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electrodeposition and its application as an oil 
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Abstract 

In this study, the effects of open area ratio (OAR) variations by micro-patterns on Cu alloy electrodeposition were 
analyzed experimentally. To change the OAR of the samples, a strip-type micro-pattern was formed on a substrate 
through a photolithography process. Moreover, the OAR was controlled by adjusting the distance of the stripe pat-
tern to a width of 20 μm. When electrodeposition was applied on a non-patterned substrate with an OAR of 100%, a 
pillar-type Cu alloy structure was produced. In addition, when the OAR was decreased to 40%, the height of the Cu 
alloy structures was increased. However, when the OAR was decreased to 20%, no electrodeposited structures were 
formed. To confirm the industrial effectiveness of the electrodeposited structures on a micro-pattern, the Cu alloy 
electrodeposited structures were applied to the formation of an oil detector.
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(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Background
Micro- and nanostructured metal substrates are widely 
used in various industrial fields including surface modi-
fication, anti-corrosion, solar cells, and microelectronic 
interconnection [1–5]. Representative methods for pro-
ducing metallic micro-and nanostructured substrates 
include an electroplating method using a micro- or nano-
patterned mold, a dry or wet etching method using an 
etching barrier, and laser machining [6–8]. However, 
these methods require considerable time and cost for 
producing metallic microstructures.

To overcome this problem, an electrodeposition tech-
nique without a mold was proposed [9, 10]. Using this 
electrodeposition method, the time and cost required for 
the fabrication of metallic microstructures can be sig-
nificantly reduced. Moreover, electrodeposition methods 
allow the formation of various shapes of the metal alloy 
structure by controlling simple variables such as the stir-
ring rate, temperature, and applied current density [11, 
12].

Representative materials for producing a metallic 
microstructure through an electrodeposition technique 
include Cu, Au, Ni, Ag, and Sn [11–16]. Among them, 
Cu and Cu alloys are excellent engineering materials, 
and have significant advantages including a low chemical 
reactivity, low cost, high electrical conductivity, and good 
thermal conductivity [12, 17]. Therefore, many research-
ers have been studying methods for producing Cu or 
Cu alloy microstructures through an electrodeposition 
technique. However, most researches on Cu or Cu alloy 
microstructure formation have utilized non-patterned 
substrates.

In this paper, we produced a Cu alloy microstructure 
on a stripe-type micro-patterned substrate. Moreover, 
the effects of the open area ratio (OAR) variations from 
a micro-pattern on the formation and growth of Cu alloy 
structures was analyzed. Furthermore, to evaluate the 
effectiveness, our research group applied a Cu alloy elec-
trodeposited structure on a micro-pattern for the fabri-
cation of an oil detector.

Experimental
The copper electrodeposition solution used was com-
posed of 0.6  M CuSO4·5H2O (Dae Jung, Korea) and 
1.0 M boric acid (H3BO3, Dischem, USA). To apply the 
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electrodeposition, an electroplating machine (Sung Won 
Forming, Korea) was used. In addition, a copper plate 
(Daeguang metal, Korea) with dimensions of 3 ×  3  cm 
was used as an anode. For the fabrication of a cathode, 
Cr (50  nm) and Cu (500  nm) were deposited sequen-
tially on a silicon wafer (Win Win Tech, Korea). The sili-
con wafer was then diced to a sample size of 1 × 1 cm. 
In addition, the solution temperature, stirring rate, 
and applied current density were maintained at 60  °C, 
200 rpm, and 50 mA/cm2, respectively. For the stirring of 
the solution, a magnetic stir bar (Cowie technology, UK) 
with a diameter of 0.8 cm and length of 5.0 cm was used. 
The morphology of the electrodeposited structure was 
observed using a scanning electron microscope (SEM) 
(S-4800, HITACHI, Japan). Furthermore, an energy dis-
persive spectroscope (EDS) (7593-H, HORIBA, Japan) 
was used to analyze the composition of the fabricated 
samples.

Results and discussion
Results of Cu alloy electrodeposition on non‑patterned 
substrate
Figure 1 shows the results of Cu alloy electrodeposition 
on a non-patterned substrate with and without stirring. 
When stirring was not applied, a dome or polygon-type 
structure was formed (Fig.  1a). According to previous 
research, the electrodeposited structures are composed 
of Cu and Cu2O [18, 19]. Moreover, the EDS analy-
sis results in Table  1 show that the formed dome-type 
structure consisted mainly of Cu. On the other hand, the 
polygonal structure mainly consisted of Cu2O.

