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Abstract

Electrochemical deposition is a feasible and well-controlled method for the formation of various micro- and nanostructures. A rich variety of
periodical nanostructures of functional materials with multi-shaped and tunable morphologies can be fabricated by the electrochemical
deposition, in particular, using monolayer colloidal crystal (MCC) mask. A mathematical model of the mass-transfer processes and deposit
surface evolution during the metal electrodeposition through MCC mask is presented. The mathematical model involves the equations for the
potential and deposit surface evolution. The problem was solved numerically by the boundary element method, and the "Level Set" method.
The numerical experiments were used to study the effect of parameters, which characterize the mask geometry and the process conditions, on
the initial distribution of current density over the deposit surface and the variation of current density distribution in the course of the deposition.
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1. Introduction

Nomenclature

The understanding of surface phenomena at a micro- and dg
nanometer scale, has played a fundamental role in the many h
fields, such as: electronics, energy, optics, tribology, biology, H
biomimetics, etc. [1]. The manufacturing of features on the
nanometer scale is challenging, and has been the subject of

diameter of spherical particles

height of unit cell

dimensionless height of unit cell
applied current density

number of computational point

intensive research and development [2] The relationships
between the technologies for structuring surfaces, their
functional properties (improved adhesion,
superhydrophobicity, antireflection and other optical
properties, generation and preservation of energy, hard and
tough surfaces, efficient heat transfer, antibiofouling,
changing color, and self-healing) and the applications
exploiting the surface functionality are a common
denominator of the research carried out in the last years [3].

The template-based methods occupy a prominent place
among various methods of production of nanostructures and
nanostructured materials [4]. These methods enable one to
fabricate the desired material in the pores of nanoporous
template.

number of time step

unit vector of outer normal to surface

dimensionless radius of spherical particles

time

X, y, z coordinates

X, Y, Z dimensionless coordinates

Ze function, which describes deposit surface

Z, dimensionless function, which describes deposit surface
g,  volumetric electrochemical equivalent

S =X ZS xS

n  current efficiency
T dimensionless time

A7  dimensionless time step
] potential
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¥4 conductivity of electrolyte solution
®  dimensionless potential
C subscript, which denotes deposit surface
U subscript, which denotes outer boundary of unit cell
I subscript, which denotes side surfaces of unit cell and
surface of spherical particle

Various methods can be used for the template-based
synthesis of nanoporous structures: the chemical
polymerization, sol-gel deposition, chemical vapor deposition
and also the electrochemical and electroless deposition and
electrochemical dissolution [5].

The template-based electrochemical methods of synthesis
of nanostructures and nanomaterials have several important
advantages: a high extent of pore filling, a possibility to
obtain the materials of various types, the absence of
considerable internal stresses, easy control, a possibility to
vary the physicochemical properties and composition of the
deposit. For example, the electrochemical methods enable one
to produce heterogeneous nanostructured materials for the
electrochemical power sources, fuel cells, and catalyst for
various purposes [6].

Solid templates of polycarbonate track membranes or
nanoporous aluminum oxide with linear pores 50-200 nm in
diameter and 10-50 pm in depth are used most commonly [7].
They are used to produce the 1D structures of various
materials: the metal nanowire arrays [8], the nanowires of
various metal compounds [9]. Using the developed
technologies, the electrochemical deposition of metals, alloys,
and various chemical compounds in the pores of these
templates is performed in order to fabricate modern miniature
devices of magnetic memory, optoelectronics, sensors, power
sources, supercapacitors, catalysts, and various electronic
devices. The deposition of iron, nickel, or cobalt for
fabrication of unique one-dimensional magnetic structures
and also copper, ZnO, Ag;Te,, Co-Sb, MnO,, Cu;Se,, Bi, Pt-
Pb, Fe-Pt, Ni-Pt, Co-Pt, Si, LaMnO;.;, etc. are examples.
Solis templates are also used to produce bimetal and
composite nanowires, which exhibit unique properties. For
example, the electrodeposition at an electrode potential
varying with time is used to fabricate the nanowires consisting
of alternating copper and cobalt layers, where the effect of
giant magnetic resonance is observed [7]. This method is also
used to produce the structures of core-shell type and
segmented metal-polymer composites [10].

