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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 (CuCl2 or CuSO4 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
CuCl2 and CuSO4 is also determined.

1. Introduction

An electrochemical interface is defined as a phase boundary
between a metal and a liquid.1 The structural dynamics of such
an ubiquitous interface is important in the field of metal
electrodeposition.2 The extensive knowledge of interfacial
dynamics and structure would direct the a priori solution to the
problems existing in the process of electrodeposition.3 Elec-
trodeposition plays a vital role in applications like thin films,4-6

microelectronics,7-9 microelectromechanical systems,10 and
nanofabrication.11-13 Electrodeposition of metals has several
aspects that complement the aforementioned fields such as (i)
control of deposition thickness precisely to nanometer scale,14

(ii) the reversibility of the phenomena for most of the metals,8

and (iii) attaining complex structures like two-dimensional8 (2-
D) and three-dimensional8 (3-D) topographies that are difficult
to achieve via conventional fabrication techniques. Recent works
on electrodeposition primarily focus on copper (Cu) deposition14

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 metals,9,15 (ii) better electromigra-
tion,15 and (iii) cost effectiveness.15 For these persuasive reasons,
more research is done on perfecting Cu electroplating.16 The
copper electrodeposition plays a major role in applications such
as (i) production of protective coatings and/or decorative
coatings on diverse substrates,17 (ii) production of alloys having
compositions difficult to attain through other production meth-
ods,18 and (iii) the synthesis of tailor-made nanoparticles,19

having ad-hoc properties and dimensions. Copper has become
the metal of choice for interconnects, replacing aluminum,20

because of the performance of integrated circuits, reliability
improvement, electromigration, resistance of interconnects, and
reduction of interconnect delay time.19,21 At present, copper is

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 layers.22

In comparison to other physical deposition processes23,24 such
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 important.25 Copper deposits with open and
porous structures obtained at high current densities are used as
electrodes in electrochemical devices25,26 such as fuel cells,
batteries, and chemical sensors, whereas those of high surface
area are appropriate for evaluating electrochemical reactions
such as nitrate ion reduction27 and for the reaction in which
nitrate is reduced to ammonia (high yield) in the presence of
aqueous acidic perchlorate and sulfate media.28 As 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 important.29 Nucleation
can be regarded as a critical stage of growth for definition of
the final film properties. Copper nucleation mechanisms have
been investigated on substrates such as vitreous carbon,30-32

sputtered TiN,33 and copper,34 from solutions containing sul-
fates,30 pyrophosphate,34 and fluoroborate.33 In addition, it was
found that the type of nucleation mechanism is highly dependent
on the solution pH and the presence of a supporting electrolyte.30

Electrodeposition processes of copper involve electrochemical
reactions and diffusion at different time scales.35 Copper ion is
transported by convection, bulk diffusion, and migration to the
substrate and then deposited on the substrate through electro-
chemical reactions. Several theoretical techniques such as
continuum Monte Carlo,36-37 kinetic Monte Carlo38-45 (KMC),
and molecular dynamics46-50 have been used for simulation of
these problems. The current state of the art of a continuum
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model describes the diffusion, migration, and homogeneous
chemical reactions in the bulk electrolyte coupled with phe-
nomenological expressions that take into account transport and
electrochemical reactions on the metal/electrolyte interface.

In this article, a methodology is proposed for the estimation
of free energy changes involved in the various steps of copper
deposition via multistep Monte Carlo simulation. First step is
the calculation of the free energy change involved in the
dehydration of a hydrated molecule (CuCl2 or CuSO4) while
being transported to the metal/electrolyte interface from bulk
of the solution. Here the hydrated molecule is considered as an
entity and the molecular radii are written as a sum of the cationic
and anionic radii based on the hard sphere model. The second
step involves the stepwise electron-transfer process leading to
Cu atom and subsequent adsorption of Cu on the plane site of
the electrode. The third step is the surface diffusion of the Cu
atoms from plane to kink to edge sites of the electrode. All of
the steps are interconnected by separate continuum Monte Carlo
codes that generate random numbers by employing appropriate
criterion.

2. Methodology

The present simulation methodology requires input parameters
such as (i) the molecular radii of CuCl2 or CuSO4 (assumed as
hard spheres), obtained as the sum of cationic and anionic radii,
(ii) the radius of water molecules, and (iii) the standard redox
potentials of the reactions (a) Cu2+ + e T Cu+ and (b) Cu+ +
e T Cu. Using the first two parameters, the hydration number
of the molecules at infinite dilution and, subsequently, the
hydration number at a chosen concentration by incorporating
the random distribution of species are formulated. Figure 1
depicts the visualization of the processes involved in the
electrochemical deposition of copper.

