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Driven by the booming development of signal transmission in 5G, the internet of vehicles and cloud
computing, the trade-off between the low profile and high binding force of copper foil has become a
prominent issue. Here, we prepared a novel copper foil (RG-VLP) with an ultra-low profile and high peel
strength via electrodeposition. The physicochemical properties of the modified copper foils have been
studied. The obtained results indicate that the surface of the copper foil exhibits an average diameter of

Received 18th August 2023, 420 nm copper nanoparticles and a 52% higher surface area than bare copper foil, contributing to the

Accepted 6th November 2023 improved peel strength from 0.05 to 0.5 N mm™. Further contact angle research shows that the rice-grain
DOI: 10.1039/d3ma00565h copper nanoparticles reduced the surface energy of the copper foil by 42%, which agrees well with the

significant improvement of the surface area ratio and peel strength. Besides, cyclic voltammetry tests show
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1. Introduction

As critical raw materials for PCB laminates, electrolytic copper
foils have been widely used in electronic communications, medical
devices and other fields and are well known as the “neural
network” for signals, power transmission and communication of
electronic products." With the development of fifth-generation
mobile communication technology (5G), electrolytic copper foils
are subjected to high-frequency and high-speed signal transmis-
sion. Usually, the increase of signal transmission frequency will
aggravate the “skin effect”. When the signal is more concentrated
on the surface of the conductor, the skin depth decreases, the
equivalent resistance of the conductor increases, and the transmis-
sion process is more susceptible to problems such as “standing
waves” and “reflections”, which means that the impact of copper
foil surface roughness on signal loss increases exponentially.*® At
high frequency signals (frequencies greater than 1 GHz), the effect
of the roughness of the surface of the copper foil on the signal loss
becomes more pronounced, which requires that the copper foil is
developed in the direction of a very low profile. However, when the
surface roughness of the copper foil decreases, the bond between
the copper foil and the resin sheet will weaken.”® There is a
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that the micro-coarsening process belongs to the three-dimensional transient nucleation type.

mutually constraining relationship between the ultra-low profile
and high peel strength.”™" So, the surface microfine coarsening
treatment technology for 5G electronic copper foils has become an
urgent need for the future market.

Recently, many researchers attempted to improve the bond
between the copper foil and resin sheets by surface treatment."?
Cheng electrodeposited nickel-copper nanoparticle spots on
the surface of the copper foil through the nickel sulfate plating
solution. The result suggests that the peel strength of the
copper foil was substantially improved, but its surface roughness
value increased substantially.'> Most researchers consider the
impact of coarsening treatment on the peel strength of the
copper foil, concluding that the peel strength of the copper foil
will increase with the increase of surface roughness.'* Lee
discovered that dendritic copper nanoparticle morphology from
Ti-containing electrolytes results in an increase in surface
roughness.'® However, these coarsening processes cannot meet
the requirements of both the ultra-low profile and high peel
strength of the copper foil for high-frequency and high-speed
signal transmission."®"® To the best of our knowledge, research
on the relationship between the micromorphology of coarsened
copper nanoparticles and surface properties was seldom reported
before.

As a continuous work for high-quality copper, we success-
fully prepared a copper foil (RG-VLP) with an ultra-low profile
and high peel strength by electrodeposition. The impact of the
microscopic morphology and three-dimensional profile of rice-
grain copper nanoparticles was deeply investigated. The result
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showed that the rice-grain copper nanoparticles can signifi-
cantly increase the surface area of the copper foil, and improve
the peel strength remarkably.

2. Experimental

2.1 Experimental materials

As shown in Table S1 (ESIt), the composition of the plating
solution mainly contains CuSO,, H,SO, and a few additives. An
iridium-plated titanium plate measuring 10 cm X 15 cm was
used as an anode and a pure titanium plate was used as a
cathode. The distance between the anode and the cathode was
kept at 5 cm. All reagents mentioned are of analytical grade.

2.2 Test methods

The surface morphology with treated coating was characterized
using a scanning electron microscope (MLA650F, FEL), a laser
confocal microscope (VK-150K), and an atomic force microscope
(Bruker). The contact angle and surface energy of treated copper
were measured three times repeatedly (Data physics). The electro-
crystallization behavior was investigated via a three-electrode cell
system of the electrochemical workstation to analyze the rough-
ening process (660D, Shanghai Chenhua). The roughness of
the copper foil surface was measured using a roughness meter
(PS-10, Mahr). The peeling resistance of copper foils was measured
using a peel strength tester (BLD-200N, Saichen). Additional
characterization studies are available in the ESLt{ (Rz and Ra
represent the average values of the optical roughness for the
copper foil surface, and Ra* and Rz* represent the average values
of the probe roughness of the copper foil surface.)

