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Copper/single-walled  carbon  nanotube  (SWCNT)  composite  films  were  fabricated  by electroless  deposi-
tion. The  SWCNTs  were  formed  using  the  water-assisted  chemical  vapor  deposition  method.  To  prepare
copper/SWCNT  composite  plating  baths  with  homogeneously  dispersed  SWCNTs,  magnetic  stirring,
ultrasonic  homogenization,  and collision-type  atomization  were  examined  as mechanical  methods  for
the  disintegration  of SWCNT  bundles.  Appropriate  dispersants  were  added  to the  plating  baths  to  avoid
re-aggregation  of  the  disintegrated  SWCNTs.  The  degree  of  SWCNT  dispersion  in  the  copper/SWCNT
ingle-walled carbon nanotube
opper
omposite
lectroless deposition

composite  plating  bath  was  evaluated  using  a particle  size  analyzer,  and  the  microstructures  of  the cop-
per/SWCNT  composite  films  were  analyzed  using  scanning  electron  microscopy  and  X-ray  diffraction.
Collision-type  atomization  most  significantly  improved  the  degree  of  SWCNT  dispersion  in the  com-
posite  plating  bath. Using  this  treatment  method,  copper/SWCNT  composite  films  with  homogeneous
dispersions  of  SWCNTs  were  successfully  fabricated  by  electroless  deposition.

©  2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
. Introduction

Carbon nanotubes (CNTs) [1,2] have excellent mechanical char-
cteristics and high thermal conductivity. Consequently, research
nto practical applications of CNTs, including the preparation of
esin/CNT, ceramic/CNT, and metal/CNT composites, has been
ctively pursued. CNTs also have an extremely high current-
arrying capacity (ampacity) that is one thousand times higher than
hat of copper (109 A cm−2) [3]; therefore, applications for power
ables [4] and very-large-scale integration (VLSI) wiring [5] have
een investigated. Subramaniam et al. reported that copper/single-
alled carbon nanotube (SWCNT) composites exhibit both high

lectrical conductivity (similar to that of copper) and high ampac-
ty [6]. They fabricated the copper/SWCNT composites by filling
aps in a horizontally aligned forest of SWCNTs with copper using
lectroplating techniques.

We have reported that copper/multi-walled carbon nanotube
MWCNT) composite films can be fabricated using a plating tech-

ique known as composite plating [7–13]. The copper/MWCNT
omposite films can be fabricated by both electrolytic compos-
te plating [7–10] and electroless composite plating [11–13]. The
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/).
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

latter technique enables the formation of copper/MWCNT compos-
ite films not only on electrically conductive substrates, but also
on insulators such as resin. In CNT composite plating, CNTs are
incorporated into a metal film during the metal deposition pro-
cess; therefore, a homogeneous dispersion of CNTs in the composite
plating bath is very important to form a homogeneous dispersion
of CNTs in the metal/CNT composite film. CNTs are hydropho-
bic and plating baths are typically aqueous solutions; therefore,
hydrophilic treatment of the CNTs is necessary to achieve ade-
quate dispersion in the plating bath. The introduction of hydrophilic
groups onto the surfaces of CNTs or the addition of appropriate
surfactants is generally employed to hydrophilize CNTs. Acid treat-
ment [14], heat treatment [15], and plasma treatment [16] are
often used to graft hydrophilic groups, such as hydroxyl or car-
boxyl groups, onto the surfaces of CNTs; however, these treatments
destroy the sp2 carbon bonding of the CNTs. In contrast, hydrophilic
treatment using dispersants does not damage CNTs, and various
kinds of surfactants [17–34], such as sodium dodecyl sulfate (SDS),
have been examined. We  have fabricated copper/MWCNT com-
posite films using composite plating baths in which MWCNTs are
dispersed with appropriate dispersants. However, SWCNTs are the
thinnest among the various types of CNTs and can thus easily

form aggregates referred to as bundles. Therefore, to obtain cop-
per/SWCNT composite films with a homogeneous dispersion of
SWCNTs as the primary particles requires the preparation of a
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dx.doi.org/10.1016/j.mtcomm.2016.04.009
http://www.sciencedirect.com/science/journal/00000000
www.elsevier.com/locate/mtcomm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2016.04.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:araisun@shinshu-u.ac.jp
dx.doi.org/10.1016/j.mtcomm.2016.04.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


102 S. Arai et al. / Materials Today Communications 7 (2016) 101–107

F
p

c
d

c
S
w
i
u
t

2

2

v
m
t
t
t
s
f
s
4
S

s

ig. 1. (a) Low- and (b) high-magnification SEM images of the SWCNTs used in the
resent study.

omposite plating bath that contains well disintegrated and well
ispersed SWCNTs.