2.1. Simulation Details.The simulation was carried out in
the NTP ensemble and the system (consisting of hydrated CuCl2

or CuSO4 assumed as hard spheres) was placed in a cubic box
of lengthl (Å; cf. Figure 2). Boundary conditions are (i)dtotal(n)

) dtotal(n-1) - Xn, whereXn is the distance the molecule moved
in each step,dtotal(n) is the total distance the molecule has to
travel from the bulk to the interface, anddtotal(n-1) is the
remaining distance the molecule has to travel to reach the
interface after each step displacement; heren ) 1 to nfinal; (ii)
Rn

hyd ) Ri + 1, Ri being the bare molecular radii andRn
hyd is the

hydrated radii of the molecule at the nth step of its movement;
were employed and the cube was confined (rigidly fixed) along
thez axis. The molecules were initially placed at the center of
the cube and allowed to move in the direction of the electrode,
in the present case along thex axis. The distance (dtotal) traveled

by the molecules will be half the length of the cube (dtotal )
l/2). The simulation was performed for appropriate densities
(g/cm3) of the copper solution. For simplicity, the electrode is
assumed to be a smooth copper surface devoid of any anisotropy.

2.2. Input Parameters.(a) Hydration Number at a Chosen
Concentration, Nhc. The hydration number at a particular
concentration is denoted asNhc. For any ionic pairMν+

z+
Xν-

z- in
water,Nhc < Nh∞, Nh∞ being the hydration number at infinite
dilution. Hence

where∆Nhtotal indicates the total change in hydration number
of the ionic pair between infinite dilution and a chosen
concentration.51

(i) Total Change in the Hydration Number,∆Nhtotal. ∆Nhtotal

depends upon (i) the dimensions of solvent (water) molecules,
ds, (ii) the mean nearest neighbor distance between two hydrated
ionic pairs,〈r〉, and (iii) the magnitude of the hydration number
at infinite dilution.∆Nhtotal is directly proportional tods (since
the extent of desolvation increases with the size of the solvent
molecules) and inversely proportional to〈r〉 (when 〈r〉 f ∞,
more solvent molecules will surround an ionic pair and hence
the number of solvent molecules shed by an ionic pair
decreases). Consequently,51 the expressions obtained are

Hence

Figure 1. Illustrative 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 the CuCl2 or CuSO4 molecules (as the case may be), orange circles denote the Cu
atoms and the yellow bars indicate the metal electrode surface.

Figure 2. Actual displacement of hydrated CuCl2 or CuSO4. Red circle
indicates the water molecules surrounding the CuCl2 or CuSO4 (depicted
as green circle); black arrow denotes the direction of movement of the
hydrated molecule andxn being the displacement made by the molecule
in each step.

Nhc ) Nh∞ - ∆Nhtotal (1)

∆Nhtotal )
Nh∞ds

〈r〉
(2)
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In eq 3, when〈r〉 f ∞ (limit of infinite dilution) the ratiods/〈r〉
becomes negligible andNhc ≈ Nh∞. To obtainNhc, the estimates
of Nh∞ and 〈r〉 need to be evaluated.

(ii) Hydration Number at Infinite Dilution, Nh∞ . The
hydration number of an ion at infinite dilution is written as52

whereVion and Vwater denote the volume of the bare ion and
that of water molecules. In the present case, the ionic pair
(Cu2+Cl22-) is considered as an entity, its hydration number at
infinite dilution may be represented as52

wherer+ andr- represent the bare crystallographic radii of the
ionic species Cu2+ and Cl- (or SO4

2- as the case may be),ν+
and ν- being the stoichiometric number of Cu2+ and Cl- (or
SO4

2- as the case may be), whilers is the radius of water
molecules, whereasz+ andz- denote the charge on the cation
and anion, respectively.

2.3. Mean Nearest Neighbor Distance〈r〉. The explicit
equation reported by Fritsch et al.54 for 〈r〉 in the case of hard
spheres is given by

where

and the dimensionless densityη is defined as

c is taken as the concentration of the ionic pair (Cu2+Cl22- or
Cu2+SO4

2-) in molecules/Å3 and Γ(4/3) denotes the Gamma
function,ddesol being the bare crystallographic diameter of the
species under consideration. The evaluation of the mean nearest
neighbor distance plays a crucial role in several physiochemical
processes like hopping conduction53 electron-transfer reactions,54

random walk phenomenon,55 etc., where the distribution of the
species in the dimensionality of interest is important. Since the
present case of copper electrodeposition involves electron
transfer, distribution of species in a confined cubic simulation
box, evaluation of〈r〉 becomes inevitable. Employing eqs 2-8
in eq 1, the hydration number of any species at a chosen
concentration can be easily evaluated.

2.4. Hydrated Radii of ν+Mz+ν-Xz-. The hydrated radius
Rhyd is always greater than the bare radius (Rdesol) of any ionic
pairν +Mz+ν-Xz-. Hence

whereRi and Rexcessdenotes the bare crystallographic radius
and the excess radius gained by the species on account of
hydration respectively.Rexcessmay be written as

andγ is the dimensionless factor that depends on the hydration
number ofν+Mz+ν-Xz- at infinite dilution (Nh∞) as well as that
at a chosen concentration (Nhc). It can be represented51 as the
ratio between the hydration number at a chosen concentration
(Nhc) and the total change in hydration number (∆Nhtotal). Thus

Hence

and the hydrated radius of the ionic pairν+Mz+ν-Xz- is written
as

Equation 13 can now be employed to obtain the hydrated radius
of ν+ Mz+ν-Xz- at a chosen concentration.

