~ (hydration behavior). The values &G decreases with
electrolyte or the seed and remains constant as 17.370 andncrease in the concentration of the electrolyte and suddenly

—50.2765 kJ, respectively. This constant behavior can be increase at a value of concentration of 1.9575.0"* molal.
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Figure 6. lllustrative example for the ion pair formation between the hydrated Co®lecules at concentrations higher than 1.957304
molal. Here maroon circles denote the hydrated iBhs and blue circles represent the?Cions. Solid lines are covalent bonds and dotted lines
depict bonds due to ion pair formation.

set of Monte Carlo codes involving the criteria explained in
vith concentration of CuCl, and Monte Carlo seeds section 3.4_ and eq 39_. The hydrated radius pf GICTISQ is
. . . : . . employed in calculating the random numberfor surface
- oo e 10 diffusion of Cu atoms on the electrode surface rather than the
: hydrated radius of Cu atom itself. The rationale behind this
assumption is that the whole process is reversible and the Cu
atoms adsorbed on the electrode surface has equal probability
: to get oxidized to Ct or CLZ™ (into CuCh or CuSQ as the
] ] case may be). Apart from this, the oxidizedQlin the case of
: : CuCl, as electrolyte) results in an intermediate CuCl that slows
down the rate of adsorption of Cu atoms on the electrode surface
and lead to the formation of CuLIThus the random number
generating criterion should take into account the hydrated radius
of the electrolyte species under consideration to explain the
. " 1 ! L L effect of concentration of electrolyte on free energy of surface
es o as 2025 30 diffusion and to account for the implicit inclusion of the possible
concentration of CuCl, in molality*10°* formation of a CuCl intermediate during surface diffusion of
b \ariation of copper deposition on plane site of the electrode Cu atoms while simulating the process. As depicted in Figure
with concentratio of CuSO, and Monte Carlo seeds 8, panels a and b, the free energy for surface diffusion initially
— T 1T increases with increase in the concentration of the electrolyte
e 0] whereas at the threshold concentration of 2.0%7I0~* molal,
o the value ofAGY™ falls suddenly and starts to increase again.

B . 1 . . |1m' . s . . . . diff . -

5 10 10 1P As explained in previous sections this behaviorAds,, with
N : ] variation in concentration of the electrolyte molecule could be
: attributed to ion pair formation. As one anticipates, the values
of AGX™ for CuCh are higher than that of CUSOAGE ™ (CuCh)

sur sur

= 2AG2"(CusQ). The higher values oAGE" for CuCl, are
because of the competitive adsorption between the Cu atoms
_ : and the Cr ions on the electrode surface. The specific
I .. | adsorption of the chloride ions on the electrode surface makes
650 - L IR | 'Z= i the Cu atoms to adsorb on the unoccupied sites of the electrode
Ty T surface. Thus the Cu atoms have to move a lot on the surface
) ) ) ' to find a site to get adsorbed. In the case of CySiice SGF
cocentration of CuSO, in molality*10* ions do not adsorb on the electrode surface, the sites are free
Figure 7. Variation of the free energy for the copper deposition on for the Cu atoms to get adsorbed and hence the valmﬁgﬁ
the plane site of the electrode with concentration of the electrolyte (a) for CuSQ is less than that of Cugl Except the values from

a
variation of free energy of copper deposition on the plane site of the electrode
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CuCk and (b) CuS@ MC seed= 10, theAGS{ﬁ values converge for 20103, 104,
After the threshold concentration of 2.0137 10~* molal, and 10 for both the CuGl and CuSQ.
AG;a"" remains constant. The rationale for this behavior  4.5. Copper Deposition on Plane, Kink, and Edge Sites of

comes from the concept of ion pair formation between the the Electrode Surface AGactvaion As discussed in the earlier
electrolyte molecules with increase in concentration. The ion section, the activation free energy involved in the process of
pairs formed hinder the shedding of water dipoles during the copper deposition on the plane, kink and edge sites of the
movement of the hydrated CuQr CuSQ and thereby leading  electrode surface is determined by eq 40. Figure 9 indicates
to the sudden jump IAG;Z e This leads to the movement  the trend in the values akG*™a"with the concentration of