Among other template structures, the templates consisting
of regularly arranged monodispersed spherical particles are of
most interest. They are used to produce composite materials,
photon crystals, the structures with highly developed surface,
for example, metal foams, for modification of surface
properties, etc.

Colloidal crystals, which are formed by orderly arranged
monodispersed spherical particles, are used as the templates
for production of nano-ordered structures of metals,
semiconductors, inorganic oxides, polymers, etc. [11]. In
general case, the production of nano-ordered structures by
using the colloidal crystal mask involves three stages:

(1) self-assembling of mask on the substrate surface;

(2) filling the pores between the template spherical

particles;

(3) removal of template by chemical or thermal etching.
(In some cases, for example, in the production of photonic
crystals, the template is not removed.)

The 3D (multilayer) [12] and 2D (monolayer) [13]
colloidal crystals are used as the masks. The MCC masks can
be close-packed [14] or consist of regularly arranged non-
close-packed particles [15].

The electrochemical deposition through a colloidal crystal
mask enables one to produce high-density metal deposits,
which exhibit no considerable shrinkage when the template is
removed [16]. In addition, the deposits of various metals with
prescribed structure can be produced, and the thickness and
properties of deposited layer can be controlled accurately
[17]. The application of a layer of metal or alloy, which acts
as a catalyst for a chemical reaction, is the most important
application of the process. An example is the application of a
layer of relatively expensive platinum catalyst with developed
(rough) surface onto a plane substrate of inexpensive material,
such as iron.

To our knowledge, the electrodeposition through a
colloidal crystal mask was investigated theoretically by the
numerical simulation using the finite element method only in
few works [18, 19].

In these papers the Laplace’s equation in a unit cell with
triangular cross-section for the face-centered cubic colloidal
crystal was solved numerically. The process of pore filling
and the variation of the mass-transfer conditions with
increasing deposit thickness were not considered.

Here, we perform the numerical simulation of mass-
transfer processes during the metal electrodeposition through
a MCC mask with regard for the variation of deposited layer
thickness with the time.

2. Statement of problem and basic equations

Figure 1 gives a scheme of metal electrodeposition with
the use of monolayer colloidal crystal mask. Taking into
account the arrangement of particles in the mask, a unit cell
with a regular hexagonal cross-section is used (Fig. 2a). A
plane, which is far removed from the mask, so that the
distribution of the current density over this plane can be
considered as uniform, is taken to be the outer (upper)
boundary of a unit cell. The surface of growing metal deposit
is taken to be the lower boundary of unit cell. The unit cell
can be replaced by the axisymmetric one with no considerable
error (Fig. 2b).

The Laplace equation for the electric field potential in the
electrolyte solution (1) and the equation of deposit surface
evolution (2) are used as the mathematical model:
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For convenient numerical solution and analysis of obtained
results, the mathematical model is presented in the
dimensionless form. When passing to the dimensionless
variables, the diameter of spherical particles d, is taken as a
unit length and the applied current density j, is taken as a unit

current density:
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Fig. 1. Scheme of metal electrodeposition through monolayer colloidal crystal
mask: (a) metal substrate with mask before electrodeposition; (b) metal
substrate with mask in the course of electrodeposition; (c) and (d) metal
deposit surface after mask removal, (c) deposit thickness is smaller than the
spherical particle radius and (d) deposit thickness is equal to the spherical
particle radius

(a)

Hexagonal
cross-section

Spherical particle

Fig. 2. (a) Arrangement of spherical particles in the colloidal crystal mask and
unit cell with a regular hexagonal cross-section, (b) axisymmetric
approximation of unit cell

