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ABSTRACT

The simulation of electrochemical deposition is developed by using a non-isothermal model.
The model consists of two parts; the first is a continuum part that simulates the transport of
heat and mass and the voltage distributions, and the second is a stochastic noncontinuum part
that simulates the bulk diffusion, surface diffusion, and adsorption of the particles. The finite
element method is used to solve the differential-algebraic governing equations of the
continuum part whereas the Kinetic Monte Carlo method is used to simulate the particle
actions in the non-continuum part. The model is applied to the electrodeposition of Zn in
ZnSO4 additive-free electrolyte. A comparison is made between the experimental and the
simulated results including the surface morphology and the temperature distributions. The
results indicated that the simulation model is very promising to be used for such a complicated
process.
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NOMENCLATURE
Symbol  Description Unit
C concentration mol/l
Ca anion concentration mol/l
Cc cation concentration mol/l
Cp heat capacity J/mol K
Dy bulk solution diffusion coefficient m?/s
Ds surface diffusion coefficient m2/s
E activation energy J/mol
E electrical field V/m
€Za €Zc anion, caion electric charge C
F Faraday constant 96485 C/mol
F FE force vector
F FE system matrix
J Jacobian matrix
K FE stiffness matrix
k thermal conductivity W/m.K
x Metal-specific conductance S/m
I length of a unit cell m
N number of neighbors particles
Q Ohmic heat generation W/m?
R molar gas constant J/mol K
S interface position m
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Symbole Description Unit
T temperature K
t time S
Vel volume of the electrolyte ~ m?®
z FE variables vector
z distance from surface M
Greek symbols
€ dielectric permittivity F/m
0 site occupation probability
A equivalent conductance m2S/mole
v frequency of an action
p density kg/m?®
d applied voltage \
AH heat of formation J/kg

