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Abstract
With the growth of nanoelectronics, the importance of thermal management in device packaging and the
improvement of high-current-carrying interconnects/wires for avoiding the premature failure of devices have been
emphasized. The heat and electrical transport properties of the bulk may not be valid in the characterization of a
material at the nanometer level, because the phenomena that occur at the interfaces and grain boundaries become
dominant. The failure mechanism of bulk metal interconnects has been understood in the context of electromigration;
however, in nanoscale materials, the effect of the heat dissipation that occurs at the nanointerfaces may play an
important role. Here, we report the preparation of continuous carbon nanotube (CNT)–Cu composite fibers that
possess Cu nanofibrillar structures with a high current-carrying capacity. Various-shaped CNT–Cu microfibers with
different Cu grain morphologies were produced via Cu electroplating on continuous CNT fibers. Cu fibril structures
were embedded in the voids inside the CNT fiber during the early stage of electrodeposition. The temperature-
dependent and magnetic field-dependent electrical properties and the ampacity of the produced CNT–Cu microfibers
were measured, and the failure mechanism of the fiber was discussed. The interconnection of Cu nanograins on the
surface of the individual CNTs contributed to the enhancement in the charge-carrying ability of the fiber. The effective
ampacity of the Cu nanofibrils was estimated to be ~1 × 107 A/cm2, which is approximately 50 times larger than the
ampacity measured for a bulk Cu microwire.

Introduction
The enhancement of the current-carrying capacity is a

crucial issue for many applications, such as integrated
microelectronic/optoelectronic devices1, high-power
devices2,3 and power transmission cables. Hot carriers
that are generated under a high current bias significantly
degrade the performance of the devices and/or reduce the
lifetimes of the cables and circuits4. As devices shrink to
smaller dimensions, selecting materials for electrical

components and arranging them into integrated circuitry
become important challenges. In microscopic inter-
connect components, electron scattering at the interfaces
and grain boundaries play a dominant role in charge
carrier transport5 and heat generation6. However, the heat
dissipation, cross-effects of Joule heating and electro-
migration that occur on the nanoscale have not been
actively elucidated7. Enhancing the current-carrying
capacity of interconnect materials composed of metal
nanostructures and nanocarbon materials, such as carbon
nanotubes (CNTs) and graphene, may be a solution8–12.
In these approaches of utilizing metal–carbon composi-
tions, systematic studies that provide a clear under-
standing of the synergetic effects are still lacking.
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Herein, we present a systematic study of the electrical
and thermal interplay at the CNT–Cu interface. We
employed a practical approach to obtain continuous
CNT–Cu composite fibers. These continuous CNT fibers
were used as cathodes during Cu electroplating processes.
The amount of deposited Cu in the resulting structures
varied. The CNT–Cu fibers were categorized into five
groups. The fibers that contain a small amount of Cu for
nucleation are in the first group. As the amount of Cu
deposited increases, the fibers change to core-shell-type
cylinders with a thick outer Cu layer. The measured
ampacity of the CNT–Cu fibers increases with increasing
amount of deposited Cu in the early stage. However,
afterwards, the ampacity begins to saturate and slightly
decreases in the thick core-shell type samples. The highest
ampacity of the CNT fibers reaches ~4.89 × 105 A/cm2, in
which Cu conduction paths of connected nanograins are
formed. This ampacity is already 30 times higher than the
measured value of pristine CNT fibers. The temperature-
dependent resistivity and magnetoresistance (MR) results
indicate that the electroplated Cu has different properties
than bulk Cu, such as a lower residual resistivity ratio
(RRR) and MR. Additionally, we found that the embedded
Cu forms continuous nanofibrillar structures that dom-
inate the electrical conduction at high temperatures. We
extracted the effective area of the Cu fibrils. Using this
value and the current-voltage characteristics, we obtained
the effective ampacity of the Cu fibrils (~1 × 107 A/cm2),
which is approximately 50 times higher than the mea-
sured value of a bulk Cu wire.

Materials and methods
Fabrication of the CNT fibers
In this work, continuous CNT fibers were spun from

CNT aerogels that were formed in a chemical vapor
deposition (CVD) reactor13. Methane (carbon source,
2.045 × 10−3 mol/min), ferrocene (catalyst, 1.668 × 10−6

mol/min) and thiophene (promoter, 3.962 × 10−6 mol/
min) were injected into the gas phase with hydrogen as
the carrier gas (3.931 × 10−2 mol/min). The injection lines
were also heated to approximately 373 K to prevent
recondensation of the reactants in the vapor phase.
The width of the CNT fibers ranged from 10 to 25 μm,
and the diameter of the individual CNTs ranged from 25
to 35 nm.

