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Abstract

Metal microstructures have a high potential to meet high application requirement of a variety of new industries because they can
make components obtain optical, thermal, bionic, and other functional properties. Electroforming is one of the most efficient
technologies for large-scale fabrication of micromachined devices with microstructures due to its good repeatability and repro-
ducibility. However, the thickness nonuniformity of the electroformed layer is a bottleneck problem in the preparation of
microstructures, which leads to quality defects such as voids in the microstructures. In order to fabricate the void-free micro-
structures, pulse electrodeposition of copper was proposed in this paper. The effects of pulse electrodeposition parameters on the
surface morphology and thickness uniformity of copper deposits were investigated. In this paper, copper was electrodeposited by
direct current and pulse current respectively on the microgroove arrays with an aspect ratio of 2.5:1. The experimental results
revealed that the pulse parameters can effectively improve the quality of the electroformed layer and enhance the uniformity of
the microgrooves. It was determined that the pulse average current density 2 A/dm?, the duty cycle 20%, and the frequency
2000 Hz were the optimum parameters for copper electroforming. Under these conditions, the void-free microstructures were

successfully prepared.
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1 Introduction

Products with microstructure arrays, such as corrugated horns,
microchannel heat exchangers, and hydrophobic films, have
great market potential in communication, heat transfer, bio-
medicine, and other fields [1-3]. The introduction of surface
microstructure arrays can enable these devices to perform spe-
cific physical and chemical functions [4]. Fabrication methods
for surface microstructure arrays have attracted extensive at-
tention due to the increasing demand for minute and novel
functional devices in various fields. Nevertheless, the tradi-
tional processing methods are not well suited for mass pro-
duction because of their high fabrication costs and low
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throughput. Hence, it is essential to explore a new method
for the fabrication of the microstructures.

The commercialization of microcomponents requires a
low-cost, high-effectivity, high-precision fabrication tech-
nique [5-7]. Electroforming is one of the processes that might
satisfy these requirements. In comparison with traditional met-
al processing technology, electroforming can reduce the num-
ber of processes from blank to parts with microstructures [8].
However, the problems of the difficulties of mass transfer,
edge effect, cathodic polarization, and so on can occur in the
process of electroforming, which result in the growth rate of
the electroformed layer at the top edge of the microstructures
that is faster than that at the bottom edge [9-11]. Thus, the
void defects shown in Fig. 1 are formed in the microstructures.
For these reasons, several attempts have been made to im-
prove the uniformity of the electroformed layer, so as to fab-
ricate the void-free microstructures.

With regard to the improvement of ion mass transfer, Zhao
et al. [12] established a common computational model based on
mass transfer coefficient for quantitative study of the mass trans-
fer in megasonic microelectroforming. Both the simulation and
experimental results showed that megasonic agitation enhanced
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Fig. 1 a—d Schematic diagram of
the formation of voids between
microstructures during the
electroforming process
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the mass transport in microelectroforming. In addition, mass
transfer coefficient was inversely proportional to the aspect ratio
and distance between microchannel and transducer. Ming et al.
[13] investigated the effects of vacuum degassing technology
and surface boiling technology on electroforming. The results
showed that vacuum boiling electroforming enhanced the mass
transfer of electrolyte and then improved surface quality of the
deposited layer. Sun et al. [14] investigated the effect of pulsed
magnetic field on Ni-SiC composite coating. The results showed
that magnetic field can affect the mass transfer of solute and
effectively improve the quality of Ni-SiC composite coating.

Besides, the optimization of cathode electric field distribu-
tion is also helpful for improving the uniformity of the
electroformed layer. Haghdoost et al. [15] systematically stud-
ied the influence of applied voltage and micromold geometry
on the electrodeposition of microgrooves by numerical simu-
lation. Jiang et al. [16] adopted a nonconducting shield, a
secondary electrode, and a movable cathode to improve the
thickness uniformity of nickel deposits. The experimental re-
sults indicated that the three methods can effectively improve
the thickness uniformity of nickel deposits. Zhu et al. [17]
used auxiliary cathode to restrain the overgrowing on the cath-
ode boundary. Both results of simulation and experiments
proved the positive effects of auxiliary cathode.