In this study, magnetic stirring, ultrasonic homogenization, and
ollision-type atomization for the mechanical disintegration of
WCNT bundles were examined to prepare composite plating baths
ith homogeneously dispersed SWCNTs. Copper/SWCNT compos-

te plating films were then fabricated by electroless deposition
sing the prepared composite plating baths, and their microstruc-
ures were characterized.

. Experimental

.1. Chemicals

SWCNTs (Zeon Corp.) formed by the water-assisted chemical
apor deposition method [35], also known as the “super growth”
ethod, were used in the present study. The microstructures of

he SWCNTs were observed using field-emission scanning elec-
ron microscopy (FE-SEM; Hitachi SU-8000) and high resolution
ransmission electron microscopy (HRTEM; JEOL JSM-2100F). Fig. 1
hows SEM images of the SWCNTs used in this study. The SWCNTs
orm bundles (Fig. 1b) that are over 100 �m long (Fig. 1a). Fig. 2
hows TEM images of the SWCNTs, which have diameters of ca.
 nm (Fig. 2a). TEM observations (Fig. 2b) also confirmed that the
WCNTs form bundles.

The CuSO4·5H2O, ethylenediaminetetraacetic acid disodium
alt dihydrate (EDTA 2Na·2H2O), glyoxylic acid monohydrate
Fig. 2. TEM images of SWCNTs used in the present study. (a) single SWCNT, and (b)
SWCNT bundle.

(CHOCOOH·H2O), SnCl2·H2O, PdCl2, HCl, H2SO4, and KOH (Wako
Pure Chemical Industries, Ltd.) used in this study were special grade
reagents. Reagent grade SDS and hydroxypropyl cellulose (HPC;
2.0–2.9 mPa  s, Wako Pure Chemical Industries, Ltd.) were used as
SWCNT dispersants. Pure water from an electrodialysis water puri-
fier (Advantec MFS, RFP343RA) was used in all experiments.

2.2. Composition of electroless copper/SWCNT composite plating
bath

The composition of the electroless copper/SWCNT composite
plating bath is given in Table 1 [13]. CuSO4·5H2O, EDTA 2Na·2H2O,

and CHOCOOH·H2O were used as a copper source, cuprous ion
chelating agent, and cuprous ion reducing agent, respectively. SDS
and HPC were used as the SWCNT dispersion agents.
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Fig. 3. Dispersibility of SWCNTs in the plating baths treated by various disintegra-
tion methods.

Table 1
Composition of copper/SWCNT composite plating bath.

Reagent Concentration

CuSO4·5H2O 0.06 M
EDTA 2Na·2H2O 0.1 M
CHOCOOH·H2O 0.03 M
SDS 1 g dm−3

HPC 1 g dm−3

2
c

a
c
c
S
e
a
c

Table 2
Mechanical disintegration methods and operating conditions.

Method (apparatus) Operating conditions

Magnetic stirrer (HPS-100: AS ONE Corp.) 800 rpm × 24 h
Ultrasonic homogenizer (US-300T: Nissei Corp.) 19.5 kHz, 300 W × 15 min

electroless deposition

F
m

SWCNTs 0.2 g dm−3

.3. Disintegration of SWCNT bundles in electroless
opper/SWCNT composite plating bath

Without treatment, SWCNTs are present as bundles after being
dded to the plating baths (Fig. 1). Therefore, three mechani-
al methods, magnetic stirring, ultrasonic homogenization, and
ollision-type atomization, were examined to disintegrate the
WCNT bundles in the plating baths. Table 2 lists the details for

ach mechanical disintegration method. Mechanical atomization is

 powerful disintegration method in which the dispersion liquids
ollide with each other. In the cases of magnetic stirring and ultra-

ig. 4. Schematic representation of the different dispersion states of SWCNTs in the plati
echanical atomization.
Mechanical atomizer (Star Burst Labo: Sugino
Machine Ltd.)

245 MPa  × 3 passes

sonic homogenization, mechanical disintegration of the SWCNTs
was directly applied to the plating baths. However, in the case of
mechanical atomization, an aqueous solution of SWCNTs with SDS
and HPC was  first treated using the mechanical atomizer, and the
SWCNT dispersion was then mixed with an aqueous solution con-
taining CuSO4·5H2O, EDTA 2Na·2H2O, and CHOCOOH·H2O to yield
a plating bath with dispersed SWCNTs.

2.4. Dispersibility of SWCNTs in plating baths

The dispersibility of SWCNTs in the plating baths was  evaluated
at room temperature using a laser diffraction particle analyzer (Shi-
madzu Seisakusho; SALD-7000). Measurements were conducted
using plating baths without the CHOCOOH·H2O reducing agent to
avoid the copper deposition reaction during the measurements.

