This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
SIMULATION

Computer simulation of electrodeposition: hybrid of molecular dynamics

and Monte Carlo

i, 5 Bhase &9 Yutaka Kaneko® Takashi Mikami? Yasuaki Hiwatari’; Katsuhiko Ohara®

2 Department of Applied Analysis and Complex Dynamical Systems, Graduate School of Informatics,
Kyoto University, Kyoto, Japan ® Department of Computational Science, Faculty of Science, Kanazawa
University, Kanazawa, Japan ¢ C. Uyemura & Co., Ltd., Osaka, Japan

To cite this Article Kaneko, Yutaka , Mikami, Takashi , Hiwatari, Yasuaki and Ohara, Katsuhiko(2005) '‘Computer
simulation of electrodeposition: hybrid of molecular dynamics and Monte Carlo', Molecular Simulation, 31: 6, 429 — 433

To link to this Article: DOI: 10.1080/08927020412331332758
URL: http://dx.doi.org/10.1080/08927020412331332758

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020412331332758
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18: 23 14 January 2011

Downl oaded At:

Molecular Simulation, Vol. 31, Nos. 6—7, 15 May — 30 May 2005, 429-433

Taylor & Francis
Taylor & Francis Group

Computer simulation of electrodeposition: hybrid of molecular
dynamics and Monte Carlo

YUTAKA KANEKO7*, TAKASHI MIKAMI{, YASUAKI HIWATARI: and KATSUHIKO OHARAY

FDepartment of Applied Analysis and Complex Dynamical Systems, Graduate School of Informatics, Kyoto University, Kyoto 606-8501, Japan
+Department of Computational Science, Faculty of Science, Kanazawa University, Kanazawa 920-1192, Japan
9C. Uyemura & Co., Ltd., 1-5-1, Deguchi, Hirakata, Osaka 573-0065, Japan

(Received September 2004; in final form October 2004)

In this paper, we propose a hybrid method of molecular dynamics (MD) and Monte Carlo (MC) for the simulation of thin film
growth with electrodeposition. In this method, we simulate the dynamics of particles by the MD method, while the reactions
of the deposition are realized by the MC method. Two reactions are taken into account, that is, adsorption and desorption,
which are treated as changes in the species of the particles. When adsorption occurs, one of the metal ions near the surface
changes to a metal atom. Desorption is the reverse process. We performed the simulation using a simple model for the
solution—electrode interface, consisting of metal atoms, metal ions, anions and solvent particles. The correlation between the

surface structure and the deposition condition is investigated.

Keywords: Molecular dynamics; Monte Carlo; Hybrid simulation; Electrodeposition

1. Introduction

Electrodeposition is a popular technique to plate thin films
onto metal surfaces, which has been used in various fields
of electrochemical engineering [1]. The electrodeposition
consists of the following four steps:

1. Diffusion of solvated metal ions in solution towards an
electrode.

2. Desolvation in the double layer.

Electron transfer reaction (adsorption).

4. Surface diffusion of adatoms and crystallization.

»

Although a lot of advanced experimental techniques,
such as scanning tunneling microscope and atomic force
microscope, have been developed to observed the surface
structure of the film on an atomic length scale, it is not yet
fully understood how the deposition conditions, for
example, how overpotential, solution structures, etc.
influence the resulting film structure.

Molecular dynamics (MD) simulation is a powerful
method to investigate the relationship between the
surface structures and the deposition conditions on

*Corresponding author.

an atomic scale. There are a lot of MD simulations
performed for crystal growth such as vapor deposition,
growth from melts and growth from supersaturated
solutions. These simulations can be performed within the
framework of classical mechanics. However, the
conventional MD method cannot be used for the reactions
of electrodeposition. Monte Carlo (MC) simulation is
also a useful tool to study crystal growth. In most of the
MC studies of crystal growth, solid-on-solid (SOS)
models have been used as a model of vapor deposition and
crystal growth from solution [2,3]. Recently, Kaneko
et al. extended the SOS model to the solid-by-solid (SBS)
model which allows creation of vacancies in the film
[4—6]. In the SBS model, rates of adsorption and
desorption are given as input parameters. These
parameters are related to experimental parameters such
as the overpotential and the exchange current density [4].

In this paper, we propose a new method for the
simulation of crystal growth with electrodeposition, which
is a hybrid of MD and MC methods. In the hybrid method,
the processes that depend on the dynamics of particles, i.e.
steps 1, 2 and 4 listed above, are simulated by the MD
method. Step 3, which depends upon the reactions of
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deposition, is performed by the MC method. The
deposition rate is the same as that used in our MC
simulation of the SBS model. We apply this method to a
simple model of the solution—electrode interface to
study the relationship between the film structure and the
desorption conditions.

In Section 2, we describe the model system of the
solution—electrode interface. The details of the method of
computation are described in Section 3 and the results of
the simulations are shown in Section 4. Summary and
discussion are given in Section 5.