Furthermore, Xue et al. [18] studied the effect of pulse duty
cycle on the quality of nanocrystalline Ni-GO composite coat-
ings by supercritical CO,-assisted pulse electrodeposition. The
study of duty cycle suggested that the off-time was beneficial to
improve the thickness uniformity. Feng et al. [19] built a three-
fold diffusion layer model for the pulse reverse
nanoelectroforming. The model revealed that that pulse reverse
electroforming was easier to replenish metallic ions in pulsating
diffusion layer than pulse electroforming when the pulse cur-
rent was turned off, which further improved the uniformity of
the electroformed layer. Wang et al. [20] changed the
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concentration of additives and the process parameters of pulse
reverse plating to improve the uniformity of copper plating
through holes. Chen et al. [21] used the oscillating method
and the additive with synergistic effect to form a uniform cop-
per layer. Xiao et al. [22] simulated the effect of additives on the
filling of through-silicon via (TSV) and obtained three different
simulation results, which were consistent with the experimental
results. Under appropriate conditions, the TSV with diameter of
20 pm and depth of 200 pm was completely filled.

The aim of this work is to eliminate the voids in the micro-
structure arrays to achieve high-performance copper deposits.
In this study, the effects of pulse current density, duty cycle,
and frequency on the surface morphology and thickness uni-
formity of copper deposits were systematically evaluated.
Based on this, the optimal machining parameters for
electroforming experiment were obtained. Besides, the void-
free microstructures were fabricated by pulse electroforming
to prove the feasibility of this method.

2 Experimental procedures
2.1 Microgroove preparation process

Figure 2 demonstrates a schematic illustration of the fabrication
process for the creation of the metal microstructures. The specific
experimental process is as follows: First, the nonmetal substrate
with high-aspect-ratio microgrooves on the surface is fabricated
by using 3D printing technology. Furthermore, a conductive lay-
er is applied to the surface of the nonmetal substrate before
electroforming to facilitate copper deposition. Subsequently, the
electrodeposition is stopped when the electroformed layer
reaches a certain thickness. Finally, the sample with microstruc-
ture arrays is put into acetone solution to dissolve the substrate so
as to obtain a complete electroformed layer.
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Fig. 2 Outline of the steps
involved in fabricating the metal
microstructure using
electroforming technology
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2.2 Electroforming experimental equipment

The self-designed electroforming equipment is shown in Fig. 3.
During electroforming process of microgroove structures, an
electrodeposition system mainly includes a water circulation sys-
tem, an anode plate, a cathode plate, an electroforming bath, a
magnetic stirrer, a temperature controller, and a power supply. A
water circulation system consists of a flow meter, a ball valve, a
filter, a pump, and an overflow valve. The temperature controller
kept the solution temperature constant. A phosphor bronze plate
was used as the anode. The cathode was made of photosensitive
resin substrate with the exposed area of 20 mm % 30 mm and the
other area was insulated. The substrate used was fabricated by
stereolithography apparatus (SLA) and its surface precision can
reach = 0.1 mm. The substrate surface was brushed with a

Fig. 3 Schematic diagram of the
electroforming equipment .
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commercial silver conductive paint (MECHANIC Supplies) to
facilitate copper deposition. The anode and cathode were posi-
tioned vertically and face to face with each other in the plating
solution. The distance between anode and cathode was fixed with
30 mm. The cathode diagram is shown in Fig. 4a. From the
cross-section P shown in Fig. 4b, the structural dimensions of
the microgrooves on the substrate surface can be obtained, where
h =750 um, w; = 500 um, w, = 300 pum, and R = 50 pm.

2.3 Electrolyte and characterizations

Taking the properties of the electroformed layer into consid-
eration, pyrophosphate bath is the best choice for the
electroforming process. Bath composition and electrodeposi-
tion parameters are listed in Table 1. Both direct current and
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Fig. 4 Model of microgrooves. a
Diagram. b Section

(a)

pulse current were used in the experiments. The electrolyte
solution was prepared using deionized water. The pH of the
solution was maintained at 8-9 using either NH5-H,O or
H4P,0; solutions. Before electroforming, sulfuric acid and
deionized water were used to clean the cathode surface to
ensure the quality of the electroformed layer. Evaluation of
deposit morphology was carried out by SEM typing JSM-
6510, made by JEOL Ltd., and metallurgical microscope typ-
ing FM-JX100A, made by FSM-Precision Ltd. In order to
ensure the reliability of the experimental data, the samples
were prepared three times, and each group of sample data
was measured three times. On this basis, the average value
was taken.