2.5. Fabrication of copper/SWCNT composite films by electroless
deposition

Pure copper plates (JIS C1020P) with exposed surface areas
of 10 cm2 (3 × 3.3 cm)  were used as substrates. Prior to electro-
less deposition, the substrates were immersed in a solution of
4.4 × 10−2 M SnCl2·2H2O + 0.12 M HCl at 30 ◦C for 6 min  to allow
the adsorption of Sn2+ ions (sensitization). The substrates were
then immersed in a solution of 5.6 × 10−4 M PdCl2 + 0.12 M HCl at
30 ◦C for 6 min  to form catalytic palladium nuclei on the surfaces
(activation). After the activation process, electroless plating was
performed at 60 ◦C for 120 min  with agitation by a stirrer.

2.6. Characterization of copper/SWCNT composite films by
The microstructure and morphology of the copper/SWCNT com-
posite films were observed using FE-SEM. The phase structures of

ng baths treated with (a) magnetic stirring, (b) ultrasonic homogenization, and (c)
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Fig. 5. Appearance of copper/SWCNT composite films deposited from the 

he composite films were examined using X-ray diffraction (XRD;
himadzu Seisakusho, XRD-6000) with Cu K�1 radiation.

. Results and discussion

Fig. 3 shows a comparison of the dispersibility of the SWCNTs in
he plating baths prepared by the different disintegration methods.
or the laser diffraction particle size analysis, the particle shape was
ssumed to be spherical. In fact, because the SWCNTs are fiber-like
nd not spherical, the particle size in the figure does not accurately
epresent the diameter of the SWCNTs. However, the particle size
istributions indicate the degree of dispersion of the SWCNTs. For
isintegration with magnetic stirring, a large peak beyond 100 �m

s observed, while a large peak around 50 �m is observed for dis-
ntegration with ultrasonic homogenization. In contrast, a large
eak around 50 nm is observed for disintegration with mechanical
tomization. These results show that the dispersibility increases
n the order of magnetic stirring, ultrasonic homogenization, and

echanical atomization, with the latter being the most effective to
isperse the SWCNTs in the plating bath.

The dispersion states of SWCNTs in the plating baths are
chematically shown in Fig. 4, where the black sticks, black bars
ith yellow circles, and irregular orange lines represent single

WCNTs, dodecyl sulfate ions originating from SDS, and HPC
olecules, respectively. The yellow circle of the dodecyl sulfate ion

epresents the sulfate group. Large SWCNT bundles are present in
he plating bath treated with magnetic stirring. The SDS and HPC
ispersants should be adsorbed onto the surfaces of the SWCNT
undles, which results in dispersion of these large SWCNT bundles
Fig. 4a). Medium-sized SWCNT bundles with adsorbed SDS and
PC should be present in the plating bath treated with ultrasonic
omogenization (Fig. 4b). In the case of mechanical atomization,
ufficiently disintegrated SWCNTs with adsorbed SDS and HPC
hould be present in the plating bath (Fig. 4c).

Fig. 5 shows the macroscopic appearance of films fabricated by
lectroless deposition. The external appearance of the films formed
sing the plating bath treated with magnetic stirring is not uniform
Fig. 5a). The color of the central region is reddish-brown, while the
dge region is dark. In contrast, the films formed using the plat-
ng baths treated with the ultrasonic homogenizer and mechanical
tomizer are relatively uniform and with the same reddish-brown
olor. The appearance of the film deposited using the bath treated
sing the mechanical atomizer is shown in Fig. 5b.

Fig. 6 shows surface SEM images of the dark edge region in
ig. 5a, where fibrous objects of around 100 �m in length are

bserved (Fig. 6a). The size of these fibrous objects is similar to
hat of the SWCNT bundles shown in Fig. 1a. Fig. 6b shows an
nlarged SEM image of a fibrous object. Spherical particles of sub-
icron size are observed on the fibrous object. Fig. 6c shows a
g baths treated with (a) magnetic stirring and (b) mechanical atomization.

high-magnification SEM image of Fig. 6b. Bundles of fibers that
must be SWCNT bundles are observed with spherical particles on
the surface of the bundles. When MWCNTs are incorporated into
the deposited metal layer during MWCNT composite plating, metal
is deposited not only on the deposited metal layer, but also on
the edges or defect sites of MWCNTs protruding from the metal
layer because the MWCNTs have electro-conductivity [36]. SWC-
NTs with armchair chirality have electro-conductivity and armchair
type SWCNTs should be present in the SWCNT bundles; there-
fore, the spherical particles are considered to be copper particles
deposited on the edges or defect sites of the electro-conductive
SWCNTs incorporated in the deposited copper layer. Thus, in the
case of magnetic stirring, large SWCNT bundles are incorporated
into the deposited copper film at the edge region (Fig. 5a), prob-
ably because these large SWCNT bundles are easily caught at the
edge of the substrate.