The justification of the postulated expressions forNhc in terms
of ∆Nhtotal andNh∞ andRhyd in terms ofNhc, ∆Nhtotal, rs, and
Ri is demonstrated elsewhere51 by employing to determine the
hydration number at a particular concentration and hydrated radii
for alkali metal halides, alkaline-earth metal halides, lanthanum
and actinium metal halides, and most inner transition metal
halides.

3. Generation of Random Numbers and the Criterion
Employed

In order to obtain the number of CuCl2 or CuSO4 molecules
that reach the electrode surface, the central molecules are
allowed to move in steps (Figure 1). Random numbers are
generated for estimating the number of molecules that have
reached the subsequent steps. To generate random numbers
pertaining to each step, the parameters such as hydration number
of ν+Mz+ν-Xz- (Nhcn), the hydrated radius (Rn

hyd) and the
corresponding decrease in the hydration number due to move-
ment of the molecule (∆Nhn) need to be evaluated. Since the
surface of the cube is confined

where dtotal(n-1) and dtotal(n) denote the distance covered by
ν+Mz+ν-Xz- at (n - 1)th andnth steps respectively (atn ) 1,
dtotal(n-1) ) dtotal), while xn represents the actual displacement
of the molecule in thenth step andRsur

hyd is the hydrated radius
of those molecules that reach the surface of the cube (or) the
electrode surface (cf. Scheme 1). Once the molecules reach the
electrode surface, they get reduced in a stepwise manner (two
electron-transfer reactions ((a) Cu2+ + e T Cu+ and (b) Cu+

+ e T Cu)). Even on the electrode surface the molecules will
be slightly hydrated and the water molecules are totally shed
after the electron transfer and chemisorption of Cu atoms. The

Nhc ) Nh∞(1 -
ds

〈r〉) (3)

Nh∞ )
Vion

Vwater
(4)

Nh∞ )
(ν+z+r+

3 + ν-z-r-
3)

rs
3

(5)

〈r〉 ) ( 3
4πc)1/3

exp(η)[Γ(4/3) - b] (6)

b ) ∑
m)0

∞ (-1)nη(m+4/3)

m!(m + 4/3)
(7)

η )
4πcddesol

3

3
(8)

Rhyd ) Ri + Rexcess (9)

Rexcess) γrs (10)

γ )
Nhc

∆Nhtotal
(11)

Rexcess) rs

Nhc

∆Nhtotal
(12)

Rhyd ) Ri + rs

Nhc

∆Nhtotal
(13)

dtotal(n) ) dtotal(n-1) - xn (15)

Rn
hyd ) Rsur

hyd ≈ Ri + 1 (16)
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random number criterion for the electron-transfer processes are
as follows:

Here,ir is the random number andECu2+/Cu+
0 andECu+/Cu

0 denote
the standard reduction potential of the Cu2+/Cu+ and Cu+/Cu
reduction reactions. Those molecules that satisfy conditions (17)

and (18) will get reduced and Cu atoms will be formed on the
plane sites of the electrode. The free energy change involved
in this process along with the dehydration energy leads to the
free energy of activation for copper deposition on plane site of
the electrode surface,∆Gactivation

plane . Thus

where ∆Gdehyd
plane and ∆Get

s represent the free energy change
involved in the process of transport of the molecules from bulk

SCHEME 1: Procedure Employed in the Simulation Technique

ir g - nFECu2+/Cu+
0 /RT (17)

ir g - nFECu+/Cu
0 /RT (18)

∆Gactivation
plane ) ∆Gdehyd

plane + ∆Get
s (19)
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(center of the cube) to the electrode surface via stepwise
dehydration and the free energy change for the two, one
electron-transfer processes respectively. After the formation of
copper atoms on the plane sites, the water molecules surrounding
the CuCl2 or CuSO4 are completely shed and the bare Cu atoms
start surface diffusion to kink sites and edges of the electrode
surface. To account for the number of copper atoms that surface
diffuse to kink sites and edges, the criterionir g - Ri/Rsur

hyd is
employed. HereRi andRsur

hyd being the radius of copper atom in
vacuum and the hydrated radius of CuCl2 (or CuSO4) molecules
when they reached the electrode surface from the center of the
cube, respectively. The free energy involved in the surface
diffusion is represented as∆Gsur

diff and the total free energy of
activation involved in the copper deposition at plane, kink and
edges of the electrode surface is

3.1. Hydration Number and Hydrated Radius at Each
Movement of the Molecule.The variation in the hydration
number of the ionic pairν+Mz+ν-Xz- during each movement
(∆Nhn), the hydration number and the hydrated radius in each
step (Nhcn andRn

hyd) are required for obtaining the total number
of CuCl2 or CuSO4 molecules that reach the electrode surface.
∆Nhn depends upon (i) the total change in the hydration number
of CuCl2 or CuSO4 between infinite dilution and chosen
concentration at each step (∆Nhtotal(n-1) ) Nh∞ - Nhc(n-1) and
at n ) 1, Nhc(n-1) ) Nhc); (ii) the distance traveled by the
hydrated molecule from the center of the cubic box toward the
electrode surface (dtotal(n-1)) in each step; and (iii) charges of
the ions constituting the ionic pair, concentration of the species,
dielectric constant of water.