Electroplating
Electroplating was carried out in an electrolytic bath

that consisted of copper sulfate (200 g/L), and 40mL of
H2SO4 was added to 1 L of aqueous copper sulfate. The
bath temperature was maintained at room temperature.
Electrodeposition was performed in a two-electrode sys-
tem that was equipped with a direct current power supply.
The electrolytic CNT fibers acted as the cathode, and a

titanium basket with copper spheres was the anode.
Electrodeposition was conducted at an applied current
density of ~0.03 A/cm2. The amount of copper deposited
increased with increasing current injection time. The
sulfuric acid dip process was not performed in our
experiment to avoid introducing sulfide contaminants.

Structural properties
The CNT–Cu hybrid fibers were characterized using an

SEM and EDX system (Nova NanoSEM 450, FEI). The
cross-sections of the fibers were characterized with a 200-
kV field emission TEM system (JEM-2100F HR, JEOL,
Ltd.) after sampling by an FIB system (Helios NanoLAB
650, FEI).

Electrical and magnetotransport properties
The transport properties of the Cu-electroplated CNTs

were studied in standard four-terminal configurations
using the delta mode of a Keithley 6221 current source
and 2182 A nanovoltmeter. All measurements were per-
formed in a 14 T superconducting magnet (Oxford
Instruments) at temperatures ranging from 1.6 to 300 K.
The resistance was measured in the ohmic regime, and
the electrical power was kept below 1 μW to avoid
potential electrical heating. The samples were attached to
the printed circuit board substrate at the end of a sample
stick. Hence, the magnetic field was applied perpendicular
to the direction of the fiber axis.

Results
Preparation and characterization of the CNT–Cu
microfibers
Continuous CNT fibers were prepared via direct spin-

ning using a floating catalyst CVD method14. Figure 1a
shows a cross-sectional scanning electron microscopy
(SEM) image of a representative spun fiber, which was cut
using a focused ion beam (FIB). The CNT fibers usually
form flattened or rolled ribbon-like structures rather than
cylindrical shapes. The CNTs inside the fiber are sparsely
populated, and there are many nanometer-scale voids.
Figure 1b illustrates the Cu electrochemical deposition
process and shows a photograph of long CNT fibers that
are mounted on a holder. The fibers were used as the
cathode for electroplating. The detailed conditions of the
direct spinning and electroplating processes are described
in the Methods section.
Figure 1c displays schematic drawings and SEM images

of a spun CNT fiber and CNT–Cu microfibers prepared
at various deposition times from 10 to 60 s. Note that the
amount of deposited Cu cannot be precisely controlled by
the deposition time and varies significantly under the
diverse conditions of the acidic copper sulfate solution
with different CNT fibers. Moreover, even in a single
fiber, the deposited Cu thickness is not uniform and is
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often thicker at the edge near the clamps rather than in
the center because of the potential difference along the
fiber. Therefore, we categorized the samples not by
deposition time but by the amount of deposited Cu, which
was estimated via the SEM images. For the electrical
measurements, the CNT–Cu fiber samples were cut into
small pieces approximately 2–3mm in length. After the
measurements, all the CNT–Cu microfiber samples were
categorized into five groups of MF1–MF5 based on the
SEM inspection.
In the first stage of deposition, nanometer-scale Cu

particles appear on the surface of the CNTs (MF1).
Nucleation occurs both on the surface and inside the
CNT fiber. Later, Cu grains grow from these seeds. The
CNTs are covered with Cu, and the voids become filled.
Now, the CNT–Cu microfiber shows a smooth surface
morphology without exhibiting small seeds (MF2). Note
that this Cu structure formed inside the CNT fiber is not
easily oxidized in ambient conditions, which was con-
firmed by X-ray photoelectron spectroscopy (data not
shown). Further electrochemical deposition causes addi-
tional seeding on the fiber surface, and larger particles
appear (MF3). The particles grow and merge with each
other; finally, the Cu grains fully cover the fiber and form
a core-shell cylinder (MF4 and MF5). The Cu grain size
on the fiber surface increases with increasing deposition
time, i.e., ~1 μm for MF4 and ~2 μm for MF5, as depicted

in Fig. 1c. A cross-sectional SEM image of an MF5 fiber is
shown in Fig. 1d. The image was obtained from a sample
in the MF5 group that was etched using an FIB. Even after
the extended deposition time, the core still shows a por-
ous structure. The outer Cu layer also exhibits many voids
owing to the presence of polycrystalline domains.