2.3. Experimental procedures

As depicted in Fig. 1, the experimental procedure includes five
steps: the preparation of raw copper foil, micro-coarsening,
curing treatment, heat resistant alloy treatment immersing
silane and drying treatment. The copper foil treated by the
surface treatment was rinsed with deionized water to avoid
contaminating the subsequent reagents.

The micro-coarsening treatment refers to the electroplating
of copper nanoparticles on the surface of the copper foil to
increase the surface area of the copper foil. Curing treatment is
mainly deposits of another layer of copper on the surface of the
roughened copper foil to prevent the copper powder from
falling off and plays the role of fixing the copper nanoparticles.
The purpose of the heat-resistant alloy treatment is to plate an
alloy that is resistant to high-temperature oxidation on the
surface of the copper foil so that the copper foil can withstand
the lamination process without oxidation. Silane is an added

Ultra-low
profile copper —
foil preparation

Immersion
silane

Micro-
Coarsening

heat resistant
alloy treatment

Curing
treatment

Fig.1 Flow chart of the copper foil matt side micro-coarsening
experiment.
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antioxidant. The silane treatment further prevents the oxida-
tion of copper foil.

The ultra-low profile raw copper foil was prepared via an
electrochemical method. The experimental plating conditions
were 20 A dm ™2, a temperature of 50 °C, and a time of 225 s. And
then, the matt side of the ultra-low profile copper foil was
coarsened with a current density of 20 A dm > for 6 s at room
temperature. Subsequently, the curing treatment was performed
to reinforce coarse particles. The treatment time was controlled
for 4 S, and the other conditions were the same as in the last
step. The heat-resistant alloy layer was plated on the surface of
the copper foil after curing. The current density was 5 A dm >
and the treatment time was 3 s. After heat-resistant alloying, the
copper foil was coated with the silane coupling agent. Finally,
the copper foil was removed from the cathode plate and dried
with a drier. A roughened layer of copper nanoparticles with the
rice-grain microscopic morphology was observed by field emis-
sion scanning electron microscopy (SEM). The schematic dia-
gram of the roughened layer is shown in Fig. S1 (ESIt). We
named the familiar ultra-low profile copper foil VLP and called
the novel material with rice-grain treatment coating RG-VLP.

3. Results and discussion

3.1 Microscopic morphology and surface distribution of
copper nanoparticles

As shown in Fig. 2, the rice-grain copper nanoparticles were
prepared on the surface of ultra-low profile copper foils via
micro-coarsening. It is worth noting that some small-diameter
spherical copper nanoparticles appeared in the vicinity of the
rice-grain copper nanoparticles. This may be because that
during the early stage of electrodeposition, spherical copper
nanoparticles are preferentially formed at the tip due to the “tip
effect””.'® Here, the nanoparticles grow into vertically oriented
rice-grain copper nanoparticles in the later stages of electro-
deposition. In contrast, the copper nanoparticles in the lower
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Fig. 2 SEM characterization of the copper foil surface with a 10 um scale
for (a) VLP, (b) RG-VLP, and (c) RG-VLP*. (d) Normal distribution curve of
the rice-grain copper nanoparticle diameter.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00565h

Open Access Article. Published on 07 November 2023. Downloaded on 11/22/2025 8:11:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

part are deposited later, resulting in the formation of spherical
copper nanoparticles within a short period. As a result, pre-
dominantly rice-grained copper nanoparticles with a small
number of spherical copper nanoparticles were formed
(Fig. 2b). The average length of the long axis of the rice-grain
copper nanoparticles is 850 nm, the average size of the short
axis is 421 nm, and the ratio between the long and short axes is
about 2.0. As further displayed in Fig. 2(d), the normal distribu-
tion diagram for the short axis size of the copper nanoparticles
showed an apparent size grading phenomenon of the rice-grain
copper nanoparticles. This verifies the interspersed distribution
of rice-grained copper nanoparticles with small-diameter sphe-
rical copper nanoparticles. RG-VLP* was obtained by rough-
ening the VLP foil as a substrate without adding any additives to
the roughening solution. It should be noted that the other
conditions of RG-VLP* and RG-VLP are the same. The surface
micro-morphology of the copper foil was obtained as shown in
Fig. 2(c). The size of the RG-VLP* copper nanoparticles is large
and the shape is not uniform, which is not favorable for
applications in 5G high-frequency signal transmission.