An exact incorporation of all the above factors is a tedious
endeavor; however, a heuristic method of analysis is rendered
possible by employing the traditional Debye-Huckel theory
(TDH) as applicable to the present simulation procedure. It may
be emphasized that improvements to the TDH have been sought
in several recent studies so as to describe the electrostatic hole
correction terms in a more satisfactory manner.53 The expression
for the classical Debye length is given by54

where the dielectric constant of water and permittivity of vacuum
are represented byε andε0, respectively.NB denotes the number
of molecules in the solution and other symbols have their usual
significance. In the methodology here,NB varies at each step
on account of the shedding of the hydration sheath progressively,
and the expression for the Debye length should reflect this
feature. Hence it can be surmised that a discretised Debye length
of the form

is appropriate, wheren varies from 1 tonfinal. In eq 22,LD(n-1)

denotes the Debye length in the (n - 1)th step and atn ) 1,
LD(n-1) ) LD. N(n-1) denotes the number of electrolyte molecules
in the (n - 1)th step and atn ) 1, N(n-1) equals the initial
electrolyte molecules (Ninitial), Nwaterbeing the number of water
molecules. Further, the variation in the hydration number of
the ionic pair is given as

At n ) 1, ∆Nhtotal(n-1) ) ∆Nhtotal. Analogously,Nhcn andRn
hyd

can be written as

and

Although eqs 13 and 25 involve the estimation of hydrated radii
for the species CuCl2 or CuSO4 at (i) a chosen concentration
and (ii) each movement respectively, they are not identical, since
eq 13 deals with the total change in the hydration number
(∆Nhtotal) whereas eq 25 is derived for the evaluation of
discretised parameter (∆Nhn). Using the above estimates ofNhcn

and Rn
hyd from eqs 24 and 25, the random numbers can be

generated for each step. Thus the number of molecules arriving
at the surface of the cube and those that subsequently undergo
electron transfer are obtained.

3.2. Thermodynamic Force and Associated Energies.If
Fn denotes the thermodynamic force andxn represents the actual
displacement of the hydrated electrolyte molecule at the end of
the nth step, thenWtotal denotes the total work involved in the
displacement of hydrated electrolyte from the center of the cube
to the surface, en route to dehydration. In analogy with the
definition of the thermodynamic force for continuum models,
it is appropriate to writeFn as56

where Nn and N(n-1) denote the number ofν+Mz+ν-Xz-

molecules present atnth and (n - 1)th step, respectively,Rn
hyd

and Rn-1
hyd being the corresponding hydrated radius andRn-1

hyd

equalsRhyd whenn ) 1. R denotes the universal gas constant,
andT refers to the absolute temperature (298 K here). Further,
on the basis of considerations emerging from Figure 1, the
parametric relation for computingxn is given by

The dehydration energy of CuCl2 or CuSO4 follows as:

Equation 28 provides the free energy change involved in the
transport of the hydrated CuCl2 or CuSO4 molecules from the
bulk (center of the cube) to the plane site of electrode surface
via dehydration phenomenon.

Copper deposition occurs via two reversible electron-transfer
reactions. First electron transfer involves the reduction of Cu2+

to Cu+ and the second is the reduction of Cu+ to Cu atoms

∆Gactivation
total ) ∆Gactivation

plane + ∆Get
s + ∆Gsur

diff (20)

LD ) ( εε0kBT

(z+
2 + z-

2)NBe2)1/2

(21)

LD(n-1)
) ( εε0kBT

(z+
2 + z-

2)(N(n-1) + Nwater)e
2)1/2

(22)

∆Nhn ) ∆Nhtotal(n-1)(LD(n-1) + rs

dtotal(n-1)
) (23)

Nhcn
) Nhc(n-1)

- ∆Nhn (24)

Rn
hyd ) Ri +

rsNhcn

∆Nhn
(25)

Fn )
RT(N(n-1) - Nn)

Nn(Rn-1
hyd - Rn

hyd)
(26)

xn ) 2〈r〉 (27)

Wtotal ) ∆Gdehyd
plane ) ∑

n)1

nfinal

wn ) - ∑
n)1

nfinal

Fnxn (28)

Cu2+ + e T Cu+ (29)

Cu+ + e T Cu (30)
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According to the Nernst equation for the electron-transfer
processes, the potential at which the reaction occurs can be
written as56

For reactions 29 and 30, eq 31 can be written as56

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 Cu2+ that reduces to Cu+ on the
plane site of the electrode surface, the energy criterionir g -
nFECu2+/Cu+

0 /RT is employed. From the number of Cu2+ that
reduces to Cu+, the free energy change in each step can be
evaluated as follows:

where the standard redox potential56 ECu2+/Cu+
0 ) -0.18 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 electron transfer at the plane site of
the electrode surface,∆Get1

s ) -nFECu2+/Cu+. Ninitial(1) is the
number of CuCl2 or CuSO4 that reaches the plane surface and
Nfinal(1) is the number of Cu2+ that is reduced to Cu+ at the
plane site.