INTRODUCTION

Recent research efforts have found some success in the simulation of electrochemical metal
deposition. Such processes involve heterogeneous and homogeneous reactions that occur
among the species including charges that are moved by diffusion, convection, and migration.
In order to control the quality of the products produced by this technique of deposition,
several parameters must be studied and evaluated to achieve the deposited properties and
growth morphology. In general, the modeling and the simulation of the electrodeposition
process are divided into two different scale phenomena, the macroscopic (continuum)
phenomenon and the microscopic discrete (noncontinuum) one. The continuum phenomenon
involves the mass, fluid, and heat transfer whereas the noncontinuum phenomenon consists of
surface nucleation, metal deposition, and adsorption of metal ions. Different methods were
used to solve the models of the continuum phenomena such as Finite Elements Methods
(FEM), Finite Differences Methods (FDM), and Finite Volumes Methods (FVM). On the
other hand, and depending on the point of modeling view, many stochastic techniques were
used to simulate the noncontinuum phenomenon, however, the most interesting technique is
the Kinetic Monte Carlo (KMC) method (Kalos et al.,1986). Although the continuum and the
noncontinuum models diverge in the length scale, the time scale is different. There is a large
difference between the fast local stochastic events and the slow variations that occur at longer
scales on the field of the transport phenomena. The challenge of simulating coupled dynamic
processes that span wide ranges of time and length scales is of broad interest. Multiscale
methods are now beginning to emerge to provide a systematic and correct connection between
events at different scales. External code linkage has been performed recently in a variety of
applications such as unimolecular surface reaction(Vlachos,1997) and metal film
growth(Hansen et al.,2000) . Different simulations based on MC methods have been
developed to examine the electrodeposition process at the microscopic level. Some of these
works were focused on individual steps of the overall reaction mechanism, rather than on the
overall mechanism that consists of a variety of steps and pathways(Kalos et al., 1986), (Allen,
and Tildesley,1990),( Alkire, and Braatz,2004). Many researchers studied experimentally the
importance of surface diffusion in the electrodeposition process(Mehl, and Bockris,1957),(
Bockris, and Enyo,1962),( Hillson,1954). They supported this importance whereas other
workers(Vitanov et al.,1974),( Ogata et al.,1982),(Hurlen,1993) favored the mechanism of
metal adsorption and incorporation at the kink. Although it was(Slaiman Q. J. M. and W. J.
Lorenz,1974) suggested that surface diffusion plays a role only at very low overpotentials, the
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testing of such a hypothesis requires more investigations and evaluations of the effect of each
parameter that controls the electrodeposion process(Alkire,2003). On the other hand, some of
the experimental works evaluated the effect of temperature on the kinetics parameters of the
electrodeposition process (Jingxian et al.,2003) and the effect of heat dissipated during the
metal deposition on the flow field of the electrolyte (Schroter et al,2002). A code is required
for each scale. External linkage of the multiscale codes is desirable since improvements can
then be made in a component code at one scale without affecting the codes at other scales.
Different algorithms (Ismailet al.,2003),( Gear, and Kevrekidis,2003),( Lopez et al., 2002)
have been performed recently to reduce the computation time of the simulation at each scale.
Recently, a multiscale electrodeposition simulation(Pricer et al. 2002) was carried out using a
three-dimensional (KMC) noncontinuum model linked to a one-dimensional continuum finite
differences diffusion model. The assumption of isothermal stagnant electrolyte was
considered in the work. The electrodeposition of copper in copper sulfate electrolyte was
simulated and compared with the experimental results under constant potential. They focused
their attention on the noncontinuum model and the reactions near the surface rather than the
transport phenomena of the mass and the heat through the electrolyte. The simulation of
electrodeposition onto resistive substrates was done (Tobias, and Wijsman,1953),( AlKire,
1971),( Matlosz et al. 1992) by combining the microscopic MC non continuum model with the
continuum model based on the macroscopic resistance model that considers the current-
voltage distribution as the main key of the model. These models were coupled (Drews et al,
2005) to form the multiscale model used for the simulation of copper electrodeposition. The
resistance model did not consider the governing equations of the fluid mass and heat transfer
associated with the deposition process. Generally, most of the simulation and the
experimental works were concentrated on the electrodeposition of copper in different
electrolyte conditions. However, in the previous works, the simulation of the electrochemical
deposition was carried out based on the assumption of an isothermal process with no variation
in temperature during the deposition, and all the parameters and the properties were taken at a
constant temperature. The novel feature of the present work is a nonisothermal simulation
method for metal electrodeposition. The applicability of the model is evaluated by the
simulation of the deposition of Zinc in an additive-free electrolyte. A nonisothermal
macroscopic model is used to simulate the continuum model. The effect of concentration-
temperature-voltage distributions on stochastic microscopic events is considered. The finite
element method is used to solve the system of the governing equation of the continuum
model. A multiscale generic model is used to link the stochastic MC electrodeposition with
the 2-D FE code. The simulation results are compared with the experimental results to check
the validity of the present model.

MATHEMATICAL MODEL

The simulation of the electrochemical process consisted of two parts namely; the continuum
and the non-continuum parts. The details of the two parts are described as follows:
Continuum part

In order to describe the continuum model that is used in this work, it is essential to describe
the governing equations that control the transport phenomena in the electrochemical
deposition of metal ions in a cell consisting of two electrodes immersed in an electrolytic
solution. The mass and the heat transfer associated with the voltage distribution are described
as follows:

The differential equations that describe the transfer of the cations toward the cathode and the
transfer of anions toward the anode are as follows:
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Mass transfer

oC
ot

@« -_v(-D,VC, +u,EC,+uC,) 1)

a=c,a

where o represents either the subscripts (c) and (a) which denote the cation and the anion
respectively.

