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Abstract

Local electrochemical deposition is a type of electroplating used to plate metal locally or form
metal objects using electrochemical principles at a short distance from the working electrode. In
this work, deposition of the copper spot was modelled using COMSOL software and experimentally
tested in copper sulfate electrolyte using soluble copper anode. The working capillary diameter
was 4 mm and the interelectrode distance was 5 mm. The deposited copper of 100 um thickness
was investigated using the 3D-profilometry technique. The geometry of deposited metal was
found to be in good accordance with the COMSOL model. The inclusions of anodic sludge were
responsible for the surface inhomogeneity of the deposited copper.
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Introduction

Additive manufacturing (AM) is an emerging trend in industry and materials science that provides
simple manufacturing of complex objects and opens new approaches in the materials design and
manufacturing process. The variety of AM materials becomes wider every year simultaneously with
the development of manufacturing techniques. Metal AM is a challenging task due to their high
melting temperature. The most industrially developed technique is based on the local melting of
metal powder with a laser or electron beam [1,2]. Despite the ability to produce complex objects,
the technique requires metal powder preparation and a high energy power source. Electrochemical
deposition can be an alternative to the local laser melting because of its low energy consumption
(the process takes place at room temperature) and the object is not subjected to temperature
influence.

Several electrochemical AM techniques are known today. They can be divided into two main gro-
ups, depending on the deposition conditions: mask-based deposition and mask-less deposition [3].
In the former technique, the cathode is covered with the insulating mask covering areas where
deposition should not occur. So, the metal deposits on uncovered surfaces [4]. Another mask-based
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technique is instant masking plating. In this technique, the mask moves with an anode. The depo-
sition starts only when the mask is attached to the surface. Once the electrolyte is depleted, the
depositions stop, the mask is lifted away, and the electrolyte is renewed [5]. Electrochemical
fabrication is a manufacturing technique where the deposition of structural material is alternated
with the deposition of sacrificial metal, which plays the role of a mask [6]. Once the deposition of
the whole structure is completed, the sacrificial metal is etched to obtain the final structure.

Mask-less deposition techniques are carried out with no mask on the surface and the environment
around the electrode is open. The first example of this group is localized electrochemical deposition
(LECD), proposed in 1995 [7]. The technique is based on the deposition of metal in the localized area
under the working electrode. To get a very localized electric field, an ultrafine inert anode tip and small
interelectrode gap are used. Further development of the proposed technique was focused on anode
construction improvement. The anode was placed inside the dielectric capillary that provides an
additional focus of the electric field [8-10].

Jet electrodeposition is another LECD technique, where the impinging anodic electrolyte jet as
anode tool to deposit metal selectively deposits metal on the cathode [11]. In meniscus-confined
electroplating, the deposition is located in a meniscus-shaped electrolyte bridge between a narrow
anode tip and cathode substrate [12-16]. The deposition rate is determined by the diffusion rate of
ions and is very low. Extremely small objects can be obtained using fluidic force microscope
electrodeposition [17]. In this technique, the hollow AFM cantilever with an aperture at the tip is used.
During deposition, the cantilever serves as a working electrode and is filled with electrolyte. The flow
of electrolyte from the probe is controlled by pressure regulation. Once the probe is positioned, the
deposition starts and ends when the deposited metal touches the tip. Then the probe moves to the
next position. Comparing different electrochemical additive manufacturing techniques, it can be seen
that the higher precision of manufacturing, the lower the deposition rate. Further investigations are
required to develop a highly productive ECAM technique that is able to produce large-scale objects at
commercially acceptable rates.

In this work, the local electrochemical deposition of copper was performed using a computer
model and compared to electrochemically deposited metal using 3D-profilometry.

Computer modelling

The computer model of the local electrochemical deposition was built using COMSOL
Multiphysics 5.2 software. The scheme of the cell is given in Figure 1a. The computer model gives
the ability to predict the localization of the electric field and thus the location of the deposited metal.
Moreover, the model gives the expected profile of the deposited copper based on the electrical field
distribution and deposition duration.