When electrodeposition was conducted using a 
CuSO4·5H2O solution, Cu and Cu2O were deposited at 
the same time. The electrodeposition mechanism of Cu 

and Cu2O can be described through Eq. 1 (reduction of 
Cu2+ ions) and Eq. 2 (reduction of Cu+ ions) [11, 19].

Equation 1: Reduction of Cu2+ ions

Equation 2: Reduction of Cu+ ions

As shown in Eqs. 1 and 2, Cu2+ ions in a CuSO4·5H2O 
solution can be precipitated into Cu2O or Cu. Moreover, 
the deposited Cu2O can be reduced to Cu metal through 
Eq.  2a. However, when Cu2O structures grow larger 
before a reduction, a larger Cu2O structure has difficulty 
converting into Cu metal [18]. Because the resistance of 
the Cu2O is higher than that of Cu, a charge is difficult to 
transfer to large Cu2O structures. On the other hand, a 
small Cu2O structure is easily converted into Cu through 
Eq.  2a. Therefore, when electrodeposition is applied 
using a CuSO4·5H2O solution, a Cu and Cu2O structures 
are formed separately.

Figure  1b shows the shape of the electrodeposited 
structure formed when the solution was stirred at 

(1a)Cu2+ + H2O + 2e− → Cu2O + 2H+

(1b)Cu2+ + e− → Cu+

(2a)Cu2O + 2H+
+ 2e− → Cu + 2H2O

(2b)Cu+ + e− → Cu

Fig. 1 SEM image of the substrates electrodeposited with Cu alloy a without and b with stirring (200 rpm)

Table 1 O-Cu composition ratio at  each position shown 
in Fig. 1

Position O:Cu [atomic  %] Position O:Cu [atomic  %]

A 4.24:95.76 C 35.73:64.27

B 32.41:67.59
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200 rpm during the electrodeposition. When the solution 
was stirred, a pillar-type electrodeposited structure was 
generated. The promotion of Cu2O deposition through 
stirring is regarded as the reason for the pillar structure 
formation.

Because the equilibrium electrode potential of Cu2O 
(0.347 V) versus a standard hydrogen electrode is higher 
than that of Cu (0.297 V), Cu2+ ions in an electrodepo-
sition solution are usually precipitated into Cu2O rather 
than Cu [19]. However, when the diffusion rate of Cu2+ 
ions is lower than the charge supply rate, the deposited 
Cu2O is actively converted into Cu through Eq. 2 instead 
of insufficient Cu2+ ions. Under this condition, the depo-
sition of the Cu2O is controlled through the diffusion of 
the Cu2+ ions. Moreover, Cu2O deposition is concen-
trated at the top of the electrodeposited structure with a 
short diffusion distance.

Therefore, when Cu2O deposition is controlled by the 
diffusion of the Cu2+ ions, Cu2O deposition promotes a 
vertically oriented growth of the electrodeposited struc-
tures. On the other hand, the reduction of the Cu2O is 
not affected by the diffusion of the Cu2+ ions. Cu pre-
cipitation through a reduction in Cu2O can be achieved 
throughout the entire area of the Cu2O structure. There-
fore, a reduction in Cu2O promotes isotropic growth of 
the electrodeposited structures.

As shown in Fig. 2a, when the solution is not stirred, 
the deposited Cu2O is actively reduced to Cu. Moreo-
ver, under this electrodeposition condition, through 
the isotropic growth of the electrodeposited structures 
originating from the reduction in Cu2O, a dome-type 
electrodeposited structure is formed. However, when 
the solution is stirred during the electrodeposition, 
the diffusion rate of the Cu2+ ions is increased. This 
results in a suppression of the Cu2O reduction. There-
fore, a pillar-type electrodeposited structure achieved 
through a vertically oriented growth can be formed 
when the solution is stirred (Fig.  2b). This growth 
mechanism is proven based on the EDS analysis 
results, which indicate that the surface of the pillar is 
composed of Cu2O (Table 1). However, as mentioned, 
the dome type structures are main composed of Cu 
metal.

Results of Cu alloy electrodeposition on micro‑patterned 
substrate
To analyze the effects of the OAR variations, a stripe-
type micro-pattern was formed using a photolithography 
process. OAR is the ratio of the electrodeposited area to 
the total top surface area of the sample, which is defined 
in Eq. 3. 