The above equation represents the combination of three effects on the concentration of both
ions; which are mass diffusion, electric field, and the flow of the electrolyte, where (u) is the
electrolyte velocity determined via the solution of the Navier-Stoke equation. According to
Fick’s law, (D) is the diffusion coefficient of the cations and the anions, whereas (x) is the
charge mobility of both ions. (E) is the electrical field along the electrolyte related to ions
concentrations via the Poisson equation.

Voltage Distribution
VE=-V’®=-e(zC,-2,C,)/ & (2)

where (@) is the applied potential, (ezc) and (eza) are the cations and anions electric charges
respectively, and (&) is the dielectric permittivity of the electrolyte. The problem of
electrochemical deposition involves considering the heat transfer in a domain consisting of
two distinct subdomains, electrolyte (Qe) and metal (Qm), where (Qe +Qn =Q). The
differential equations governing the heat transfer can be written as follows:

Heat transfer:

P:Ce % =k VT, —uVT, +p,g+Q> inQ (3)
and
PCin % =k, VT +Q: in Om (4)

where the subscripts () and (m) denote the electrolyte and the metal (solid) respectively,
(QS) is the Ohmic heat generated due to the flow of electrical current through both the
electrolyte and the metals of electrodes and the deposited particles.

Qp = @°(c1)/Vyq  and QF =@%(AC 1)V

where (o) is the specific conductance of the metal, (A) is the equivalent conductance of the
electrolyte, (1) is the specific length used here as the length of the unit cell, and (V ¢ ) is the

volume of the electrolyte. The complete description of the heat transfer problem involves the

definition of the conditions at the interface boundary (Z7zm) where the phase change occurs,
are:

Tem :Tf
oT oT, oS
Ky — =k, —E& + p(=AH £ )— on I 5
m o ® an o( f )at em (5)

where (S) represents the position of the interface,
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‘@t the interface velocity, and (Ty) is the temperature at the interface. In this part, the above

continuum model is applied to a thin layer (2D) electrolyte that exists in an electrochemical
cell. In such a case the effect of natural convection on the velocity-pressure fields can be
neglected. Moreover, with the absence of external mixing, it is fearful enough to assume that
the electrolyte is a stagnant liquid. This means that the heat transfer is controlled only by
conduction. The system of the nonlinear partial differential equations and the algebraic
equations (1-5) was solved by the finite element method. The implicit finite difference
method was used to discretize the time derivative in the partial differential equation whereas
Galerkin's method was used to obtain the finite element equations. The discretization scheme
leads to a system of nonlinear algebraic equations described as follows:

F(z)=(C+iatK)z" —(C-1atK)z' -1at(f"*“ - f')=0 ©6)

with a vector (z) contains cation concentrations (C), the temperatures (T) and the
overpotentials (@),

z=(Cq,...,CnT1, ..., TN, D1, ..., DN)T

and a vector function (F) with components

F=(F(Ci),...,F(Cn), F(T1), ..., F(Tn), F(®1), ..., F(®&n)".

The Newton method was used to solve the nonlinear equation (6).

"™ =z"-J(z)F(z2) (7)

The linearized equations were described by the Jacobian matrix (J), which is determined by
numerical differentiation,

(Fi(z+4z;)-F(2))
(J(2)); =
Az
In order to achieve global convergence of solutions, a simple line search strategy is employed
in the Newton method. Initial guesses for the solution can be found from the solution of the

last time step which usually gives good initial guesses as long as the time step size is not
large.

+0(4z;) (8)