3.2 AFM analysis of the micro-coarsening surface

The surface and cross-sectional profile of the copper foil were
observed by atomic force microscopy (AFM) with a probe scan
area of 40 x 40 pm>. As expected, the surface area of the copper
foil was increased from 1628.8 um” to 2435.2 pm?® with the
deposition of rice-grain copper nanoparticles. The surface area
of RG-VLP was increased by 52.2% compared to that of VLP,
wherein the surface area ratio of the copper foil was only 1.02
(Table 1). At the same time, it is noticed that the degree of
cross-sectional undulation of the copper foil with the micro-
coarsening treatment was denser than untreated samples. The
cross-sectional profile of the copper foil reflects the uniform and
dense distribution of the rice-grain copper nanoparticles, which
is the main reason why the rice-grain copper nanoparticles can
significantly increase the surface area of the copper foil
(Fig. 3(d)). And the tiny undulations on the VLP surface shown
in Fig. 3(b) are caused by the deposition of copper on the gross
surface of the copper foil, consistent with the results with SEM
and confocal microscopy. Furthermore, the cross-sectional pro-
file may also reflect changes in the surface roughness of the
copper foil. From laser confocal microscopy, it can be found that
the surface optical roughness Rz of the copper foil is increased
from 0.995 um to 1.887 um (Fig. S3, ESIf). This phenomenon
indicates that the rice-grain copper nanoparticles can effectively

Table1 Surface roughness, peel strength, and surface area of the copper
foil before and after micro-coarsening treatment for VLP and RG-VLP

Rz* Ra* Peel strength ~ Surface Surface
Samples (um) (um) (N mm™) area (um?®)  area ratio
VLP 1.048 0.109 0.05 1628.8 1.02
RG-VLP 1.632 0.209 0.50 2435.2 1.52

Rz* is the average sum of Rz;* to Rzs* obtained from 5 parallel tests
conducted on different parts of the copper foil surface, and Ra* can be
obtained in the same way.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 3D surface and cross-sectional morphology of the copper foil for
(a) VLP, (b) VLP cross-sectional profile, (c) RG-VLP, and (d) RG-VLP cross-
sectional profile.

enhance the surface area ratio of the copper foil within the
2.0 pm surface roughness.

3.3. Impact of rice-grain copper nanoparticles on the surface
roughness and peel strength of copper foils

The copper foil and PPO resin material were added into the
laminating testing machine, and the laminating temperature
was set at 180 °C, the average pressure was 300PIS, and the
cycle length was 150 min. At the end of lamination, the copper
foil was etched with FeCl; solution. Finally, the copper foil after
etching was tested for peel strength, and 10 parallel tests were
conducted for data processing. After the micro-coarsening
treatment, the roughness on the copper foil surface was slightly
increased (Table 1). A low surface profile can avoid signal loss
during high-frequency and high-speed transmission. The rice-
grain copper nanoparticles significantly improve the peel
strength. This is attributed to the copper particles arranged
vertically like “rivets” embedded in the substrate. When it
interacts with the HF resin plate, it can increase the contact
area between the copper foil surface and the substrate. Usually,
the ultra-low profile copper foil (VLP) is smooth and flat. The
contact area between the copper foil and the substrate is small
and does not create an “anchor” effect,”® and the peel strength
is only 0.05 N mm " (Table 1). The peel strength of the RG-VLP
copper foil is increased to 0.50 N mm ™, which is almost a ten-
fold increase compared with the ultra-low-profile copper foil
(Fig. 4(b)). The copper nanoparticles on the surface of RG-VLP*
are disorganized and the particles are large, which is not