3 Results and discussion

In the experiment, metal microstructures with a pitch of
0.8 mm and a height of 0.75 mm were fabricated by direct
current and pulse current electroforming. In this study, the
surface topography and cross-sectional morphology of the

Table 1 Electrolyte composition and electrodeposition conditions
Bath constituent or electrodeposition Amount or conditions
conditions

Cu,P,05 (copper(Il) pyrophosphate) 70 g/L

K4P,0; (potassium pyrophosphate) 300 g/L

NH3'H20 2-3 mL/L

Average current density 1,2,3,4 A/dm?

Duty cycle 20%, 40%, 60%, 80%

Frequency 500, 1000, 2000, 3000
Hz

Temperature 40 °C

pH 8-9
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(b)

copper layers prepared by different electroforming processes
were compared. The optimum operation parameters of the
copper deposits formed by PC electroforming were identified.
In this condition, the void-free microstructure was fabricated.
The results and discussion are presented as follows.

3.1 Influence of current density on the electroformed
layer

Figure 5 is the SEM micrographs of the surface of the copper
electrodeposits, which are obtained under direct current den-
sities of 1, 2, 3, and 4 A/dm?>, respectively. The nucleation rate
and growth rate of grains affect the surface morphology of the
electroformed layer. When the nucleation rate is greater than
the growth rate, the grain size of the electroformed layer is
refined. On the contrary, the grains become larger and the
surface of the electroformed layer becomes rough. From the
result, it was found that the grain size of copper deposits was
refined and then increased. Under the condition of the direct
current density of 1 A/m? and 2 A/dmz, the surface of the
electroformed layer was similar and smooth. The size of
grains was finer and uniform. When the current density con-
tinued to increase, the grain size of copper deposits grew con-
tinuously. When the direct current density rose to 4 A/dm?, the
surface of the electrodeposits became uneven.

Figure 6 shows the surface morphologies of the copper
electrodeposits obtained at pulse average current densities of
1,2, 3, and 4 A/dm* when the pulse duty cycle and frequency
were kept constant at 20% and 2000 Hz, respectively. It illus-
trated that a finer grain size was obtained when the pulse
average current density increased from 1 to 2 A/dm®. When
the pulse average current density rose to 4 A/dm?, the grains of
the electroformed layer began to grow and become rough. At
the current density of 2 A/dm?, the electrodeposits became
more uniform and compact.

On further increase of the current density, the results showed
that the copper grains became coarser and the grain
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Fig. 5 SEM micrographs
showing the effect of the direct
current density on surface
morphology. a 1 A/dm>. b 2
A/dm’. ¢ 3 A/dm’. d 4 A/dm’

combination was loose. The grain sense was very obvious. The
results showed that pinhole defects appeared on the surface of
the electroformed layer, as shown in Fig. 7. A sponge-like
electroformed layer was formed. The structure of copper de-
posits was loose and the compactness was poor. The strength

Fig. 6 SEM micrographs
showing the effect of the pulse
average current density on surface
morphology. a 1 A/dm?. b 2
A/dn?’. ¢ 3 A/dm’. d 4 A/dm®
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and property of the electroformed layer were low and easy to
fracture. It is known that with the increase of current density,
the cathodic polarization and the cathodic overpotential in-
crease accordingly. As a result, the nucleation rate of grains is
increased and the critical radius of nucleation is reduced. Thus,
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Fig. 7 SEM micrographs
showing the effect of the high
current density on surface
morphology. a Direct current. b
Pulse current
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the grains in the electroformed layer are refined. However,
when the current density is too high, the discharge metal ions
near the cathode are seriously lacking, and the surface concen-
tration polarization phenomenon is gradually obvious, which
cause the electroformed layer to scorch or loose. As a result, the
electroformed layer became brittle.

To characterize the uniformity of the metal microstructure
thickness, thickness nonuniformity 7 is adopted. Its formula
can be described as:

tiop ™1
p = o _Thotom 1009 (1)

Tottom

where £, is the top edge thickness of the microstructures and
footiom 18 the bottom edge thickness of the microstructures,
respectively.

The thickness nonuniformities 7 with different direct cur-
rent densities and pulse current densities are calculated and
shown in Figs. 8 and 9.

As illustrated in Fig. 8, the results showed that that the
nonuniformity 7 with direct current density of 1 A/dm? was
higher than that of direct current density of 2 A/dm?. When the
direct current density increased to 4 A/dm?, the nonuniformity
of the copper electrodeposits was the highest. When the direct
current density was 2 A/dm?, the thickness of the

electroformed layer was the most uniform, and the nonunifor-
mity reached 248.4%. As shown in Fig. 10c, d, the electric
field distribution was uneven due to the high current density.
The grains of the copper were coarse. So the surface of the
electroformed layer was uneven. It is consistent with the con-
clusion in Fig. 5.