2. Model

We consider a three-dimensional model which consists
of six types of particles as shown in figure 1 [7]. These
particles form the solid—liquid interface, which
represents an electrode in the electrolytic solution.
This model is divided into three parts; the electrode,
the solution and the replenishing layer, which is set to
add metal ions to the solution when the density of
metal ions in the solution becomes low. In the electrode
part, the particles of the bottom layers are substrate
atoms. These atoms are frozen to prevent other
particles from going across the lowest boundary. The
solution consists of three types of particles; metal ions,
anions and solvent particles. In the replenishing layer,
there are replenishing particles and metal ions to
control the concentration of metal ions in solution. We
put a semipermeable filter between the solution and the
replenishing layer. In x- and y-directions, we use the
periodic boundary conditions.

Reduction and oxidation are important processes in
electrode reactions. In our model, we assume two types
of “reactions”, adsorption and desorption, to represent
the above reactions. Adsorption is regarded as a change

O replenishing
O o O | layer

filter

metal atom

substrate © O uti
atom O O solution
metal ion

anion

(Do @0

() solvent atom

(O replenishing particle

Y

Figure 1. Schematic picture of the model.

of a metal ion near the surface to a metal atom.
Desorption is the reverse process, i.e. the change of a
metal atom on the surface to a metal ion. We introduce
the adsorption rate kl and the desorption rate k,, which
depend upon the number of bonds n (the nearest
neighbor metal atoms). We assume the ratio of
the adsorption rate k| and the desorption rate k,
using the formula [2,3]:

kn _ L U
k—z—exp{mk N kBT}, (1)

where n; is the number of bonds at the kink site, ¢ is
the binding energy between the solid atoms and T
is the temperature. w is the chemical potential, which
is regarded as the overpotential in our simulation. We
use pu as the control parameter of the growth. The
relationship between these rate constants and the
experimental parameters is described in our previous
paper [4].

3. Method of computation

3.1 Hybrid of molecular dynamics and Monte Carlo

We simulated the trajectories of all the particles by the MD
method and at the same time we realized the deposition
process by the MC method. The outline of the
combination of the MD and MC methods is as follows.

1. Solve the equations of motion of the particles by the
MD method for N; steps. The N;th step is regarded as
the “reaction” step.

2. Atevery “reaction” step, the reaction is performed by
the MC method.

(a) Assume that the “reactions” occur only on the
surface of the metal crystal. Therefore, at the
“reaction” step, first search the surface
particles.

(b) Carry out the reaction (adsorption or
desorption) by the MC method.

Repeat 1 and 2.

3.2 Reactions: Monte Carlo method

Adsorption and desorption are regarded as changes in
the species of the particles. That is, we change the
interaction potential of the selected particle at the
“reaction” step. In the simulation, we decided which
reaction occurs by the MC method. We assumed
that the adsorption rate per unit time does not depend
on n,

Ki=ki=--=k,=k". )
If we assume that the electrode forms the FCC structure,

the possible number of bonds n is 1 ~ 12. Then, the
adsorption per unit time k. and the desorption per unit time
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k, are written as

ke = kN, A3)
11

ko= knNa, )
n=1

where N, denotes the number of cations near the surface
and N, denotes the number of metal atoms with n bonds
that can be desorbed from the surface. Using equation (1),
the probabilities of desorption and adsorption are given by
the following equations, respectively.

11 11
Na(n)kn Z Na(n) 1]%‘
ku — n=1 _ n=1 (5)
ka + kc 11 11 L ’
> Nuwkn +Nek > Nogny 5+ Ne
n=1 n=1
ke ky
(6)

=1
ko + ke ka + ke

At the “reaction” step, we performed the following
processes.

1. We searched the surface metal atoms on the metal
surface and the metal ions near the surface. These
particles are the candidates for reactions.

2. Atthe “reaction” step, only one reaction can occur. We
decided which reaction occurs with the use of equation
(5) and a random number on [0,1]. If the random
number is smaller than the probability of desorption,
k./(k, + k.), the desorption reaction occurs. Otherwise
the adsorption reaction occurs.

3. When the adsorption occurs, we selected a candidate
particle by using a random number. When the
desorption occurs, we selected the number of bonds
by using equation (4) and a random number, then we
decided which particle is desorbed.

4. We changed the species of the chosen particle. When
the adsorption reaction is selected, we changed a metal
ion to a metal atom, and when the desorption reaction
is selected, we changed a metal atom to a metal ion.

3.3 Replenishing metal ions

If the simulation is continued for a long time, the number
of metal ions in the solution is reduced by the reactions of
deposition. In order to keep the concentration of metal
ions constant, we set the replenishing layer in the model to
add metal ions to the solution. We regard this operation as
supplying metal ions from the bulk solution. We put a
semipermeable filter between the solution and the
replenishing layer. This filter allows only metal ions to
pass towards the solution from the replenishing layer, and
other particles and metal ions in solution cannot pass
through the filter. This filter acts as an elastic wall for other
particles and metal ions in solution.