Ampacity measurements
The ampacity, which is the maximum current density a

material can carry before breakdown, was measured for
the CNT and CNT–Cu fibers in a vacuum chamber. The
samples were mounted and electrically contacted using
two metal “duck” clamps with flat beaks. The measure-
ment setup can be found in Figure S1 in the Supporting
Information. Figure 2a shows the current–voltage (I–V)
characteristics on a logarithmic scale of current that were
obtained from the ampacity measurements. A linear scale
plot is shown in the inset of Fig. 1a. The ampacity is
obtained using the relation Jmax= Imax/Acs, where Imax is
the maximum current before breakdown and Acs is the
cross-sectional area of the fiber. After the measurements,
the broken fibers were cut by a FIB, and cross-sectional
SEM images were captured. The Acs value was estimated
using the sample dimensions determined from the SEM
image of each sample. The calculated ampacity is plotted
as solid circles in Fig. 2b. Note that the calculated
ampacity values are underestimated because the

Fig. 1 a Cross-sectional SEM image of a pristine CNT fiber synthesized via the floating catalyst CVD method. The scale bar represents 20 μm. b
Schematic illustration of the electroplating setup and photograph of the cathode on which pristine CNT fibers are mounted. c Schematic drawings
and SEM images of the fiber surface for the spun CNT fiber and CNT–Cu microfibers with various amounts of deposited Cu. The scale bars represent
1 μm for all the samples. d Cross-sectional SEM image of a CNT–Cu microfiber belonging to the category MF5. The scale bar represents 30 μm
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estimation of Acs does not consider the nanometer-scale
voids present between the individual CNTs.
In the I–V characteristics of the pristine CNT fiber with

increasing bias voltage, the current increases linearly at
low voltages and saturates at higher voltages. This
saturation behavior is attributed to electron–phonon
coupling15,16. At approximately 10 V, the current drops to
zero, and the maximum current, Imax, at breakdown is
~18mA. The ampacity of the pristine CNT fiber is esti-
mated to be ~1.78 × 104 A/cm2. This value is much lower
than the ampacity of the individual metallic CNTs, i.e.,
~109 A/cm217, owing to the many contact barriers present
in the conduction path of the long CNT fiber. The

conductivity of the pristine CNT fiber, which was mea-
sured via a four-probe method using Au microwires and
silver paint, is also low (~3 × 103 S/cm). The con-
ductivities of the samples at room temperature are shown
as solid circles in Fig. 2c. Note that neither the substrate
nor the dielectric encapsulation layer is used for the
measurement, which enhances heat dissipation and sup-
presses interfacial diffusion18,19.
The Jmax value of MF1 is similar to that of the pristine

CNT fiber even though decoration by Cu particles is
expected to reduce the contact resistance between CNTs
and enhance the efficiency of heat dissipation at the
contacts. This result is likely due to degradation of the

Fig. 2 Ampacity of the CNT–Cu fibers. a Logarithmic scale of the I–V characteristics obtained from the ampacity measurements for the pristine CNT
fiber and CNT–Cu microfibers. The inset shows the linear scale data. b Ampacities of the CNT–Cu fibers (solid circles) and effective ampacities
through the Cu conduction paths (open hexagons) of various samples. The ampacity of each sample was estimated by a calculation using the
maximum current data recorded in Fig. 4a and the cross-sectional areas obtained from the cross-sectional SEM images. The estimation of the
effective ampacity is described in the text. The red star denotes the ampacity measured for a pure Cu wire. c Electrical conductivities of different
samples at 300 K (solid circles) and effective conductivities of the Cu conduction paths (open hexagons). The electrical conductivity measured for a
pure Cu wire is denoted by a red star
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CNTs during the electrochemical process in an acidic
solution. The decreased conductivity of MF1 compared
with that of the pristine CNT fibers also supports this
assumption. With further increases in the electroplating
time, Jmax is significantly enhanced up to ~4.89 × 105 A/
cm2 (MF3). This value is approximately 30 times higher
than that of the pristine CNT fibers and 2.25 times higher
than that of a pure Cu wire (~2.17 × 105 A/cm2), which
was measured on a pure Cu microwire with a diameter of
15 μm. The enhancement in the current-carrying capacity
may be explained by the reduction in Cu electromigration
in the CNT–Cu fiber owing to the increase in activation
energy for Cu diffusion on the CNT surface. When the
CNT fiber is covered by an outer Cu layer (MF4 and
MF5), the ampacity starts to decrease with increasing
deposition time.
It is also notable that the I–V characteristics of the