Non-continuum part

This part represents the stochastic simulation of electrodeposition of metal which is carried
out by the Kinetic Monte Carlo (KMC) algorithm. The simulation region was represented by a
2-D grid (matrix) where the cathode and the anode are located at the center and at the
boundaries of the region respectively. The ions in the simulation were represented by squares
in the grid and considered pseudo particles moved and deposited in the cell. The simulation
model was carried out with a grid of 960x960 units and about 1.5x10® as a maximum number
of particles. At each time step, each particle can only make one movement. The movements
are a function of the location, the temperature, and the voltage at that location. Three types of
possible movements can be made by the particle; bulk diffusion, surface diffusion, and
adsorption. The algorithm used to simulate the KMC model can be described as follows:
Select randomly a particle site (location, k), and depending on the occupation (6«) different
movements are attempted. If (6=0), only adsorption is attempted while if (6«=1,6) different
movements are proposed; bulk diffusion and surface diffusion, see Figure(1). The rate of each
movement is computed based on the frequency and the probability of the movement. The
frequency (v) for a particle to diffuse from one site to another was proposed based on the

expression (V= ND; / |2 ) (Gomer,1990) whereas the frequency for movement of a
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particle at the metal surface (surface diffusion) was determined according to the expression
(V= NDse"E/kT / 1% (Levi,and Kotrola, 1997). The reaction mechanism, as well as the
adsorption, are modeled in this work by using one-step Arrhenius and Tafel kinetics

(v = Nx,e®'KT=F2/RT /1) (Rikvold et al., 2004)

The Monte Carlo time step (tmc) is selected to be the smallest inverse of the frequencies.
tye = I\/Iin(vl,vz, ....... WV 9)

where (J) is the number of actions for each particle.
At each time step, the particles perform different actions according to the KMC model, and
the configuration of the deposited material is changed.

Simulation procedure

Figure (2) shows the schematic diagram of the procedure used in this work to simulate the
electrodeposition process of Zinc in the additive-free (Zn2S0Os) electrolyte. In every simulated
time step the non-continuum KMC part is executed in order to determine the deposition of the
metal and the change in the surface morphology based on the concentration-temperature-
voltage distributions which were already estimated from the continuum part. This will take
about (4x10%) KMC steps. In this work, it is found that the Monte Carlo time step (twc) was
about 2.6x107 seconds in the real-time of the experimental electrodeposition process. Later
the continuum part was executed for the new configuration of the metal surface and then the
concentration-temperature-voltage distributions were evaluated. The sequence was repeated
for the whole computation time. The code of the simulation program was written with VVB6
for irregular grids of more than (5000) triangular elements shown in Figure (3). The computer
program consists of four parts; the main program and three other subprograms. The
computation procedure of the computer program can be summarized as follows: The main
program, NIECDS, executes the code that starts and controls other subprograms. ContFEM
subprogram runs the code for solving the continuum model using the finite element method to
determine the distributions of the temperature, concentration, and voltage throughout both the
electrolyte and the deposited metal region. The results are sent to the NIECDS program. The
non-Cont KMC subprogram runs the code of stochastic simulation of the noncontinuum
model. Based on the data received from the NIECDS program the surface morphology is
updated during a period of time that is explicitly limited to 0.01 seconds. The results then
return to the NIECDS program. The results data at each time step are stored and plotted using
the PItSav subprogram. ASCII type files are used to save these data whereas the images of the
surface morphology and the distribution of temperature, concentration, and voltage are saved
as image types. Simulation work was run on a PC with a 3.2 GHz Core2Due processor and
2Gbyte RAM.

EXPERIMENTAL WORK.

