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Cu/Multiwalled Carbon Nanotube Composite Films Fabricated
by Pulse-Reverse Electrodeposition
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Cu/multiwalled carbon nanotube (MWCNT) composite plating by a pulse-reverse (PR) electrodeposition method was investigated
in order to increase the MWCNT content of the composite plating films. The electrodeposition and dissolution behaviors of the
composite films were investigated using scanning electron microscopy and X-ray diffraction to determine the most suitable
electrodeposition and dissolution current densities for PR electrodeposition. PR electrodeposition of the Cu/MWCNT composite
films was conducted by varying the current reverse ratios at the most suitable electrodeposition and dissolution current densities.
The surface morphology of the Cu/MWCNT composite films after dissolution was significantly changed by variation of the anodic
current densities. The MWCNT content of the composite films formed by PR electrodeposition was greater than that obtained
using a direct current (dc) electrodeposition method, and reached a maximum value of 0.59 mass %, which is a 40% increase over
that for dc electrodeposition. Furthermore, the surface roughness of the composite films fabricated by PR electrodeposition was

less than that by dc electrodeposition.
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Cu plating has been widely used in the electronics industry,
mainly due to its superior electrical and thermal conductivity. In
particular, the development of “via-filling” for printed-circuit boards
and “superfilling” for the damascene Process by Cu electrodeposi-
tion have been vrgorousléy advanced.'

Carbon nanotubes (CNTs) have excellent mechanical charac-
teristics, such as high tensile strength and elastic modulus, and also
exhibit high thermal and electrical conductivity values. Research
into practical applications of CNTs, such as the preparation of resin/
CNT, ceramic/CNT, and metal/CNT composites, has therefore been
actively pursued. Recently, fabrication of metal/CNT composites has
been attempted using plating techniques.17 »

The present authors and others have reported that Cu/multiwalled
CNT (MWCNT) composites can be electrodeposrted and the depos-
its tend to have bumpy26 28 or powdery morphology, due to the
intrinsic and unique electronic conduction of the CNTs.*® CNTs
have higher thermal conductivity than Cu; therefore, Cu/CNT com-
posite films are expected to exhibit higher thermal conductivity than
pure Cu films. However, Cu itself has high thermal conductivity;
therefore, it is not expected that a Cu/CNT composite film contain-
ing a small amount of CNTs would exhibit obviously higher thermal
conductivity than a pure Cu plating film. %8 Therefore, an increase of
the CNT content in Cu/CNT composite plating films is very impor-
tant to increase the thermal conductivity of Cu/CNT composite plat-
ing films over that of pure Cu films.

In general, the pulse-reverse (PR) electrodeposition method is
used to smooth the surface morphology of plating films. If the PR
electrodeposition method is applied to composite plating with granu-
lar or spherically shaped nanoparticles, then most nanoparticles
could be separated from the composite film during dissolution of the
metal matrix. Therefore, an increase of the particle content in a
composite film cannot be expected for composite films employing
granular or spherically shaped nanoparticles with PR electrodeposi-
tion. However, CNTs have a fibrous shape; therefore, it would be
expected that the CNTs would not be separated from the composite
film, due to entanglement with each other during the metal matrix
dissolution process. Therefore, PR electrodeposition of a metal/CNT
composite plating film could increase the CNT content of the com-
posite film over conventional methods. The fabrrcatron of Ni/CNT
composite plating films has been reported % However, the fabri-
cation of Cu/CNT composite films using PR electrodeposition has
not been reported.
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In this study, the PR electrodeposition of Cu/MWCNT composite
films was examined with a main focus on increasing the MWCNT
content of the composite films.