In the dimensionless variables, the mathematical model of
the process can be written as follows:
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The following equations are used as the boundary
conditions:
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The initial conditions correspond to the initial plane surface of
metal substrate:

Z(X,Y,00=0. ®)

The modeling is performed in the quasi-steady-state
approximation: the distribution of potential is calculated
ignoring the deposit surface motion due to the metal
electrodeposition; the deposit surface evolution is calculated
using the distribution of potential, which was obtained at the
previous step. Thus, at each time step:

- the distribution of current density over a unit cell is
calculated by solving the Laplace equation;

- new position of metal deposit surface is determined by
solving equation (6).

3. Method of numerical modeling

The Laplace equations were solved numerically by the
boundary element method. The advantage of the method is the
simplicity of remeshing, when the geometry of computational
region changes. In this case, the Laplace equation reduced to
he boundary integral equation:

(@) =~ Fa.p)P@)T + [Glap) & dr ©)

The numerical solution of equation (5) was performed by
the convenient boundary element method (the computational
volume varied from N to N° depending on the method of
solution of system of linear algebraic equations).

4l oD
D, +> Gy, (ﬁj

m=1

N
@, =YF, (10)
m=1

where Fi, =—[F(@,.p)dl’, G, = [G(a,.p)dl .
T, T,

The convenient boundary element method does not allow
one to use sufficiently fine meshes, which provide sufficient
accuracy of calculation of potential distribution. Therefore, a
fast multipole boundary element method was used (the
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computational volume varied from N to N* depending on the
method of solution of system of linear algebraic equations)
[20]. In the case of application of fast multipole boundary
element method, the coefficients of the system of discrete
equations were determined by the following equations:

G(q,p)~fZZ S,.@-p)R,,(P-p.)

T 0=0 m=—n (11)
Fa.p~— ZZ o ( %

1

n+l 2

where 5, (@ =(1-m)!P" (cos@e™r", R, (@)= (s ! )'P,,"’(cosﬁ)e””"

p, is the basic point of expansion; r, 9, ¢ are the coordinates
of point q in the spherical system of coordinates; p" is the

The equation of deposit surface evolution was solved
numerically using the “Level Set” method [21]. The discrete

form of equation (6) on the mesh of equilateral triangular
elements can be written as follows:

acp) J (az) (azcjz [az) (62")2 (12)
1+ +H=| + + ==
N ), \ax ), \or ), \or),

The derivatives with respect to the spatial coordinates in
equation (12) were calculated by the following equations:

(GZCJ chk _Zc’ XL,
=max| ——— 0
ox X, - Xy,

Zn =70 + A

_z"
( { ¢, XR, ok ) (1 3)
( k_OS LYLWk+ZcYLOA)0
Y YLW + YyLok)
( 0 5( cYRWk cYROk)_Z:,k 0
0.5 YRWk + YYROk Y

Equations (13) are the generalization of the known
equations of the “Level Set” method for the finite-difference
mesh. As it is seen from Fig. 3, in the case of the mesh of
equilateral triangular elements, the approximation of
derivatives with respect to the X axis can be performed using
directly the equations for the finite-difference mesh, whereas
the approximation of derivatives with respect to the Y axis
requires the use of a mean value for two neighboring nodes
(YWR and YRO or YLW and YLO).

After each time step, the remeshing on the side surfaces of
computational region was performed.

4. Results and discussion

The numerical solution of boundary value problem (5), (7)
was performed by the boundary element method. The mesh
parameters were chosen so that the calculated results were
independent of the mesh step and the number of nodes. It was

found that a mesh containing from 5000 to 20000 boundary
elements should be used depending on a spherical particle
packing (Fig. 4). On the surfaces corresponding to the metal
deposit and outer boundary of computational region, the
equilateral triangular boundary elements formed. On the side
surfaces of computational region, the boundary elements in
the shape of right angled triangles were used; in order to
eliminate the effect of mesh on the distribution of potential,
the element height was decreased as the deposit surface was
approached.