of the hydrated molecules as a ion paired entity and not as a(a) CuCh and (b) CuSQ@ The values seem to converge for seeds

single hydrated molecule. The values&B) """ converges  greater than 20 From Figure 9, it is clear that, the behavior of

for the MC seeds> 1(%. AGectivation for CuCl, is different from that of CuS@ In the
4.4, Surface Diffusion and the Effect of Chloride lons, case of CuCJ the total process of copper deposition is dictated
AGY™ The hydrated Cu atoms formed on the plane site of the by the surface diffusion, surface diffusion step acts as the rate

electrode surface moves on the surface of the electrode viadetermining step and hence Figure 9a is identical in trend to
diffusion phenomenon. The Cu atoms shed their hydration that of Figure 8a. This is due to higher valuesmﬁgﬂﬁ for
sheath completely once they get chemisorbed on the edge siteaCuCh, because of the competitive adsorption between chloride
of the electrode surface. The free energy involved in the processions and Cu atoms on the electrode surface. Figure 9b indicates
of surface diffusion of the Cu atoms is estimated by another that, the whole process of copper deposition is governed by the
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a variation of free energy of surface diffusion of hydrated Cu atoms from plane a Total free energy for copper deposition on plane, kink and
to kink and egde sites of the electrode with CuCL, concentration and Monte Carlo seeds edge sites of the electrode and its \ariation with
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transport of the hydrated Cu$@nolecules from bulk to the Figure 9. Va_riation of the free energy for the copper depositiqn on
metal/electrolyte interface. In the case of CuSi@ass transport tcrz)en c%ﬁtr;z’ti Okr;n;: tﬁgdelgccj?rglysigisar? ; ttﬂg &f&ioggrlzuégaggs with the
of the hydrated electrolyte molecule acts as the rate determining '

step and hence Figure 9b is identical to Figure 7b. Thus the TABLE 1: Free Energy for Copper Deposition in the

present simulation methodology in addition to evaluating the Presence of Electric Field

free energy of activation for copper deposition also predicts the AGerin kJ at seed= 10°
rate determining step for the process. The valugGfctivation S.no  concentration in molality 10~ CuCh CusO
at seed= 10 shows more o_IeV|at|on whereas other seeds ~ 0.6023 271343 52 4593
converge and hence seeds higher thahal® not employed. 2. 0.90345 27.6903 53.2043
- . . 3. 1.2046 28.0245 53.6191
4.6. Presence of Elgctr!c Fieldln section 3.5, the evaluation " 15057 282521 53.8861
of free energy contribution due to the presence of external s, 1.8069 28.4193 54.0723
electric field was discussed. Equations 41 and 42 are employed 6. 1.8376 28.4339 54.0879
for this purpose. The values &G, evaluated from these 7. 1.8677 28.4479 54.0981
. ! o ' . 8. 1.8978 28.4615 54.1178
equations, increase with increase in the concentration of the o’ 19280 28,4748 541318
electrolyte moleculeAGes (CUCh) < AGgs (CuSQ). Table 1 10. 1.9575 28.4875 54.1460
represents the variation 6fG¢s with the concentration of Cug¢l 11. 1.9876 28.5002 54.1593
and CuSQ. The values oAGg( converges for all Monte Carlo ig g-gg; %g-g%ig gii;ég
seeds and hence thosg values correspondln.g to freedd are 14 20779 58 5365 541978
tabulated. Table 1 implies tha&iGes for CuSQ is nearly twice 15. 21074 28.5478 54.2102
that of CuC}. This can be rationalized on the basis of the 16. 2.4098 28.6511 54.3164
difference in molecular size between Cu@hd CuSQ. From ig gggi’ %g-;ggg 22-2%3
section 4.1, it is clear that CuQ@ue to its larger size takes ) : : :
fewer steps to reach the interface whereas ¢t&es more 4.7. Total Free Energy of Activation for Electrodeposition
steps. Thus the value of the symmetry fagtois more for of Copper, AG22 ... SinceAG%2 . is the sum of contri-

CuSQ and as a result that afGet. butions from the free energies of various processes that lead to
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Figure 10. Variation of the free energy of activation for the
electrodeposition of copper with the concentration of the electrolytes
and the Monte Carlo seeds.