Analogously, for the second reduction reaction, the energy
criterion used isir g -nFECu+/Cu

0 /RT and the energy equation
is

In eq 35,Ninitial(2) ) Nfinal(1) i.e. the number of Cu+ obtained
from the first electron-transfer reaction andNfinal(2) is the total
number of Cu atoms formed from second electron-transfer
reaction.ECu+/Cu

0 ) 0.531 V vs SHE.56 The average of the
potential calculated in each seed of random number generation
yields the total free energy change involved in the process of
second electron transfer at the plane site of the electrode surface,
∆Get2

s ) -nFECu+/Cu. Thus the total free energy change
involved in the electron-transfer process is given by

Thus

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.

3.4. Free Energy for the Surface Diffusion of Copper
Atoms from Plane to Kink to Edge Sites.The random number
criterion used to obtain the number of Cu atoms that surface
diffuse will be ir g -Ri/Rsur

hyd, whereRi andRsur
hyd represent the

bare crystallographic radius of Cu atoms and the hydrated radius
of the CuCl2 or CuSO4 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 surface.57 The justification behind
the assumption ofir 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:

whereNsur
diff 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

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
electrode surface is now represented as

3.5. Influence of the Electric Field.The electron-transfer
process from the metal electrode surface to the Cu2+ ions in
solution is opposed by the presence of the electric field (a vector
quantity) at the interface which is normally directed to the
interface.57 Thus the free energy for the reduction of Cu2+ ions
should include the contribution by the external electric field at
the interface. As the Cu2+ 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 is∆E, for the electronation process, the vital
part of potential difference the species passes will be written as
â∆E. Analogously the free energy for this process can be given
as∆Gef ) âF∆E. The potential difference

and the symmetry factor can be written as

wheredtotal is the distance the hydrated molecule should travel
from the center of the cubic box to the interface andxn being
the actual displacement of the molecule in each step. Therefore,
the total free energy of activation for the electrochemical copper
deposition will be

Erxn ) Erxn
0 + RT

nF
ln

NOx

NRe d
(31)

ECu2+/Cu+ ) ECu2+/Cu+
0 + RT

nF
ln

NCu2+

NCu+
(32)

ECu+/Cu ) ECu+/Cu
0 + RT

nF
ln

NCu+

NCu
(33)

ECu2+/Cu+ ) ECu2+/Cu+
0 + RT

nF
ln

Ninitial(1)

Nfinal(1)
(34)

ECu2+/Cu ) ECu+/Cu
0 + RT

nF
ln

Ninitial(2)

Nfinal(2)
(35)

∆Get
s ) ∆Get1

s + ∆Get2
s (36)

∆Gplane
activation) ∆Gdehyd

plane + ∆Get
s (37)

Fsur
diff ) -RTNsur

diff (38)

∆Gsur
diff ) Fsur

diff(Rsur
hyd - Ri) (39)

∆Gactivation) ∆Gactivation
plane + ∆Get

s + ∆Gsur
diff (40)

∆E ) ECu2+/Cu+ - ECu+/Cu (41)

â )
dtotal - xn

dtotal
(42)

∆Gactivation
total ) ∆Gactivation

plane + ∆Get
s + ∆Gsur

diff + ∆Gef (43)
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Hence by employing eq 43 and random number criteria for each
free energy terms, the free energy of activation for copper
deposition can be easily evaluated and tedious computation such
as KMC techniques, MD simulations are avoided.

4. Results and Discussion

The number of water molecules (Nwater) 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 (Ninitial). 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
satisfies the boundary conditions represented by eqs 15 and 16
is chosen. Since the simulation methodology consumes only a
few minutes in the case of 102 MC seeds, the above procedure
can be done easily. The number of electrolyte molecules,Nel

varies from 1495 to 4178 for CuCl2 and 1250 to 3322 for
CuSO4. The Monte Carlo seeds employed are 102, 103, 104,
and 105 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 105 Monte Carlo seeds after the box sizes have been
fixed. In several trial runs, the results obtained using 105 seeds
were not significantly different from that for 104 seeds.
Consequently, seeds higher than 105 were 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
of the hydrated CuCl2 or CuSO4 they shed some of their
hydration sheath and accept a new sheath around (configuration
change). The number of water molecules shed in each step is
determined from the simulation and it was found that as the
hydrated molecule reaches the reaction zone it lost almost 99%
of its hydration sheath back in the solution. As an illustrative
example Figures 3a and 4a and 3b and 4b explain the variation
in hydration number and the hydrated radius in each step
movement of 6.023× 10-5 molality of CuCl2 and CuSO4
respectively. Figure 3, panels a and b, explains the shedding of
water molecules surrounding the electrolyte, when it moves to
next step. This involves breaking of old hydration sheath and
subsequent formation of a new one around the electrolyte
molecule within the next step movement. This process is very
fast because of the excess water molecules present in the
solution. Figure 3a shows that CuCl2 requires 6 steps to reach
the reaction zone, whereas Figure 3b implies that CuSO4 needs
only 4 steps. This could be attributed to the larger size of CuSO4

in comparison with CuCl2. Apart from this, the molecules jump
by shedding a larger number of water molecules in the last step
due to the electrostatic force at the interface. It is also noticeable
that the hydration numbers converge from 10 to 105 seeds for
both the electrolytes.