Experimental

The CNTs used in the present study were commercially available
vapor-grown MWCNTSs (Showa Denko Co., Ltd Japan), formed via
catalyst-assisted chemical vapor deposmon (CVD) and heat-
treated at 2800°C in Ar atmosphere for 30 min. The MWCNTs were
typically 150 nm in diameter and 15 wm in length. A sulfuric Cu
plating bath  (0.85 mol dm™> CuSO4-5H,0 + 0.55 mol dm™3
H,SO,) was used as the base bath. The MWCNTSs did not disperse
uniformly in the base bath; however, a homogeneous dispersion of
MWCNTSs was achieved by the addition of a dis 2];ersant [poly(acrylic
acid), mean molecular weight 5000, PA5000)] to the base bath
with stirring. The composition of the C/MWCNT composite plat-
ing bath was 0.85 mol dm™> CuSO4-5H,0 + 0.55 mol dm™
H,S0, + 100ppm PAS5000 + 2 g dm™> MWCNTs. A commercially
available electrolytic cell (Microcell model I, Yamamoto-Ms Co.,
Ltd., Japan), with internal dimensions of 65 X 65 X 95 mm was
employed for the electrodeposition. The volume of the plating bath
was 250 cm®. A pure Cu plate with an exposed surface area of
10 cm? (3 X 3.33 cm?) was mainly used as the substrate. A Cu
plate containing a small amount of phosphorus was used as the
anode. Electrodeposition behavior was examined under galvano-
static conditions in the range of cathodic current density from
0.5 to 5 A dm~2 with agitation by bubbling air. Agitation was effec-
tive to suppress the sedimentation of MWCNTs; that is, to disperse
MWCNTs homogeneously in the plating bath. The microcell model
I has holes at the bottom for agitation by air bubbling, and air
bubbling was conducted using an exclusive air pump (Hull cell air
pump, Yamamoto-Ms Co., Ltd., Japan). The dissolution behavior of
the electrodeposited Cu/MWCNT composite films was examined
under galvanostatic conditions in the range of anodic current density
from 1 to 20 A dm™2 with agitation by bubbling air. PR elec-
trodeposition was performed using an electrochemical measurement
system (HZ-5000, Hokuto Denko Corp., Japan) with agitation by
bubbling air. The bath temperature for all experiments was 25°C.

The microstructure of the Cu/MWCNT composite films was ex-
amined using a field-emission scanning electron microscope (FE-
SEM, JEOL JSM-7000F). A cross-section polisher (JEOL SM-
09010) was used to prepare cross-sectional samples for
observations. The phase structures of the films were examined using
X-ray diffraction (XRD) with Cu Ka; radiation (XRD-6000, Shi-
madzu Corp., Japan).

The MWCNT content in the composite films was determined by
direct weighing. For the weight measurement, thick Cu/MWCNT
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composite films (over 2 g) were electrodeposited on stainless steel
substrates. After separation from the substrates, the Cu matrix of the
films was dissolved in nitric acid. The MWCNTSs in the nitric acid
solution were then filtered, dried, and weighed.

Results and Discussion

Figure 1 shows surface FE-SEM images of composite films elec-
trodeposited at various current densities from the Ct/MWCNT com-
posite plating bath. The quantity of electricity was 600 C, which
corresponds to a film thickness of approximately 20 wm. Relatively
flat surface morphology was observed for deposition at 0.5 A dm™
and particularly at 1 A dm~2, whereas bumpy and spherical mor-
phology was observed for deposition at 5 A dm2.%° Therefore, the
electrodeposition current density for PR electrodeposition was fixed
at 1 A dm™ for further experiments. FE-SEM observation revealed
that the amount of MWCNTs on the composite film surfaces elec-
trodeposited at 1 A dm™2 did not change significantly beyond an
electricity quantity of 300 C, which corresponds to a film thickness
of around 10 pm.

Figure 2 shows surface FE-SEM images of Cu/ MWCNT com-
posite films after electrochemical dissolution of the composite films,

Figure 2. Surface FE-SEM images of Cu/MWCNT composite films after
dissolution of the Cu matrix at various current densities: (a) before dissolu-
tion, and at (b) 1, (c) 5, and (d) 20 A dm™2. The quantity of anodic electricity
used was 150 C. The C/MWCNT composite film before the dissolution (a)
was fabricated at 1 A dm™ and its thickness was approximately 20 wm.

Figure 1. Surface FE-SEM images of Cu/
MWCNT composite films electrodepos-
ited at various current densities of (a) 0.5,
(b) 1, and (c) 5 A dm™2. The images in
(d)—(f) are high magnification images of
(a)—(c), respectively. The quantity of ca-
thodic electricity used was 600 C.

i.e., the Cu matrix, at various anodic current densities. The Cu/
MWCNT composite film was fabricated at 1 A dm=2 before disso-
lution and the thickness was around 20 pm (Fig. 2a). The quantity
of anodic electricity for each dissolution process was 150 C, which
corresponds to a dissolution depth of approximately 5 pwm. Many
hollows of several micrometers in diameter were present on the
surface of the composite film deposited at an anodic current density
of 1 A dm™ (Fig. 2b). These hollows are formed by nonuniform
dissolution of the Cu matrix, and may create defects such as voids in
the Cu/MWCNT composite films during the PR electrodeposition
process. Furthermore, the number of MWCNTs decreased compared
to that prior to dissolution (Fig. 2a). The MWCNTSs may be sepa-
rated from the composite film surface during nonuniform dissolution
of the Cu matrix. In contrast, there was a high density of MWCNTs
in the composite film surface deposited at an anodic current density
of 5 A dm~2 (Fig. 2c), and no hollows were observed. Thus, almost
no MWCNTs separated from the composite film during the dissolu-
tion process at an anodic current density of 5 A dm™2, in which the
Cu matrix was uniformly dissolved. This could be caused by en-
tanglement of the MWCNTs. At an anodic current density of
20 A dm~2, no hollows were formed, and in contrast, the composite
film had a very flat surface. However, there were few MWCNTs on
the surface. It is considered that oxygen evolution may separate the
MWCNTs from the composite film surface.