The validity of the model proposed in this work is checked against the results of an
experimental program performed in this work. The electrodeposition of zinc metal in an
additive-free electrolyte of (0.2N) ZnSO4 was used in this work. The applied voltage used was
between (10-30) volts. Figure (4) shows the electrochemical cell and other accessories which
are used in this work. The cell (10x10cm) is constructed from Perspex and covered with a foil
of polyethylene to minimize the heat lost from the cell. The cathode is made as a thin disc of
1cm diameter and 2mm thickness, whereas the anode is made as a wire of 1mm diameter
supported at the boundaries of the cell. However, the cell is made to satisfy the assumption of
a two-dimension problem. Fifteen type-K thermocouples were inserted at the bottom of the
cell to measure the temperature field. The thermocouples are connected to a data acquisition
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(DAQ) hardware that is supported by compatible software which is used to store the values of
the temperatures during the experiment time. Figure (5) shows the grids of the thermocouples
attached to the bottom of the cell. A digital camera is connected to the computer. It is used to
capture and then transfer the images of the cell during the electrodeposition of the materials.
The capture mode of the camera used in this work is 20 frames per second with a resolution of
3648x2736 pixels for the captured image. A computer program working online is used to
analyze the captured images. It is designed to extract the change in the deposed metal and
then determine the average radius and the rate of deposition during the experiment. For any
experiment, the first captured image is used as a base one and the later images are compared
with it. The difference between the base and any image at a certain time will produce the
amount of metal deposited at that time. This technique is used in the software, image analysis,
which is designed to monitor and capture 20fps images of the propagation of metal deposition
during the experiments. The software which is built with visual basic code is always taking
into account the noise of the image colors by using different colored filters to enhance the
analysis of the image.

RESULTS AND DISCUSSION
The results obtained in the present work will be presented and discussed in this section. The
morphologies created by the simulation models developed in this work are discussed. Figure
(6) shows typical simulated results of the isothermal and non-isothermal models compared
with the experimental results at an applied voltage of (20) Volts. Based on a visual inspection,
there are some differences between both simulated images and the experimental images. First
of all, it is clear that the simulated images indicate that the aggregate of the non-isothermal
simulation is denser than that of the isothermal simulation. Furthermore, the comparison
indicates that the radius of the solid-liquid interface for the non-isothermal simulation is
closer to the experimental deposition compared to the isothermal simulation during the time
of the experiments. Moreover, the isothermal simulation needed more time to accomplish the
same value of the radius. It is also observed that the symmetry of the deposition for the non-
isothermal simulation is better than the symmetry for the isothermal simulation. However, a
quantitative analysis of the images is needed for the evaluation of the simulation of the
electrodeposition process based on both the isothermal and the non-isothermal models. Figure
(7) shows the isotherm of temperature during the experiment’s time for deposition of Zn at an
applied voltage of 20 volts. Due to the shortage of the measured values of temperature, only
the upper half section of the cell is analyzed and plotted. However, as a result of the growing
deposit, the Ohmic heat generated within the solid materials leads to an increase in the
region’s temperature wherever the metal exists. Although heat is generated within the
electrolyte, it is still less than the heat generated within the deposited metal. As a rough
evaluation, the measured temperatures are less than the simulated. The over-estimated values
of temperature may be due to the assumption of insulted upper and lower surfaces of the cell
which is proposed in the present mathematical model. Actually, there is an amount of heat lost
from the surfaces of the cell. These amounts of heat losses increase with time and with the
increase in the applied voltage.  Even so, the differences between the experimental results
and the simulated results are acceptable if it is compared with the complexly of the problem.
The average temperature is now calculated to study how the step-change in temperature
moves with time as a thermal wave.

Alrmax(t)) A(rmax(t))
Ta(t)=  [pcp TdA [pcpaa.