20 25 30

copper deposition on electrode surface, Figures 9a and 10a ar
similar whereas Figures 9b and 10b are identical. It is clear

from eq 43 and Figure 10 thakG%2 . is dominated by
surface diffusion of Cu atoms for CugWwhile mass transport

of hydrated electrolyte molecule dictatesz>@ . for Cu-

activation

SQOq. Thus, step |, the dehydration and movement of hydrated

CuSQ molecules from bulk to metal/electrolyte interface

becomes the rate determining step for electrodeposition of

copper from CuS@solution and step Ill, the surface diffusion

Harinipriya and Subramanian

copper can be computed efficiently. Several parameters such
as the extent of variation of hydration numbers, mean nearest
neighbor distances, discretized “Debye length”, etc. are intro-
duced and expressed parametrically, invoking the validity of
hard sphere assumption in conjunction with intuitive chemical
principles. In contrast, the hitherto-existing Monte Carlo and
molecular dynamic approaches for the estimation of free energy
of activation and related parameters are based on conceptually
solid foundations insofar as they incorporate exact potential
functions, electrostatic effects and time-constants associated with
the process. However, these are computationally tedious. In the
present study, the formalism has been found to be valid for
copper deposition from Cugand CuSQ@solutions and several
subtle features regarding the importance of using these elec-
trolytes on the rate of the reaction are pointed out. However, it
can be reiterated that this formalism is essentially of a
complementary nature to the existing literafdi® on elec-
trodeposition of copper and can easily be extended to investigate
the presence of organic additives in the phenomenon of copper
deposition. While a detailed critique is warranted in order to
obtain a comprehensive perspective, it is noteworthy that an
alternate treatment of electrodeposition of copper based on
hydration behavior of electrolytes is indeed plausible. The
methodology itself is novel and different from other models
reported in the literature. It involves continuum model in solution
via modified Debye length, change in hydrated radii and
hydration number in each point of motion of the molecule,
change in concentration at each poift/dx, whereas other
methodologies are based on Concentrated solution theory, CST.
The present simulation is time independent because, it explains
only the process of initial copper electrodeposition on the edge
site and not the further growth and nucleation, but these two
processes can be simulated with addition of few more steps in
the existing code, which could be a separate work of signifi-
cance. Apart from this the electrode surface is assumed to be
anisotropic and hence no parameters of the metal electrode are
being introduced. This makes the present simulation continuum

én solution and considering the electrode surface only as an

electron source or sink. When the metallic parameters like effect
of anisotropy, porosity of the electrode comes in to picture, this
work will become multi scale in nature. This can be done with
certain significant variation in the present simulation code by
introducing (i) time dependency, (i) connecting the free energy
of activation to the flux via expression involvingc/ox and

thermodynamic force etc as a future improvement in the

methodology.

of hydrated Cu atoms on the surface of electrode becomes the

rds for electrodeposition of copper from CyQlue to competi-
tive chloride ion specific adsorption on the electrode surféce.
The formation of intermediate CuCl affects the rate of elec-
trodeposition of copper from Cugsignificantly. Although this
process of formation of CuCl is not explicitly incorporated in
the simulation codes, the fact is implicitly taken into account
via the assumption of reversible oxidation of Cu atoms to CuCl
and then CuGlon the electrode surface. Thus the free energy
of activation for copper electrodeposition from CuGCises
steeply unlike CuS® As the concentration of Cugincreases
due to adsorption of Cu atoms, Ctoncentration is more in
solution, thereby facilitating the CuCl intermediate formation

6. Conclusions

The step wise free energy involved in the process of
electrochemical copper deposition is estimated employing a
multistep continuum Monte Carlo simulation technique. The
hydrated radii, bare radii, and hydration number of the species
(CuCh or CuSQ or Cu as the case may be), is used to obtain

the number of species via random number generation. The effect

of concentration of the electrolyte, influence of the electric field

and presence of chloride ions on the free energy for the
processes involved in the copper deposition is studied. The
plausible rate determining step for the process of electrodepo-

and lowering the rate tremendously (cf. Figures 9a and 10a). Sition of copper from CuGland CuSQwas determined.

5. Perspectives
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