CNT–Cu fibers behave differently from that of the pris-
tine CNT fiber in Fig. 2a. For the pristine CNT fiber and
MF1, the current abruptly drops to zero at high voltages.
In contrast, for the other fibers, i.e., MF2–MF5, two-step
failure was observed. The curve for MF3 is shown in
Fig. 2a as an example. At approximately 1 V, the current
drops from ~700 to ~80mA. After the first step of the
drop, the current slightly increases with increasing voltage
and then begins to decrease again at ~2 V. Then, the
current slowly decreases in several steps before the final
failure occurs at ~3.6 V.

Temperature-dependent electrical resistivity
To understand the ampacity behavior and heat dis-

sipation mechanism of the CNT–Cu microfibers, we
investigated the temperature and magnetic field depen-
dence of electrical transport. Figure 3a–d displays the
temperature-dependent resistivity (ρ(T)) of the samples
discussed in this paper in the temperature (T) range from
1.6 to 300 K. In Fig. 3a, the resistivity is normalized by the
room-temperature (300 K) resistivity to compare the
resistivity behaviors of different samples. Each curve
shows various signatures. The resistivity curves for the
pristine CNT fiber and MF1 show similar temperature-
dependent behaviors. The samples exhibit a metallic trend
(∂ρ/∂T > 0) at high temperatures and a non-metallic trend
(∂ρ/∂T < 0) at low temperatures, while the transition
occurs at ~115 K (~140 K) for the CNT fiber (MF1). This
crossover behavior has been observed in CNT fibers13,
iodine-doped CNTs20,21, and doped polymers22 and can
be explained by a heterogeneous model that involves
extended metallic regions that are separated by small
barriers23. The heterogeneous model is expressed by the
following equation:

ρðTÞ ¼ Aexp �Tm

T

� �
þ Bexp

Tb

Ts þ T

� �
ð1Þ

where the first term corresponds to quasi-one-
dimensional metallic conduction and the second term
represents fluctuation-induced tunneling conduction
between metallic regions that are separated by electrical
barriers. Tm provides the phonon energy (kBTm) with the
wave vector 2kF that can backscatter carriers. Tb is the
temperature at which the amplitude of the fluctuations is
equivalent to the barrier height. Ts is the temperature at
which thermally activated conduction over the potential
barrier starts to occur. Therefore, the ratio of the char-
acteristic temperatures, Tb/Ts, implies the importance of
thermal activation for quantum tunneling in the con-
duction mechanism and reflects the effective barrier
height in the absence of fluctuations at zero temperature.
The model accurately fits the curves for the CNT fiber
and MF1, as shown in Fig. 3b. The fitting parameters are
summarized in Table 1. The ratio of Tb/Ts for MF1 is
slightly higher than that for the pristine CNT fiber by
approximately 10 %. This result also suggests that
nanometer-sized Cu particles do not effectively reduce the
barrier height, and the electrolyte may even increase the
height during the electroplating process.
The resistivity of the core-shell cylinders (MF4 and

MF5) shows a different temperature dependence. It
monotonically decreases during the cool-down of the
samples across the whole temperature measurement
range, as shown in Fig. 3d. This typical metallic behavior
indicates that the majority of the current flows through
the outer Cu layer. At low temperatures, the resistivity
saturates at a non-zero value, which is termed the residual
resistivity (ρ0). The ρ0 value measured for a commercial
Cu microwire is ~6.11 × 10−8Ω·cm, whereas those of
MF4 and MF5 are two orders of magnitude higher. This
result implies that charge transport in the core-shell
cylinders is disturbed by strong structural scattering. The
RRRs, (ρ300K/ρ0 ≈ ρ300K/ρ1.6K) of MF4, MF5 and the Cu
wire were found to be approximately 2.6, 3.1 and 56.7,
respectively. The ρ(T) value of non-magnetic metals
dominantly arises from electron-phonon interactions as a
function of temperature25, which is given by the Bloch-
Gruneisen (BG) formula,