(3)Open area ratio =
W

W + D
× 100%

Figure 3 shows the shape of the micro-patterned sam-
ples. Five different samples with an OAR of 100, 80, 60, 
40, and 20%, respectively, were produced. To adjust the 
OAR, the distance of the stripe pattern (D) was fixed 
to 20 μm, and the width of the patterns was controlled. 
Table 2 shows the detailed design dimensions of the fab-
ricated samples. The OAR of the non-patterned substrate 
was 100%.

Figures 1b and 4 show the shape of the Cu alloy elec-
trodeposited structure as a function of the OAR. To avoid 
any influence from the thickness of the electrodeposited 
layer, the applied current density of the electrodepos-
ited area was fixed to 50 mA/cm2. Therefore, the applied 
current was varied as a function of the OAR (Table  2). 
Moreover, the electrodeposition time, stirring rate, and 
temperature of the solution were maintained at 4  min, 
200 rpm, and 60 °C, respectively. When the OAR of the 
samples was decreased from 100 to 40%, the height of 
the electrodeposited structures tended to increase. In 
addition, when the electrodeposition was applied on the 
stipe-type micro-patterned substrate, the development 
of the electrodeposited structure was concentrated at the 
edge of the micro-patterns.

As shown in Table 2, when the applied current density 
is fixed, the applied current is proportional to the OAR. 
Therefore, the charge supply rate is decreased with a 
decrease in the OAR. As mentioned, the decrease in the 
charge supply rate leads to the suppression of the Cu2O 
reduction. This resulted in the promotion of a vertically 
oriented growth of the Cu alloy electrodeposited struc-
ture. Moreover, when the micro-pattern was formed, 
the deposition of the Cu2+ ions located outside the pat-
tern (marked as *, in the hatched area in Fig.  5a) was 
concentrated at the side edge of the patterns. Therefore, 
when the OAR was decreased to 40%, the height of the 
structures was increased and the formation of the elec-
trodeposited structures was concentrated at the edge of 
the micro-patterns.

In addition to the variations in size, when the OAR 
was decreased to 40%, tree-type electrodeposited struc-
tures were actively formed (Fig. 4c). This phenomenon is 
thought to have originated from the growth rate increase 
of the electrodeposited structure. Figure 5 shows the for-
mation mechanism of the tree-type structures. When the 
height of the electrodeposited structures was increased, 
the deposition of the Cu2+ ions was concentrated at the 
top-edge of the structure with a short diffusion distance 
(indicated by the red circle in Fig.  5b). This phenome-
non can trigger the formation of new branch structures. 
The repetitive formation of branches produces the tree-
shaped Cu alloy micro-structure (Fig. 5c).

When the OAR was decreased to 20%, no elec-
trodeposited structure was formed. This is thought to 
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have originated from the applied decrease in poten-
tial. Because the applied potential is proportional to 
the applied current, the applied potential is decreased 
with a decrease in the OAR (Table  2). For a reduction 
of the Cu2+ ions, a negative potential below the reduc-
tion potential needs to be applied. When the OAR is 
decreased to 20% (i.e., the applied current is 10 mA), an 

Fig. 2 Growth mechanism of the electrodeposited structure a without and b with stirring

Fig. 3 Shape of the stripe-type micro pattern. a Perspective view, b cross-sectional view along to A–A

Table 2 Design and  electrodeposition conditions of  the 
samples as a function of the OAR

Open area ratio (%) 100 80 60 40 20

Pattern width (μm) – 5 13.3 30 80

Applied current (mA) 50 40 30 20 10

Applied current density (mA/cm2) 50
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insufficient potential is applied to the sample for Cu or 
Cu2O deposition. Figure  4e proves this phenomenon. 
Figure 4e shows the electrodeposition results of the non-
patterned substrate when the applied current is 10 mA. 
In this case, no electrodeposited structure was formed.