Note that the average temperature is always based on the area of the deposited metal.
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Figure (8) shows the change in average temperature for the deposited zinc with time for
different values of applied voltage. As the deposition of metal proceeds, the density of the
deposited metal through the area of deposition decreases. Even though the average
temperature increases with time. The decrease in the density of the deposited metal means that
the ratio of the amount of the solid materials to the liquid decreases too. The temperatures of
the solid materials are higher than that of the liquid this means that the average temperature in
the region of less density is lower than that of higher density. Therefore, the amount of heat
generated within the area of the deposited metal increases the average temperature of both
metal and electrolyte around the deposited region. As the applied voltage increase from (10V)
to (30V) the average temperature increases from (301K) to (318K) for the first (300) seconds
compared with the simulated values of (302K) and (321K) for at the same period. It is found
that the electrolyte reaches the boiling temperature for long-term deposition under high
applied voltage. Figure. (9) shows the gradual effect of the applied voltage on the rate of
deposition during the time of the experiments. In general, the rate of deposition undergoes a
high fluctuation around an average value that increases with time. This is of course due to the
random nature of the problem. The results also show that the order of magnitude of the rate of
deposition increases with the increase in the applied voltage. With the aid of the expression of
Arrhenius - Tafel kinetics, it is possible to expect how the rate of the deposition is affected by
the change in the value of the applied voltage. As a comparison between the experimental
results of the rate of deposition and the simulated results based on both the isothermal and the
non-isothermal models, it is found that the difference between simulated results are small and
are close to the experimental results except for high applied voltage. At a high value of
applied voltage, the increase in material temperature accelerates the deposition process and
then increases its rate. Figure (10) shows the effect of applied voltage on the average radius of
the deposition area. The average radius is determined as the average sum of the maximum
radius measured relative to the center of the cathode all over the region of the deposited metal

Rav=%zh_ﬂ:Max(Ri(;9)) ....... 9e(0.27).

It is found that the radii predicted by the non-isothermal model are closer to those measured
experimentally, especially at the high value of the applied voltage where the effect of
temperature acts as the controlling factor of the deposition process. This is due to the
sensitivity of the diffusion and the adsorption of particles to the increase in temperature
during the electrodeposition process. The comparison between the simulation prediction and
the experimental results indicates that the isothermal simulation gives an unacceptable
prediction for the average radius of the deposited metal compared with the results of the non-
isothermal simulation. At applied voltage (15V) the nonisothermal simulation predicted an
average radius of about (21mm) at the time (500s) compared with the experimental value of
(22mm) at the same time, whereas the isothermal simulation predicted the average radius as
(18mm) at the same time and applied voltage. However, It is clearly found that the difference
between the nonisothermal and the isothermal simulations increases as both times and the
applied voltage increase.

CONCLUSIONS

In this work, a nonisothermal simulation model is proposed for electrochemical deposition.
The model consists of a continuum part that included the macroscopic behavior of heat-mass
transfer with voltage distribution within the electrochemical cell. In this model, the Ohmic
heat generated within the deposited metal and the electrolyte is taken into account in addition
to the heat of metal formation. The second part of the model includes the microscopic non
continuum stochastic behavior which describes the movement of the molecules such as bulk
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and surface diffusion and the adsorption on the metal surface. The model is applied to the
electrodeposition of Zinc in an additive-free Zn.SQO4 solution. The comparison between the
experimental results and the numerical simulation was done. It is found that the temperature
variations have a significant effect on controlling the electrodeposition process, especially at
the advanced time of the deposition process. The bulk and the surface diffusion and
adsorption action of the particles are affected by temperature. Therefore, the simulation of
such a process will involve errors if it is assumed as an isothermal process. It is also found
that the prediction of metal surface morphology and the extent of the metal-electrolyte
interface is closer to the experimental results when the simulation is based on the
nonisothermal model rather than the isothermal model. Most of the computation time was
spent in the simulation of the non-continuum stochastic part. The effect of temperature on the
adsorption and the diffusion rates controls the movements of the simulated particles and
accelerates the electrodeposition rate in an exponential manner. It is believed that the present
work represents a more realistic simulation model for electrochemical deposition than other
similar models, especially for the metal of high Ohmic resistance.
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Fig. 2. Block diagram of the simulation procedure
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Fig. 3. 2-D grid of the computational continuum domain

~ Laptop Computer
(Measured Temperatures)

Desktop Computer
(On-Line Image Analysis

lectroChemical
Cell

Digital
Multiltmeters

Fig. 4. Experimental setup of measuring system used in this work.
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Fig. 8. Experimental vs. simulated results of deposition rate of Zinc at different value of
applied voltage. (a): experimental vs. isothermal simulations. b) experimental vs. thermal
simulations.
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at different values of applied voltage.
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