The localization of deposition is highly dependent on the throwing power of the electrolyte. The
letter one depends on the conductivity of the solution. The conductivity of the copper plating
electrolyte depends on the CuSO4 content, but in technological processes, the sulfuric acid is added.
So, the addition of H,SO4 increases the conductivity, which makes the distribution of deposited
copper more uniform and decreases the voltage load on the plating bath. On the contrary, in this
study copper deposition is localized, so the amount of acid should be reduced. To study the influence
of H;S04 content on copper local deposition, the calculations were performed for several
concentrations.

The COMSOL electrochemical deposit module requires the value of polarizability of the cathodic
electrochemical process. The polarizability di/dE was determined experimentally (Figure 2).
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Galvanodynamic cathodic polarization curves were obtained using conventional three-electrode
cell. The scan rate was 20 mA s™1. The plates of 1x1 cm? manufactured from copper grade MO served
as working and auxiliary electrodes, and a saturated silver chloride electrode (SSCE) was used as a
reference one (Erer = 0.2 V vs. NHE). The potential values on polarization curves are given vs. SSCE.
Standard electrode potential of copper Ecy?+/cu = +0.34 V vs. NHE or Ecy?*/cu = +0.14 V vs. SSCE, which
agrees well with experimental data (Figure 2).

a

Figure 1. Scheme (a) and photo (b) of electrochemical cell: 1 — cathode; 2 — anode;
3 —polypropylene tube; 4 — electrolyte
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Figure 2. Cathodic polarization curves of copper deposition in the electrolyte containing 200 g/L CuSO4 and
sulfuric acid in different concentrations

The limiting current density appeared to depend on the sulfuric acid content even in the same
concentration of copper ions [18]. This can be explained by the influence of migration part of mass
transfer. According to equation (1), the limiting current density, i\, of copper reduction is dependent
on the copper ion transport number:

. 2FDC,,
=5 (1)

(1=t )0
where D — diffusion coefficient of copper ions, Ccy2+ - copper ions concentration, tcy2+ - copper ions
transport number, o - diffusion layer thickness.
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The electrolyte solution contains the following ions: H*, Cu?*, SO4%>~ and copper ions transport
number can be determined by the equation (2):
Copr T24

t — u (2)
Cu C 2 C
o ACZ 50> Zﬂfsoz, C,, 2/1,,

where Acw?+, Aso,z, An+ - are molar conductivity of copper, sulfate, and proton ions. Due to the much
higher molar conductivity of protons, the ion transport number of copper will decrease as acid
concentration increases, so the limiting current density of copper deposition will decrease as well.

The configuration of the cell is given in Figure 3a. The diameter of the working nozzle was 4 mm,
and the copper wire was placed inside it and worked as a soluble anode. The distance between the
copper anode and the surface was 5 mm. The gap between the nozzle and the surface was 0.1 mm.
The deposition duration was 70 min. The rest of the parameters are given in Table 1.

Table 1. Copper local deposition modelling parameters

Study number

Parameter 1 5 3
H,S0; content, g L 10 30 144
o/Scm? 0.050 0.125 0.433
(di / dE) / mA cm? V- 796 516 400
Qext [V 0.82 0.55 0.49

The results of modelling are given in Figure 3b. The growth profiles show that the copper was
deposited locally in the form of a cylinder, with a thickness of 100 um. However, the curvature of
the side surface depends on the acid concentration. The closest profile was obtained in the lower
tested acid concentration of 10 g L™X. The increase of H,5S04 content to 150 g L'! makes the deposited
copper spot nearly 2 times wider. So, for experimental testing, the electrolyte with 200 g L'* CuSO4
and 10 g L'! H,S04 was chosen.
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Figure 3. Current density distribution in the interelectrode area of the cell (a) and the growth profiles of
copper (b), modelled for a 0.1 mm gap between the nozzle and the surface in 200 g/L sulfate electrolyte and
different sulfuric acid concentrations

Experimental

The deposition of copper was performed in the same electrochemical cell, consisting of two
electrodes (Figure 1b). The same cell configuration was used for computer modelling. The copper
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plate was placed at the bottom of the vessel, filled with electrolyte, and attached to the negative
pole of the current source. The counter electrode was made from copper wire and placed inside the
polypropylene tube of 5x0.5 mm. The tube was oriented in the center of the copper plate and the
distance between the plate and the pipe was 5 mm. This arrangement was maintained during the
deposition process.