The nonuniform dissolution of the Cu matrix shown in Fig. 2b
could be mainly attributed to electrochemical intergranular
corrosion.* Dissolution of the Cu matrix may proceed mainly along
the grain boundaries. In order to understand the nonuniform disso-
lution phenomena of the Cu matrix in detail, XRD measurements
were conducted.

Figure 3 shows XRD patterns of the Cu/MWCNT composite
films before and after the dissolution process. The thicknesses of the
films were around 15 pwm, so that there was little effect of the Cu
substrate on the XRD patterns. All diffraction peaks were assigned
to face-centered cubic Cu, and no peaks attributed to the MWCNTSs
were observed. The peak strength of the MWCNTs is considered to
be very weak, thus, these patterns show only diffractions of the Cu
matrix component of the CW/MWCNT composite films before and
after dissolution. The peak intensity ratios of the Cu crystal planes
were somewhat different from each other. To clarify this difference,
i.e., the difference in the orientation of the Cu films, the orientation
index of each crystal plane was calculated.

Figure 4 shows the relationship between the anodic current den-
sity for the dissolution process and the orientation index for each
crystal plane of the Cu matrix. The orientation index was calculated
using Willson’s equation35
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Figure 3. XRD patterns of the Cu/MWCNT composite films after dissolu-
tion at various anodic current densities: (a) before dissolution, and at (b) 1,
(c) 5, and (d) 20 A dm™2. The quantity of the anodic electricity used was
150 C. The Cu/MWCNT composite film before dissolution (a) was fabri-
cated at 1 A dm™ and its thickness was approximately 20 wm.
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where X (hkl) is the orientation index of the observed crystal plane,
I,,(hkl) is the measured peak strength of the crystal plane, 21, (/kl)
is the sum of the measured peak strengths for each crystal plane,
Ijcpps(hkl) is the peak strength of the noted crystal plane in the
JCPDS card, and X1;cppg(hkl) is the sum of the peak strengths for
each crystal plane in the JCPDS card. If X(hkl) for the crystal plane
is larger than 1, then the crystal plane is orientated perpendicularly
against the film surface, and a higher orientation index value indi-
cates stronger orientation of the crystal plane. In this study, (111),
(200), (220), and (311) planes were taken into account. It is notable
that the orientation index for the (220) plane is larger than 1 and has
the highest value among these crystal planes. Furthermore, the ori-
entation index for the (220) plane is clearly lower at 1 A dm~2 than
at other current densities. The orientation indixes for other crystal
planes did not change significantly at each current density. There-
fore, it is thought that Cu crystallites with the (220) plane orientated
perpendicularly against the film surface were selectively dissolved at
an anodic current density of 1 A dm™2. For the Cu face-centered
cubic structure, the ascending order of surface free energy vy is
Yain < Yoo < 7(110)~36 Therefore, the (220) plane is most un-
stable, i.e., the most soluble crystal plane among the (111), (200),
and (220) planes. Beyond an anodic current density of 5 A dm™2,
the corresponding anode potentials of the film surfaces may be suf-
ficiently high with respect to the differences of the surface free
energy of each crystal plane. The difference of the dissolution rate
between each crystal plane would become smaller, which would
result in smooth surface morphologies at higher current densities.
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Figure 4. Relationship between anodic current density and the orientation
index of Cu crystal planes. The (111), (200), (220), and (311) planes were
taken into account.

o

Strictly speaking, the effect of the (311) plane should be considered,
and this will be treated in future work. The dissolution current den-
sity affects the surface morphology of the composite film; therefore,
the selection of an appropriate dissolution current density is impor-
tant for the fabrication of compact composite films. From these re-
sults, the dissolution current density for the PR electrodeposition
was set to 5 A dm™2. The extra PA5S000 dispersant that does not
adsorb onto the MWCNTs may adsorb on the deposited copper sur-
face and affect the behavior of PR electrodeposition. We plan to
investigate the specific role of PA5000 during PR electrodeposition
in future work.