As the hydration number of the electrolyte molecules
decreases from bulk to the interface, their corresponding
hydrated radius also decreases. The Monte Carlo code obeys
the criterion given in eqs 15 and 16; hence, the molecules stop
moving when they reach the conditionRn

hyd ) Ri + 1, whereRi

is the bare crystallographic radius of the molecule under
consideration. This condition is imposed on the molecules to
ensure that they do not completely dehydrate before reaching
the interface. Figure 4, panels a and b, shows the variation in

the hydrated radius of 6.023× 10-5 molality of CuCl2 and
CuSO4 with the number of movements for all the Monte Carlo
seeds employed. From Figure 4, panels a and b, it is clear the
hydrated radius decreases in each step movement of the hydrated
electrolyte molecule. Although there is a sudden decrease in
the hydration number in the last step, the hydrated radius shows
gradual decrease. This is due to the decrease in the influence
of the secondary and tertiary hydration effects on the electrolyte
molecule near the electrode surface.

The dehydration energy can be defined as the free energy
required by the hydrated molecule to move from the bulk to
the metal/electrolyte interface and is dependent on concentration.
The dehydration energy of both hydrated CuCl2 and CuSO4
decreases with increase in concentration. There is a sudden
increase in the dehydration energy for concentrations 1.9876
× 10-4 molal and remains almost constant (cf. Figure 5). This
anomaly can be explained on the basis of the ion pair formation
between the cations and anions of the electrolyte molecule (cf.
Figure 6). This behavior is common for electrolytes such as
NaCl at concentrations58 greater than 0.3 M. Figure 5, panels a
and b, indicates the variation of the dehydration energy of CuCl2

and CuSO4 with concentration and the Monte Carlo seeds
employed. The estimated values of dehydration energies con-
verges for the seeds 103, 104, and 105. From Figures 5 and 6, it
is clear that due to ion pair formation, the movement of the
hydrated electrolyte molecule and hence the reorganization of
hydration is hindered. This hindrance leads to a sudden increase

Figure 3. Variation of the hydration number of 6.023× 10-5 molal
solutions of (a) CuCl2 and (b) CuSO4 with their each step movement
to reach the reaction zone (metal/electrolyte interface).
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in the dehydration energy of both CuCl2 and CuSO4. After a
threshold concentration of 2.0177× 10-4 molal, the dehydration
energy remains almost constant for both the electrolyte mol-
ecules.

4.2. Free Energy Involved in the Stepwise Electron
Transfer from Electrode Surface to the Hydrated Electrolyte
Molecule,∆Get

s . In the present case, electron transfer occurs in
two steps, first reduction of Cu2+ to Cu+ occurs and second
the reduction of Cu+ to Cu atom takes place. In both the
processes the reactant species are surrounded by water mol-
ecules. There is an equal probability of the reduced species to
get oxidized and come back to the solution, the whole process
is reversible.59 Hence, the Nernst equation for the estimation
of the equilibrium potential is valid. Employing the Nernst
equation, the reduction potential for both the reduction processes
are evaluated. The number of oxidized species that gets reduced
is obtained from the second set of Monte Carlo codes using the
random number criterionir g -nFECu2+/Cu+

0 /RT (to get number
of Cu2+ that gets reduced to Cu+) andir g -nFECu+/Cu

0 /RT (to
get the number of Cu+ that reduces to Cu atoms). From these
numbers, the equilibrium potential and hence the free energy
involved in the process of reduction are calculated. The values
of ∆Get

s1 and∆Get
s2 do not change with the concentration of the

electrolyte or the seed and remains constant as 17.370 and
-50.2765 kJ, respectively. This constant behavior can be

attributed to the following two factors: (i) less number of
hydrated electrolyte molecule that reaches the metal/electrolyte
interface in comparison to the bulk concentration and (ii) the
small value of the logarithmic ratio of the number of molecules
that reaches the interface to the number that get reduced. Thus,
the contribution of the free energy for electron-transfer process
to the total free energy of copper deposition is-32.9065 kJ
for both CuCl2 and CuSO4.

4.3. Free Energy for Copper Deposition on Plane Site of
the Electrode,∆Gplane

activation. After the formation of hydrated Cu
atoms on the surface of the electrode, deposition of the Cu atoms
on the plane site of the electrode occurs. The total free energy
involved in the copper deposition on plane site of the electrode
is calculated employing eq 37. Figure 7, panels a and b, depicts
the trend in the values of∆Gplane

activation with the concentration of
the electrolyte employed and the number of Monte Carlo seeds.