00

viP RG-VLP vLP RG-VLP

Fig. 4 (a) Copper foil surface roughness, peel strength and surface area
ratio for VLP and RG-VLP. (b) Surface roughness, peel strength, and
surface area increased rate for VLP and RG-VLP.
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conducive to the application of 5G high-frequency signal trans-
mission. RG-VLP* has a surface roughness of 3.14 pm and a
peel strength of only 0.57 N mm * (Fig. S6, ESIt). RG-VLP has a
more suitable surface roughness and peel strength than VLP
and RG-VLP*. In addition, the surface area of RG-VLP is much
larger than that of VLP, agreeing well with the conclusion
drawn by the CLSM and AFM structural morphology findings.
Therefore, the rice-grain copper nanoparticles not only signifi-
cantly improve the peel strength, but also maintain the low
surface roughness, which meets both the requirements of high-

frequency and high-speed materials for the 5G copper foil.*®

3.4. Surface contact angle analysis of the micro-coarsening layer

It is well known that the surface contact angle can be used to
calculate the surface free energy. The contact angles of water
droplets and diiodomethane on VLP and RG-VLP are shown in
Fig. 5, respectively. The contact angle of water droplets is
usually greater than 90° due to its higher surface tension than
organic solvents.>" As depicted in Fig. 5(b), the water contact angle
on the RG-VLP surface was as high as 128.9°, while the water
contact angle on the VLP surface was only 95.5°. The contact angle
variation trend of diiodomethane on the copper foil with different
surface morphologies is consistent with that of water. It is shown
that the rice-grain copper nanoparticles make the surface rough-
ness of the copper foil to increase. When the surface of the copper
foil is rice-grain copper nanoparticles, the contact angle of diiodo-
methane on RG-VLP is 88.3°, while the contact angle on the VLP
surface is 63.2°. According to the Cassie-Baxter model,”*>* the
contact angle can be defined as the angle between the tangent of a
boundary droplet and the plane of a solid surface. The droplet-
gas-solid interface relationship can be obtained as solid surface
wettability using the following formula.

cos Oca = f; (cos Ogae + 1) — 1 (1)

where 0ca and cos0p,, denote the contact angle between a
rough solid surface and an ideal smooth surface droplet,
respectively, and f; denotes the ratio of the solid surface vs.
the droplet contact.

The larger the value of f;, the higher the percentage of
contact between the solid surface and the droplet.”® Combined

(a) CA=95.5° CA=128.9°
© ER-639° CA=88.3°

.-..A.

Fig. 5 The water contact angles of (a) VLP and (b) RG-VLP. The diiodo-
methane contact angles of (c) VLP and (d) RG- VLP.
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Table 2 Surface energy of the copper foil before and after micro-
coarsening

Sample 7s (MN m™) 78 (mN m™) 78 (mN m™)
VLP 26.41 24.24 2.16
RG-VLP 15.20 14.92 0.28

78 is the solid surface free energy polar component and 73 is the solid
surface free energy dispersion component.

with the analysis of the surface optical roughness (Rz) between
VLP and RG-VLP (Table S3, ESIt), the contact area ratio (fs)
between the droplet and the copper foil surface decreases when
the surface roughness increases. Therefore, RG-VLP presents a
higher surface roughness than that of VLP.

The solid surface free energy is related to the material
surface roughness, composition of impurities and elemental
distribution.>® The roughened layer is pure copper particles (is
verified in the XRD tests in the ESIt (Fig. S2)). Since the additives
and impurity components in electrolytes for roughening treat-
ment are minimal and negligible, the surface energy of the
copper foil is only related to its surface roughness. The calculated
surface free energy (ys) with different morphologies of copper
nanoparticles before and after micro-coarsening is shown in
Table 2. The results showed that the surface energy of RG-VLP
was 1520 mN m~ ', while the surface energy of VLP was
26.41 mN m ', Furthermore, the surface roughness of RG-VLP
increases after micro-coarsening treatment. Therefore, it has a
lower surface free energy than it has before treatment. According
to the previous document, the increase in the unit surface area
leads to a lower surface free energy.”” The rice-grain copper
nanoparticles significantly increase the copper foil’s surface area
and the substrate’s bonding area, so RG-VLP has a lower surface
free energy than VLP. Such a high surface area of RG-VLP is
consistent with the results of AFM and peel strength tests.