Figure 5 shows the waveform used for PR electrodeposition in
this study. The cathodic pulse current density was set to 1 A dm™
(the cathodic pulse current i, was 0.1 A and the surface area of the
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Figure 5. Waveform for PR electrodeposition.
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Figure 6. Relationship between r and MWCNT content in the composite
films.

substrate was 10 cm?) and the cathodic pulse time 7z, was 3000 s,
which corresponds to a film thickness of around 10 wm. The anodic
pulse current density was set to 5 A dm™2 (the anodic pulse current
i. was 0.5 A). The anodic pulse time ¢, was varied and the reverse
ratio r of the PR electrodeposition was defined as follows
e a2 00(9)
i, X 1.

The reverse rate r was varied from 0 to 70%.

Figure 6 shows the relationship between r and the MWCNT
content in the composite films. The MWCNT content in the com-
posite films increased with increasing r, and reached a maximum
value of 0.59 mass % (r = 50%), which is an approximately 40%
increase over that of the dc electrodeposited composite film
(0.42 mass %). The MWCNT content decreased beyond r = 50%.
At r = 50%, more than 50% of the Cu matrix could be dissolved
and the MWCNTSs incorporated in the composite films would be
easily separated, which would result in a decrease of the MWCNT
content in the composite films.
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Figure 8. Cross-sectional FE-SEM images of Cu/MWCNT composite films
fabricated by (a) dc and (b) PR electrodeposition (r = 50%). The images in
(c) and (d) are high magnification images of (a) and (b), respectively.

Figure 7 shows a schematic illustration of the growth process for
a Cu/MWCNT composite film by PR electrodeposition. First, the
Cu/MWCNT composite film is grown on the substrate (Fig. 7a). The
Cu matrix is selectively dissolved and almost all the MWCNTs con-
tained in the dissolved Cu matrix remain on the film surface by
entanglement, which results in a higher density of MWCNTSs on the
composite film surface, as shown in Fig. 2c¢ (Fig. 7b). These pro-
cesses occur during the first pulse cycle. During the second pulse
cycle, more Cu/MWCNT composite is electrodeposited on the com-
posite film surface that has a higher density of MWCNTs (Fig. 7c).
These processes are repeated, which results in a higher MWCNT
content of the composite film. Therefore, the results indicate that PR
electrodeposition provides an increased MWCNT content in the
composite films compared to that produced by dc electrodeposition.

Figure 8 shows cross-sectional FE-SEM images of Cu/MWCNT
composite films fabricated using dc electrodeposition and PR elec-
trodeposition. The quantities of net electricity for the fabrication of
the films were both 1200 C, which corresponds to a film thickness
of approximately 40 pwm. The composite film produced using PR
electrodeposition was fabricated by 8-cycle PR electrodeposition
with r = 50%. The black areas in Fig. 8c and d are cross sections of
the MWCNTs. A comparison of Fig. 8c and d confirms that the
number of MWCNTs in the composite film fabricated by PR elec-

Cu/MWCNT composite film
with high MWCNT content

1

Figure 7. (Color online) Schematic illus-
tration of the growth process for Cu/
MWCNT composite films by PR elec-
trodeposition. (a) Electrodeposition of Cu/
MWCNT composite film on the substrate,
(b) selective dissolution of Cu, and (c)
electrodeposition of Cu/MWCNT com-
posite film by a second pulse cycle.
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trodeposition is higher than that fabricated by dc electrodeposition.
There were no significant defects, such as voids in the CW/MWCNT
composite film produced by PR electrodeposition, as was the case
for that produced by dc electrodeposition. This could be attributed to
the choice of the anodic current density for the dissolution process.
The surface roughness of the composite film fabricated by PR elec-
trodeposition was smoother than that fabricated by dc electrodepo-
sition (Fig. 8a and b). The PR electrodeposition process finishes
with the dissolution process; therefore, a relatively smooth surface
morphology was obtained.

Conclusions

PR electrodeposition was applied to increase the MWCNT con-
tent in C/MWCNT composite plating films. The electrodeposition
and dissolution behavior of the composite films was investigated to
determine suitable electrodeposition and dissolution current densi-
ties for PR electrodeposition. PR electrodeposition resulted in an
increase of the MWCNT content in the composite films compared to
composite films fabricated by dc electrodeposition. Furthermore, the
surface roughness of the PR electrodeposited composite film was
lowered compared to that prepared by dc electrodeposition.
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