We replenished the solution with metal ions using the
following method. First, we checked the concentration of

the upper part of the solution, which is regarded as the
bulk liquid. If the concentration of this part is lower than
the target concentration, we searched for the replenishing
particle that has the smallest z-coordinate in the
replenishing layer, and changed the species of the chosen
particle to a metal ion. The metal ion can pass through the
filter and enter the solution by diffusion. We checked the
concentration again after a while, and if the concentration
is still lower than the target one, we searched for another
replenishing particle, and changed the species of that.
When a metal ion passes through the semipermeable filter,
we moved the filter upward to keep the volume of the
solution constant. Here, the width of the movement at one
time is small enough to prevent this movement from
influencing the dynamics of the system. In our simulation,
the width is smaller than 0.018 A.

4. Results

4.1 Simple model for solution-electrode interface

We tested the above algorithm using a simple system of
solution—electrode interface. We assumed three types of
potential ¢;;(r) between particles i and j depending upon
the species of the particles. That is, 12-6 Lennard—Jones
potential, soft core potential, soft core potential +
screened coulomb potential, which are represented by

wo=of(@) o

by = (%), ®)
o=@ s (D),

respectively, where g; and g; are the effective charges and
a is a screening constant of the Coulomb potential. For the
interactions between a metal atom and a metal atom, a
metal atom and a metal ion, a solvent particle and all kind
of particles, we use equation (7). For the interaction
between a metal atom and an anion, a replenishing particle
and a cation, a replenishing particle and an anion, we use
equation (8). For the interaction between ions, we use
equation (9).

We assumed metal atoms as silver atoms. We choose NO;
asan anion and H,O as a solvent particle. The shapes of these
particles are assumed to be spherical. The parameters are the
following: owm_m = 2.609A, 0.« =2.52A, 0=
528A, 0.s=3.167TA and ey_m =2129, €._.=
1.128, €, = 3.664, €,_s = 0.108. (The unit of € is
107207 ). Here the suffices M, ¢, a and s denote metal, cation,
anion and solvent, respectively. We assumed |g;| = 1e and
the screening constant a is 1.50 A. Also, we assumed

oy = % € = JEiEs. (10)

The initial concentrations of cations and anions are

2.0mol/land T = 300 K. The initial surface of electrode is
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8 X 8 (111) surface. As the parameter for the MC
simulation, we assumed ¢/kgT = 12.8, corresponding to
the potential energy of a metal atom at the nearest
neighbor distance. We used u/kgT as a control parameter
and N, = 5000. The initial system contains 23 cations, 23
anions, 598 solvents, 192 metal atoms and 241
replenishing particles.

4.2 Results

Figure 2 shows the surface structures for w/kg7T = 35.0
(a) and 50.0 (b) at the final state of the simulation. It is
observed that the surface for w/kgT = 50.0 is rough
compared to the case for u/kgT = 35.0. This is because,
the growth rate for u/kgT = 50.0 is larger than that for
wu/kgT = 35.0. The number of metal atoms deposited on
the surface is 20 for w/kgT = 35.0 and 40 for u/kgT =
50.0. Figure 3(a) shows the average height of the surface
atoms

1 &
h=—> gz, (11
w2

where N is the number of surface atoms and z; is the
z-coordinate of the ith surface atom. & for u/kgT = 35.0
does not increase in the first part of the simulation. A metal
ion near the surface is adsorbed, but a single metal atom
(adatom) is unstable on the surface and is easily desorbed.
As a result, adsorption and desorption occur repeatedly
and surface growth does not occur. Once a nucleation
core is formed (i.e. two deposited atoms are combined),

4500 2000 2500 3000

41500 2000 2500 3.000

Figure 2. The surface structures for (a) u/kgT = 35.0 at t = 740 ps and
(b) w/kgT = 50.0 at t = 688 ps. The unit of labels is nm.
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Figure 3. (a) The average height of the surface £ as a function of time.
(b) The thickness of the surface A as a function of time.

the surface growth starts at around ¢ = 550ps.
For w/kgT = 50.0, on the other hand, the surface
growth occurs in the early stage of the simulation. This
means that the nucleation occurs rather easily due to the
high value of the deposition rate. The variance of the
surface fluctuation

12)

is shown in figure 3(b). This corresponds to the thickness
of the surface. The overall feature of A is the same as that
of h. These results show that the deposition and nucleation
processes can be simulated by our method using u/kgT as
a control parameter.

5. Summary

In this paper we developed the hybrid method of
molecular dynamics and Monte Carlo for the simulation
of electrodeposition. Using this method, we simulated
the trajectories of particles by the MD method.
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During the MD simulation, we realized the electro-
deposition by the MC method, and using this method, we
performed the simulations to study the relation between
the structure of thin film and the conditions of electrode
and solution. Although the present simulations are small
ones with simple interaction potentials, we succeeded in
simulating the deposition process and showing the
difference in the nucleation process depending upon
the control parameter w/kgT. Since more than 23 atoms
(the initial number of cations) are deposited, the
replenishing process works well. We expected that the
concentration overpotential, which is hard to be evaluated
in experiments, can be estimated separately using our
simulation method.

Since the size of the system is small in the present work,
it is difficult to compare with the experiments
quantitatively. It would be of interest to perform the
simulations for large systems.
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