It can be seen from Fig. 9 that the nonuniformities of the
microstructure firstly decreased and then increased when
the pulse average current density increased from 1 to 4
A/dm?. When the pulse average current density was 2
A/dm2, the thickness of the electroformed layer was the
most uniform, and the nonuniformity reached 215.5%.
Compared with DC electroforming with direct current den-
sity of 2 A/dm?, the uniformity of the electroformed layer
was improved by 13.2% when the pulse average pulse cur-
rent density was 2 A/dm?. Figure 11 shows the changes of
microstructure at different current densities. Compared
with Figs. 10 and 11, it was found that the microstructure
thickness was more uniform and smooth under the condi-
tion of pulse current. Under the condition of pulse
electroforming, the current density changes periodically,
which promotes the metal ions to pass through the outer
diffusion layer towards the cathode. So the electroformed
layer becomes more uniform.

Fig. 8 The results of 140 ITop odge thickness 380
nf)nuniformities Wlth different 120 [ZZBottom edge thickness| = 360
direct current densities. a The == —
thicknesses of the electroformed ~100 - §34°
layer. b The nonuniformities of f::; gol 2320+
the microgroove § g
e «= 300
g 60r 5
£ 5280}
F a0} z
777 260
2ol B ) 7
7 7 7 240 |-
0

1

Direct current density(A/dm?)
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3.2 Influence of duty cycle on the electroformed layer

Figure 12 demonstrates the surface morphologies of the cop-
per electrodeposits obtained at duty cycle of 20, 40, 60, and
80%. Other parameters remain constant (the current density of
2 A/dm” and the frequency of 2000 Hz). When the duty cycle
was 20%, the surface morphology of the electroformed layer
was the most homogeneous and smooth. The grain size was
finer. It shows that a finer grained, more uniform
electroformed layer could be obtained with the reduction of
duty cycle. A decrease in duty cycle would result in a de-
creased deposition time and increase of pause time. It can be
concluded that with the decrease of duty cycle, the continuous
growth time of grains in each pulse period is decreased. When

Fig. 10 Cross-section images of
copper deposits produced by the
different direct current densities. a
1 A/dm?. b2 A/dm’. ¢ 3 A/dm’. d
4 Aldm®

Pulse average current density(A/dm?)

(a) (b)

the average current density is the same and the duty cycle is
small, the peak current density is higher. The instantaneous
higher current density increases the cathode overpotential,
which reduces the critical nucleation radius of the
electroformed layer. As a result, fine grains are formed. The
results also confirmed this fact.

Nonuniformities of the electroformed layer under different
duty cycles are shown in Fig. 13. It showed that the nonuni-
formity was decreased with the reduction of duty cycle. It is
considered that the increase of duty cycle means the increase
of on-time and the decrease of off-time. Due to the increase of
duty cycle, the ion consumption rate near the cathode is much
faster than the diffusion speed of ions, which has no time to
transfer. At last, the concentration difference is produced.
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Fig. 11 Cross-section images of
copper deposits produced by the
different pulse average current
densities. a I A/dm” b2 A/dm? ¢
3 A/dn?’. d 4 A/dm?

100 ym

Hence, the increase of the duty cycle decreases the thickness
uniformity of the copper deposits. The cross-section images
are shown in Fig. 14. When the duty cycle was 80%, the

Fig. 12 SEM micrographs
showing the effect of the duty
cycle on surface morphology. a
20%. b 40%. ¢ 60%. d 80%

SEl  5kV WD15mm
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thickness of the electroformed layer was the most uneven. In
general, when the duty cycle decreased, the thickness of the
top corners was getting thinner and thinner. When the duty
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cycle decreased from 60 to 20%, the thickness uniformity of
the microstructure was increased by 0.9%, 33.2%, and 50%,
respectively.

3.3 Influence of frequency on the electroformed layer

Figure 15 depicts the surface morphologies of the
electroformed layer that have been achieved using various
frequencies, respectively. The copper electrodeposits were ob-
tained from the average current density of 2 A/dm? and the
duty cycle 0f 20%. When the frequency increased to 2000 Hz,
the surface of the copper deposits was the most uniform and
smooth. The analysis results show that when the pulse fre-
quency increase, the pulse period become shorter and the

Fig. 14 Cross-section images of
copper deposits produced by the
different duty cycles. a 20%. b
40%. ¢ 60%. d 80%

on-time cut down. The deposition time of copper in one cycle
becomes shorter, which interrupts the continuous growth of
grains and made the grains refined. When the frequency in-
creased to 3000 Hz, the grains on the surface of the
electroformed layer became coarse. The analysis illustrates
that when the pulse frequency is too high, the influence of
capacitance effect will become significant, thus losing the ad-
vantage of pulse, which is almost equal to DC electroforming.