Fig. 3. Scheme of approximation of derivatives with respect to the spatial
coordinated on the mesh of equilateral triangular elements by the “Level Set”
method

(a) (b)

Fig. 4. Scheme of partitioning computational region into boundary elements:
(a) R=0.1; (6) R=0.25; (8) R=0.5

At the second stage, the modeling of metal deposit growth
was realized at various spherical particle packing densities
(Fig. 5).

In the course of cathodic deposition, nearly axisymmetric
nanoprojections form on the substrate surface. When the
packing density of spherical particles decreases (R decreases),
a deviation from the axis symmetry also decreases. The height
of nanoprojections increases with the time.

The used explicit coordinate presentation of deposit
surface allows us to simulate the electrodeposition only at
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the deposit thickness not exceeding R. If it is necessary to
consider a larger thickness of metal deposit layer, the
following equation can be used as the initial condition instead
of equation (8):

Z(X,Y,0)=R. (14)

As a result of modeling, the rate of deposit growth in the
pores between the spherical particles of MCC mask and the
time dependence of metal deposit shape were determined. In
addition, the potential difference between the growing metal
deposit layer and the outer (upper) boundary of computational
region was calculated. The results of modeling also enabled
us to determine the time taken to obtain the deposit of the
prescribed thickness. In the course of electrodeposition, the
active surface area varies leading to the variation of the rate of
metal layer deposition. At the deposit thickness smaller than
R, the rate of deposition increases with the time. At the
deposit thickness larger than R, the deposition rate decreases
with the time. The proposed scheme of modeling enables one
to determine quantitatively the time dependence of deposition
rate, which can be used to choose the conditions of metal
electrodeposition.

(b)

(d) (e)

(h) O]

(2

Fig. 5. Results of modeling of metal electrodeposition through MCC mask at
various radii of spherical particles: (a, d, g) R=0.1; (b, e, h) R=0.25; (c, f, i)
R=0.5; (a, b, c) before electrodeposition; (d, e, f) at the thickness of deposit
equal 0.4R; (g, h, i) at the thickness of deposit equal 0.8R

In view of the fact that the deposit surface in a unit cell is
nearly axisymmetric, the computational experiments were
performed within the axisymmetric approximation. This
allowed us to reduce significantly the volume of computation.
Fig. 6 gives the results of modeling for several radii of
spherical particles. The arrow in Fig. 6 shows the curves,
which correspond to various instants of time with a step

A1=0.01. If necessary, the dimensional time can be

determined by equation (4).
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Fig. 6. Results of modeling within the axisymmetric approximation of metal
electrodeposition through MCC mask at various radii of spherical particles:
(a) R=0.5; (b) R=0.25; (c) R=0.1

In the case of dense packing of spherical particles (R=0.5),
the metal deposition rate increases most steeply (Fig. 6a),
whereas in the case of low-density packing (R=0.1), the rate
of metal deposition insignificantly increases with increasing
deposit thickness (Fig. 6¢).

The simulated dependences of the potential on the deposit
thickness agree with the experimental data: the potential
increases with decreasing electroactive surface area.

Conclusions

The proposed mathematical model of transport processes
in the metal electrodeposition through colloidal crystal mask
is based on the quasi-steady-state approximation. The
dependences of an average current density (deposit growth
rate) on the thickness of deposited metal layer (time) were
obtained. In particular, the model enables us to obtain the
quantitative dependences between the thickness of deposited
metal layer, the operating conditions, and the current density.

It is found that the surface of growing deposit is nearly
axisymmetric; therefore, the axisymmetric approximation
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may be used. The proposed scheme of modeling can be used
to organize and optimize the processes of electrodeposition
through the MCC mask.
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