3.5. Analysis of electro-crystallization behavior during the
micro-coarsening process

To investigate the copper electrocrystallization behavior during the
micro-coarsening process, we measured the cyclic voltammetric
curves (CV) at different sweep speeds. The working electrode in
electrochemical tests is a titanium sheet electrode, the counter
electrode is a platinum sheet electrode and the reference electrode
is a Hg/HgCl, electrode. As shown in Fig. 6(a). The reduction peak
current density and peak potential shifted towards a negative
direction with the increase of the scanning rate. This phenomenon

AN
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10mV/s =
15mV/s =
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30mvis | oo
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Fig. 6
rates. (b) Linear fit of the reduction peak current density j to v

(@) CV curves of micro-coarsening solution at different sweep
1/2
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indicates that the copper electrocrystallization reaction is irrever-
sible in the micro-coarsening process.*®

In addition, the Randles-Sevcik equation® is followed when
the electrode reaction is under diffusion control. The measured
peak current density j is fitted to 1"/
shown in Fig. 6(b). The linear fitting curve shows a good linear
relationship between j and /. It is shown that copper electro-
deposition during micro-coarsening is an irreversible reaction
under diffusion control.*

To further investigate the nucleation mechanism during the
micro-coarsening process, constant potential deposition tran-
sient profile tests were performed at different excitation poten-
tials. The measured peak potential was subsequently fitted to
the time curve to obtain the copper constant potential electro-
deposition transient curve (I-t) (Fig. 7(a)). To the best of our
knowledge, the copper electrocrystallization of the electrode
surface at the early stage can be described as a short-period
double-layer charging process. The current density increases
sharply in a short period due to the nucleation and crystal
growth of copper nuclei. When the current density reaches the
peak, the current density decreases in the positive direction as
the copper nuclei overlap each other. Finally, the equilibrium
state of reducing and increasing the current density is reached,
and the process possesses the typical characteristics of three-
dimensional nucleation growth.*’

According to the Scharifker-Hills theoretical model, the
normalized currents for transient nucleation and continuous
nucleation can be expressed by eqn (2) and (3):**

to obtain the linear curve

P2 = 1.9542/(t/t){1 — exp[—1.2564(t/t)}>  (2)

PIy? = 1.2254/(t/t){1 — exp[—2.3367(t/tm)]}>  (3)

where I, and ¢, represent the peak current density and the
corresponding time, respectively.

Finally, a dimensionless (I/I,)*~(t/tm)” fit to the data from
the copper constant potential transient curves at different potentials
yields the actual curves of copper deposition as shown in Fig. 8. This
shows that copper electro-crystallization tends to theoretically tran-
sient nucleation during micro-coarsening at each potential.

According to the Scharifker-Hills equation,® the diffusion
coefficient and the nucleation number density during the micro-
coarsening copper electrocrystallization process can be calculated.
As shown in Table 3, the nucleation density N, increases exponen-
tially when the potential tends to be negative. This indicates that

"""" )

y=0.04381-0.08704x

jA(A-em?)

Time/see 178!

Fig. 7 (a) Electrodeposition transient curve profile at different potentials
during the micro-coarsening process. (b) A linear relationship of current
density j to the corresponding 2 at the transient curve step peak.
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Fig. 8 (/-1n)°—t/t, theoretical curve of transient nucleation and contin-
uous nucleation during the micro-coarsening process.

Table 3 Diffusion coefficient (Dg) and nucleation density (No) during the
micro-coarsening process

Potential/V I,/(107° Aem™?) tn/s Do/(1077 em® s71) Ny/(10° em™?)
—0.27 -1.19 1.26 1.177 5.385
—0.28 —1.48 0.80 1.156 8.637
—-0.29 -1.57 0.65 1.057 11.63
—-0.30 —1.80 0.41 0.876 22.23
—0.31 -1.82 0.38 0.830 25.31
—-0.32 —2.07 0.24 0.678 49.06

the grain size formed by micro-coarsening becomes smaller with
negative potentials. This may be due to the fact that the nucleation
time shortens with the increasing negative direction potentials
(Fig. 7(a)). The number of electrons gained on the surface of the
copper foil decreases, and the size of the copper grains becomes
small. At the same time, when the potential tends to be negative,
and the diffusion coefficient D, decreases accordingly, the
reduction speed of Cu®* to copper monomers in solution becomes
slower; subsequently, the size of the grains becomes smaller.

4. Conclusions

In conclusion, new micro-coarsening technology was conducted on
the surface of an ultra-low profile copper foil, and the nano-sized
rice-grain copper nanoparticles grew on the surface of the copper
foil. In particular, the surface roughness of the copper foil is Rz* =
1.632 pm and Ra* = 0.209 um. The surface area increased by 52%
and the peel strength increased by 10 times after treatment. The
surface free energy of the copper foil was reduced to 15.20 mN m ™%,
further confirming the high surface properties of the copper foil.
Furthermore, the micro-coarsening process is an irreversible reac-
tion under diffusion control, characterized by the typical feature of a
three-dimensional transient nucleation growth model.
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