The free energies with the concentration of electrolytes and
Monte Carlo seeds show identical trends in Figures 5 and 7.
Since∆Gplane

activation is defined as the sum of free energy contri-
butions from hydration behavior and electron-transfer process.
The value due to second factor (electron transfer) being constant,
the values of∆Gplane

activation is totally dominated by the first factor
(hydration behavior). The values of∆Gplane

activation decreases with
increase in the concentration of the electrolyte and suddenly
increase at a value of concentration of 1.9575× 10-4 molal.

Figure 4. Variation of the hydrated radius of 6.023× 10-5 molal
solutions of (a) CuCl2 and (b) CuSO4 with their each step movement
to reach the reaction zone (metal/electrolyte interface).

Figure 5. Variation of the dehydration energies of (a) CuCl2 and (b)
CuSO4 with the concentration at different Monte Carlo seeds.
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After the threshold concentration of 2.0177× 10-4 molal,
∆Gplane

activation remains constant. The rationale for this behavior
comes from the concept of ion pair formation between the
electrolyte molecules with increase in concentration. The ion
pairs formed hinder the shedding of water dipoles during the
movement of the hydrated CuCl2 or CuSO4 and thereby leading
to the sudden jump in∆Gplane

activation. This leads to the movement
of the hydrated molecules as a ion paired entity and not as a
single hydrated molecule. The values of∆Gplane

activation converges
for the MC seeds>102.

4.4. Surface Diffusion and the Effect of Chloride Ions,
∆Gsur

diff . The hydrated Cu atoms formed on the plane site of the
electrode surface moves on the surface of the electrode via
diffusion phenomenon. The Cu atoms shed their hydration
sheath completely once they get chemisorbed on the edge site
of the electrode surface. The free energy involved in the process
of surface diffusion of the Cu atoms is estimated by another

set of Monte Carlo codes involving the criteria explained in
section 3.4 and eq 39. The hydrated radius of CuCl2/CuSO4 is
employed in calculating the random numberir for surface
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 Cu+ or Cu2+ (into CuCl2 or CuSO4 as the
case may be). Apart from this, the oxidized Cu+ (in the case of
CuCl2 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 CuCl2. Thus the random number
generating criterion should take into account the hydrated radius
of the electrolyte species under consideration to explain the
effect of concentration of electrolyte on free energy of surface
diffusion and to account for the implicit inclusion of the possible
formation of a CuCl intermediate during surface diffusion of
Cu atoms while simulating the process. As depicted in Figure
8, panels a and b, the free energy for surface diffusion initially
increases with increase in the concentration of the electrolyte
whereas at the threshold concentration of 2.0177× 10-4 molal,
the value of∆Gsur

diff falls suddenly and starts to increase again.
As explained in previous sections this behavior of∆Gsur

diff with
variation in concentration of the electrolyte molecule could be
attributed to ion pair formation. As one anticipates, the values
of ∆Gsur

diff for CuCl2 are higher than that of CuSO4. ∆Gsur
diff(CuCl2)

= 2∆Gsur
diff(CuSO4). The higher values of∆Gsur

diff for CuCl2 are
because of the competitive adsorption between the Cu atoms
and the Cl- ions on the electrode surface. The specific
adsorption of the chloride ions on the electrode surface makes
the Cu atoms to adsorb on the unoccupied sites of the electrode
surface. Thus the Cu atoms have to move a lot on the surface
to find a site to get adsorbed. In the case of CuSO4, since SO42-

ions do not adsorb on the electrode surface, the sites are free
for the Cu atoms to get adsorbed and hence the value of∆Gsur

diff

for CuSO4 is less than that of CuCl2. Except the values from
MC seed) 10, the∆Gsur

diff values converge for 102, 103, 104,
and 105 for both the CuCl2 and CuSO4.

4.5. Copper Deposition on Plane, Kink, and Edge Sites of
the Electrode Surface,∆Gactivation. As discussed in the earlier
section, the activation free energy involved in the process of
copper deposition on the plane, kink and edge sites of the
electrode surface is determined by eq 40. Figure 9 indicates
the trend in the values of∆Gactivation with the concentration of
(a) CuCl2 and (b) CuSO4. The values seem to converge for seeds
greater than 102. From Figure 9, it is clear that, the behavior of
∆Gactivation for CuCl2 is different from that of CuSO4. In the
case of CuCl2, the total process of copper deposition is dictated
by the surface diffusion, surface diffusion step acts as the rate
determining step and hence Figure 9a is identical in trend to
that of Figure 8a. This is due to higher values of∆Gsur

diff for
CuCl2, because of the competitive adsorption between chloride
ions and Cu atoms on the electrode surface. Figure 9b indicates
that, the whole process of copper deposition is governed by the

Figure 6. Illustrative example for the ion pair formation between the hydrated CuCl2 molecules at concentrations higher than 1.9575× 10-4

molal. Here maroon circles denote the hydrated Cl- ions and blue circles represent the Cu2+ ions. Solid lines are covalent bonds and dotted lines
depict bonds due to ion pair formation.