Nonuniformities 7 of the deposits with different frequen-
cies are displayed in Fig. 16. It can be seen that the nonuni-
formity of the microstructure was the lowest when the fre-
quency was 2000 Hz. Figure 17 represents the cross-section
morphology of electroformed layer at different frequencies.
When the frequency is the lowest, the thickness of the
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Fig. 15 SEM micrographs
showing the effect of the
frequency on surface
morphology. a 500 Hz. b 1000
Hz. ¢ 2000 Hz. d 3000 Hz

SElI  5kV WD15mm

SEl  5kV WD15mm

electroformed layer is more uneven. As can be seen from Fig.
16a, when the frequency was 500 Hz, the electroformed layer
on the top edge of the microstructure was thicker than that at
other frequencies. The results showed that the uniformity of
the microstructure was improved by 34.1%, 36.4%, and
33.8% when the frequency increased from 1000 to 3000 Hz.
The lower frequency means that the pulse period and the on-
time increase, which leads to increasing the thickness of pulse
diffusion layer.

4 Fabrication of the void-free microstructures
According to the analysis in Section 3, the pulse current can be

used to improve the thickness uniformity. Thus, in order to
verify the effectiveness of this method, the microstructures

JOOTIN SEl'  5kV WD15mm

SEl  5kV

WD15mm %200

100jm | —

were fabricated by direct current and pulse current
electroforming, respectively. Figure 18a displays the cross-
section of the electroformed layer with void at direct current
density of 2 A/dm?”. Figure 18b shows the microgroove with-
out defects fabricated with a pulse average current density of 2
A/dm?, a duty cycle of 20%, and a frequency of 2000 Hz. In
the electroforming process of high-aspect-ratio microstruc-
tures, a high current distribution is concentrated at the top
corners, resulting in the rapid growth of the copper
electroformed layers. In this case, the top electrodeposition
layers were closed, with voids remaining in the center. This
phenomenon leads to the formation of voids in the
electroformed layers, causing degradation of the sample per-
formance. Compared with DC electroforming, pulse
electroforming can change duty cycle and frequency, which
makes copper ions intermittently deposit, reduces

Fig. 16 The results of 120 |L__ITop edge thickness 340
nonuniformities with different [/ZZBottom edge thickness \
frequencies. a The thicknesses of 100 F 520
the electroformed layer. b The t 80 1\;300 -
. . =5 r =
nqnumforrnltles of the 7 E 180
microgroove 2 6ol 2
) S 260}
F a0l 5
Z 240
20 7 7 220 |
o / 200 1 1 1 I L I
500 1000 2000 3000 500 1000 1500 2000 2500 3000
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Fig. 17 Cross-section images of
copper deposits produced by the
different frequencies. a 500 Hz. b
1000 Hz. ¢ 2000 Hz. d 3000 Hz

100 pm 100 pm

concentration polarization, and increases cathode (1) Through experimental analysis, the grain size of the cop-
overpotential. Therefore, pulse current can effectively im- per deposits is refined and then coarsened when the cur-
prove the uniformity and quality of the electroformed layer. rent density increases. Compared with direct current,
pulse current can effectively refine the grain size and

improve the uniformity of microstructure deposition.
(2) With the decrease of duty cycle, the deposition time

5 Conclusions decreases and the interruption time increases. So the
ion diffusion layer becomes thinner and the cathode
In this study, electrodeposition experiments of the copper de- overpotential increases. The decrease of duty cycle
posits were carried out in different current densities, duty cy- can improve the uniformity and surface quality of
cles, and frequencies in order to obtain high uniformity and the copper layers.
high-quality copper deposits. The effects of current density,  (3) In a certain range, when the pulse frequency increases,
duty cycle, and frequency on microstructure, texture, and uni- the electroformed layer is smoother, organization is more
formity of the copper deposits are studied and the results are as compact, and grains are finer. In addition, the thickness
follows: of casting layer is more uniform. However, when the

Fig. 18 Cross-section images of
copper deposits. a Electroformed
layer with void. b Electroformed
layer without void
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frequency is too high, the quality of electroforming
decreases.
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