The electrolyte used in the study contained 200 g L' CuSO4 and 10 g L™ H,SO4. Working current
density was determined from polarization curves and composed 65 mA cm™. The height of the
deposited copper was set to 100 um, so the calculated deposition time was 70 min. The electrolysis
was performed at ambient temperature.

The characterization of the deposited copper was performed with the 3D-profilometry
technique. The sensitive piezoelectric sensor with a vertical resolution of 250 nm/dot and horizontal
resolution of 625 nm dot?, scanned the area of 7x7 mm? around the deposited copper spot. The
obtained data were collected using a PC and SURFARE software was used to get a 3D image of the
surface. The height of the deposited copper, surface roughness and precision of deposition was
determined and compared to the COMSOL model.

Results and discussion

Copper deposition is an electrochemical reduction process which undergoes according to
equation (3):

Cu**+2e =Cu (3)

The rate of copper deposition is determined by the rate of copper supply to the surface, so the
working current density was determined experimentally. Figure 2 shows the polarization
dependence of copper that was used to determine the working current density. The equilibrium
potential of copper in the electrolyte was 0.1 V vs. SSCE.

Limiting current density was found to be 120 mA cm. However, limiting current densities are
never applied for metal deposition due to the formation of low-quality deposits with powder
inclusions. The working current density was selected to be half of the limiting — 65 mA cm™, which
gives the deposition rate of 85 um ht.

Deposited copper is shown in Figure 4. It can be seen that the surface of the deposited metal is
not smooth and dark inclusions can be observed.

_.\'l';A : ‘\\l\
Figure 4. Locally deposited copper on the surface of copper plate during 3D-profilometry

The measured profile of the deposited copper and the comparison of the modeled and
experimentally deposited copper are given in Figure 5. The profile of the deposited copper shows
that the average height agrees well with the COMSOL computer model.
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Model == = Target

Experimental
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Figure 5. 3D-vizualization of the deposited copper (a) and comparison of deposited, modelled and target
profiles of copper (b)

The side surface of the profile obtained in the experiment is even more straight than in model.
However, some areas on the top of the deposited copper demonstrate the presence of peaks, which
makes the surface rough. These peaks result from anodic sludge inclusion in the deposits and
deposition of copper dendrites. The lower the sulfate acid content in the electrolyte, the lower is
copper deposition overvoltage that leads to the formation of dendrites. Also, the dendrite formation
may be caused by monovalent copper ions reproportion described by equation (4). Cu* ions are
formed by staged copper anodic dissolution. This process is known to stimulate the increase of
roughness and dendrites formation.

2Cu* = Cu + Cu?* (4)

In the experiment, the soluble anode was used, and the sludge was able to detach from the anode
and fall on the surface, where it was grown in the copper. To avoid the inclusions of anodic sludge
in the deposited metal and reproportion of copper in further studies, the insoluble anode will be
used, and copper overvoltage will be increased using organic additives.

Conclusions

COMSOL computer model is adequate and can be used to select preferable electrolyte
conductivity, determine interelectrode gap and predict current distribution during local
electrochemical deposition of metals. In the present study the conductivity was 50 mS cm,
IEG -5 mm.

The deposited copper profile was found in good agreement with the model. The thickness of the
metal layer was 0.1 mm, and the diameter 4 mm, which agrees with the model.

The inclusions of the anodic sludge and dendrites formation were responsible for the surface
roughness of the deposited copper. The use of insoluble anode and prevention of dendrites
formation in further studies would be preferable to prevent sludge formation.
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