Fig. 7 shows surface SEM images of the central regions of the
films formed from plating baths treated with the various disin-
tegration methods. Fig. 7a shows a low-magnification SEM image
of the film formed from the plating bath treated with magnetic
stirring. No large SWCNT bundles are observed at the edge region
(Fig. 6), and no SWCNTs are observed even at higher magnifica-
tion (Fig. 7b). Fig. 7c shows a low-magnification SEM image of the
film from the plating bath treated with ultrasonic homogenization,
where no large SWCNT bundles are observed. However, thin fibrous
objects that are considered to be thin SWCNT bundles of around
10–50 nm in diameter are observed at high magnification (Fig. 7d).
These SWCNT bundles are incorporated relatively homogeneously,
not only in the central region of the film, but also over the entire sur-
face of the film. Fig. 7e shows a low-magnification SEM image of the
film from the plating bath treated using mechanical atomization,
where no large SWCNT bundles are observed. However, very thin
fibrous objects that are considered to be SWCNTs with diameters
of less than 10 nm are observed at high magnification (Fig. 7f). The
diameters of the SWCNTs are around 4 nm,  as shown in Fig. 2(a).
Therefore, some of the CNTs incorporated in the copper film may
be primary particles, which means that the SWCNTs in the plating
bath treated with mechanical atomization are efficiently dispersed.
These well-disintegrated and well-dispersed SWCNTs are incorpo-
rated homogeneously, not only in the central part of the film, but
also over the entire surface of the film.

Fig. 8 shows XRD patterns for the copper/SWCNT composite
films formed from the plating baths treated using the various
disintegration methods. The diffraction peaks for all of the cop-
per/SWCNT composite films can be assigned to face-centered-cubic
copper. Since the three XRD patterns have similar peak intensity

ratios, the different degrees of incorporation of SWCNTs in the cop-
per films provided by the various disintegration methods does not
significantly affect the crystal orientation of the copper films. In
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ig. 6. Surface SEM images of the edge region of a copper/SWCNT composite film
nlarged image of a fibrous object in (a), and high-magnification image of (b).

lectroless copper plating, cuprous oxide (Cu2O) is often formed in
he copper film [37], which degrades properties such as the electri-
al or thermal conductivity of the copper film. The copper/MWCNT
omposite films formed from the plating bath treated using the
echanical atomizer contain a homogeneous distribution of SWC-

Ts without Cu2O; therefore, such a composite film is expected to
xhibit improved properties, such as thermal conductivity, com-
ared to those of a pure copper film.
ed from a plating bath treated with magnetic stirring; (a) low magnification, (b)

The properties of the copper/SWCNT composite film, such as the
electrical and thermal conductivity, ampacity, and SWCNT content
will be evaluated in future work.

4. Conclusions
Copper/SWCNT composite films were fabricated using an
electroless deposition technique. A copper/SWCNT composite
plating bath containing SDS and HPC as SWCNT dispersants
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Fig. 7. Surface SEM images of central regions of copper/SWCNT composite films form
magnification image/magnetic stirring, (b) high-magnification image of (a), (c) low-mag
(e)  low-magnification image/mechanical atomization, and (f) high-magnification image o
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[

[
nanotube composite films with improved frictional properties, ECS J. Solid
ig. 8. XRD patterns for copper/SWCNT composite films formed from the plating
aths treated by the various disintegration methods.

as employed. Various mechanical methods (magnetic stirring,
ltrasonic homogenization, and mechanical atomization) were
xamined for disintegration of the SWCNT bundles in the plating
aths. Magnetic stirring was not very effective, and a cop-
er/SWCNT composite film containing large SWCNT bundles was
ormed. Ultrasonication produced relatively better results, and a
opper/SWCNT composite film containing thin SWCNT bundles
as formed. Mechanical atomization, in which the dispersion liq-

ids collide with each other, yielded by far the best results, and
as extremely effective at disintegration. Using this method, a

opper/SWCNT composite film containing well-disintegrated and

[

ed from plating baths treated by the various disintegration methods. (a) Low-
nification image/ultrasonic homogenization, (d) high-magnification image of (c),
f (e).

well-dispersed SWCNTs (single SWCNTs may  be included) was  suc-
cessfully fabricated.
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