Application as an oil detector
To confirm the industrial effectiveness of a Cu alloy 
structure on a micro-patterned substrate, the Cu alloy 
structures on the pattern were applied to an oil detector 
formation. Figure 6 illustrates the fabrication process of 

Fig. 4 SEM images of the Cu-alloy electrodeposited substrate as a function of the OAR at applied current density of 50 mA/cm2, a 80%, b 60%,  
c 40%, d 20%, and e 100% (i.e., non-patterned substrate) at an applied current density of 10 mA/cm2
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this oil detector. First, Cr (20 nm) and Cu (500 nm) were 
sequentially deposited on the silicon substrate (Fig.  6a). 
Second, PR patterns composed of two stripes were 
formed (Fig. 6b). Next, metal wet etching and PR removal 
were sequentially applied (Fig. 6c). Finally, Cu alloy elec-
trodeposition and a plasma-polymerized fluorocarbon 
(PPFC) coating process were applied (Fig.  6d). Figure  7 
shows a camera image of the fabricated oil detector and 
an SEM image of the Cu alloy structure on the stripe-
type metal patterns.

The fabricated oil detector consisted of two stripe-type 
metal patterns with Cu alloy electrodeposited structures. 
In addition, the patterns with Cu alloy structures were 
not electrically connected. Therefore, the stripe patterns 
created a capacitance. In addition, the stripe patterns 
with PPFC-coated Cu alloy structures showed super-
hydrophobic and oleophilic properties (Fig.  8a and b). 
Therefore, when the stripe patterns with Cu alloy struc-
tures were inserted into water, the water did not pen-
etrate the space between the two stripe patterns owing to 
their hydrophobicity [20] (Fig. 9a). Moreover, when pat-
terns with Cu alloy structures were pulled out from the 

Fig. 5 Formation mechanism of the tree-type electrodeposited structures. a The early electrodeposition stage, b electrodeposition after the forma-
tion of the pillar structures, c the formation of the branch structures

Fig. 6 Fabrication process of the oil detector. a Metal seed layer 
deposition, b photolithography, c metal wet etching and PR removal,  
d Cu alloy electrodeposition and PPFC coating
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wafer, the residual wafer droplets were easily removed 
from the surface (Fig. 9b).

On the other hand, when the oil detector was inserted 
into oil, the oil was easily diffused into the space between 
the two stripe patterns (Fig.  9c). Furthermore, when 
the detector was pulled out, residual oil remained in 
the space between the stripe patterns (Fig.  9d), which 
resulted in a variation of the detector’s capacitance. 
Owing to this phenomenon, Cu-alloy electrodeposited 
stipe patterns can be used as an oil detector.

We fabricated three different oil detectors with dimen-
sions of 1.5  ×  2.3  cm2. As mentioned before, the oil 
detector formed has two metal stripe patterns. The dis-
tance and width of the strip patterns were designed to be 
50 and 400 μm, respectively. When the oil detector was 
inserted into water at a 10 cm depth, and then removed 
from the water, the capacitance of the detector was not 
varied. However, when the oil detector was inserted into 
water with a 3 mm thick light oil film, the capacitance of 
the oil detector was varied even after the detector was 
removed from the wafer with oil film. Table 3 shows the 
measurement results for a variation in capacitance. The 
measurement results prove that a Cu alloy structure on a 
micro-pattern can be applied as an oil detector.

Conclusion
In this paper, the effects of the OAR variations using 
micro patterns on Cu alloy electrodeposition were ana-
lyzed. To discover the influence of the OAR variation, a 

Fig. 7 Fabricated oil detector, a camera image of the detector, b SEM image of the Cu-alloy electrodeposited stripe pattern of the detector

Fig. 8 Contact angle measurement results for a water and b light oil 
droplets

Fig. 9 Working mechanism of the oil detector, a after inserting into 
and b removing from water, and c after inserting into and d remov-
ing from oil
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stripe-shaped micro-pattern was formed through the 
lithography process. By adjusting the distance of the 
stripe patterns with a width of 20  μm, samples with an 
OAR of 100, 80, 60, 40, and 20% were produced. The 
applied current density of the electrodeposited sample 
was fixed to 50  mA/cm2. Under this condition, when 
the OAR was decreased from 100 to 40%, the height of 
the electrodeposited structures showed a tendency to 
increase. On the other hand, no electrodeposited struc-
ture was formed when the OAR was 20%. To confirm the 
industrial effectiveness of a Cu alloy electrodeposited 
structure on a micro-pattern, Cu alloy structures on a 
stripe-type micro-pattern were applied to the fabrication 
of an oil detector. The fabricated oil detector is able to 
detect an oil film of 3 mm in thickness by measuring the 
variations in capacitance.
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