Figure 7. Variation of the free energy for the copper deposition on
the plane site of the electrode with concentration of the electrolyte (a)
CuCl2 and (b) CuSO4.
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transport of the hydrated CuSO4 molecules from bulk to the
metal/electrolyte interface. In the case of CuSO4, mass transport
of the hydrated electrolyte molecule acts as the rate determining
step and hence Figure 9b is identical to Figure 7b. Thus the
present simulation methodology in addition to evaluating the
free energy of activation for copper deposition also predicts the
rate determining step for the process. The value of∆Gactivation

at seed) 10 shows more deviation whereas other seeds
converge and hence seeds higher than 105 are not employed.

4.6. Presence of Electric Field.In section 3.5, the evaluation
of free energy contribution due to the presence of external
electric field was discussed. Equations 41 and 42 are employed
for this purpose. The values of∆Gef, evaluated from these
equations, increase with increase in the concentration of the
electrolyte molecule.∆Gef (CuCl2) < ∆Gef (CuSO4). Table 1
represents the variation of∆Gef with the concentration of CuCl2

and CuSO4. The values of∆Gef converges for all Monte Carlo
seeds and hence those values corresponding to the 105 seed are
tabulated. Table 1 implies that∆Gef for CuSO4 is nearly twice
that of CuCl2. This can be rationalized on the basis of the
difference in molecular size between CuCl2 and CuSO4. From
section 4.1, it is clear that CuSO4 due to its larger size takes
fewer steps to reach the interface whereas CuCl2 takes more
steps. Thus the value of the symmetry factorâ is more for
CuSO4 and as a result that of∆Gef.

4.7. Total Free Energy of Activation for Electrodeposition
of Copper, ∆Gactivation

total . Since∆Gactivation
total is the sum of contri-

butions from the free energies of various processes that lead to

Figure 8. Variation of the free energy involved in the surface diffusion
of hydrated Cu atoms from plane to kink and edge sites of the electrode
surface (a) CuCl2 and (b) CuSO4.

Figure 9. Variation of the free energy for the copper deposition on
the plane, kink, and edge sites of the electrode surface with the
concentration of the electrolytes and the Monte Carlo seeds.

TABLE 1: Free Energy for Copper Deposition in the
Presence of Electric Field

∆Gef in kJ at seed) 105

S. no concentration in molality×10-4 CuCl2 CuSO4

1. 0.6023 27.1343 52.4593
2. 0.90345 27.6903 53.2043
3. 1.2046 28.0245 53.6191
4. 1.5057 28.2521 53.8861
5. 1.8069 28.4193 54.0723
6. 1.8376 28.4339 54.0879
7. 1.8677 28.4479 54.0981
8. 1.8978 28.4615 54.1178
9. 1.9280 28.4748 54.1318

10. 1.9575 28.4875 54.1460
11. 1.9876 28.5002 54.1593
12. 2.0177 28.5126 54.1725
13. 2.0478 28.5247 54.1853
14. 2.0779 28.5365 54.1978
15. 2.1074 28.5478 54.2102
16. 2.4098 28.6511 54.3164
17. 2.7110 28.7353 54.4012
18. 3.0121 28.8058 54.4700
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copper deposition on electrode surface, Figures 9a and 10a are
similar whereas Figures 9b and 10b are identical. It is clear
from eq 43 and Figure 10 that∆Gactivation

total is dominated by
surface diffusion of Cu atoms for CuCl2, while mass transport
of hydrated electrolyte molecule dictates∆Gactivation

total for Cu-
SO4. Thus, step I, the dehydration and movement of hydrated
CuSO4 molecules from bulk to metal/electrolyte interface
becomes the rate determining step for electrodeposition of
copper from CuSO4 solution and step III, the surface diffusion
of hydrated Cu atoms on the surface of electrode becomes the
rds for electrodeposition of copper from CuCl2, due to competi-
tive chloride ion specific adsorption on the electrode surface.60

The formation of intermediate CuCl affects the rate of elec-
trodeposition of copper from CuCl2 significantly. 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 CuCl2 on the electrode surface. Thus the free energy
of activation for copper electrodeposition from CuCl2 rises
steeply unlike CuSO4. As the concentration of CuCl2 increases
due to adsorption of Cu atoms, Cl- concentration is more in
solution, thereby facilitating the CuCl intermediate formation
and lowering the rate tremendously (cf. Figures 9a and 10a).

5. Perspectives

The foregoing analysis has provided a simple framework
whereby the energetics involved in the electrodeposition of

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 CuCl2 and CuSO4 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 literature61,62 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 point,∂c/∂x, 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
in 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, (ii) connecting the free energy
of activation to the flux via expression involving∂c/∂x and
thermodynamic force etc as a future improvement in the
methodology.

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
(CuCl2 or CuSO4 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-
sition of copper from CuCl2 and CuSO4 was determined.
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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.
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