ρðTÞ ¼ ρ0 þ α
T
ΘR

� �nZΘR
T

0

xn

ðex � 1Þð1� e�xÞ dx;
ð2Þ

where ΘR and α are the Debye temperature and electron-
phonon interaction constants, respectively. The exponent
n is normally fixed at 2, 3, or 5 depending on the material;
e.g., for Cu, it is fixed at n= 5. The light blue narrow lines
in Fig. 3d are the fittings of the experimental data via the
BG formula. The fitting parameters are ρ0= 2.06Ω·cm, α
= 12.5 μΩ·cm and ΘR= 292 K for MF4 and ρ0= 1.48
μΩ·cm, α= 13.1 μΩ·cm and ΘR= 295 K for MF5. The
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close match and fit of the data indicate that electrical
transport is dominated by electron-phonon interactions.
Note that the fitting parameters for MF4 are close to the
previously reported values for nanocrystalline Cu24. MF5
exhibits a higher RRR and lower ρ0 value, which means
that grain boundary scattering is suppressed because of
the presence of larger grains. This result again confirms
that the Cu grains are nanometer-sized near the CNTs
and that the grains become larger as Cu is further
deposited.
The ρ(T) curves of MF2 and MF3 show metallic beha-

vior similar to the curves of MF4, MF5 and Cu at high
temperatures except for a small turn-up at low tempera-
tures. There are two possible scenarios that explain the
strong metallic behavior and lower resistivity values of

MF2 and MF3 compared with those of the CNT fiber and
MF1. First, we consider a situation in which more Cu
particles are present between individual CNTs than in
MF1. In this case, the effective barrier height would be
reduced, and the ρ(T) curves of MF2 and MF3 would also
be fitted by the heterogeneous model with smaller Tb/Ts

values. However, none of the curves are reasonably fit by
the model. Excluding the first scenario, we conclude that
Cu effectively grows through the voids inside the CNT
fiber structure and forms non-broken conduction paths.
Given that the CNT fiber and the filled Cu fibrils act as
two parallel resistors, the increase in resistivity at low
temperature for MF2 and MF3 can be understood as a
contribution to the shooting resistance of the CNT fibers,
as shown in Fig. 3b. For a more quantitative analysis, we

Fig. 3 Analysis of the temperature-dependent electrical transport. a Normalized resistivity (ρ/ρ300K) observed in the temperature range of 1.6 K
< T < 300 K. b Temperature-dependent resistivity of the CNT fiber and MF1. The yellow solid lines are the fits to the heterogeneous model. c
Temperature-dependent resistivities of MF2 and MF3. d Temperature-dependent resistivities of MF4 and MF5. The light blue solid lines are the fits
by the BG function. e Effective contribution of the Cu fibrils embedded in MF2 and MF3 to the temperature-dependent resistivity. f Scaling plot of
(ρ – ρ0)/ρΘ as a function of T/TΘ
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calculated the conductance of MF2 and MF3 by com-
bining the conductance values of the pristine CNT fibers
and MF5 using the formula ACNT–Cu·σCNT–Cu=
ACNTF·σCNTF+ACu·σCu, where Ax and σx are the cross-
sectional area and conductivity, respectively, of sample x.
For the calculation of the ACNTF·σCNTF term, the CNT
fiber data that are shown in Fig. 3b were used. The term
σCu was obtained from the MF4 data after the contribu-
tion of the CNTs (ACNTF·σCNTF) was subtracted. The data
of MF2 and MF3 (ACNT–Cu·σCNT–Cu) were fitted using
only ACu, which represents the effective cross-sectional
area of the electroplated Cu fibrils in the CNT–Cu hybrid
structure. First, the Cu microwire data from Fig. 3a were
used for the value of σCu, but the fitting curve significantly
deviated from the data. This result implies that the elec-
trical properties of the Cu fibrils formed inside the CNT
fiber are distinct from those of conventional Cu, which is
most likely due to the difference in grain size. The MF5
data exhibit a better fit than the Cu microwire data, and
the MF4 data provide the best fit among the MF4, MF5
and Cu wire samples. The data are provided in Figure S2
in the Supporting Information. From the fit of MF4, the
effective areas of MF2 and MF3 were estimated to be 2.3
and 23 μm2, respectively. Using the fitting parameters, we
can separate the contributions of ACu·σCu and
ACNTF·σCNTF. From this analysis, we can extract the
effective resistivity of the Cu fibrils in MF2 and MF3 as
ρCu(T)= 1/σCu(T). The resistivity data are plotted in
Fig. 3e. Both sets of data are fit well using the BG formula
(narrow purple lines). From the fitting of the effective
resistivity of the Cu fibrils, the obtained RRR value is 2.0
for both MF2 and MF3. The residual resistivity values for
MF2 and MF3 are 2.69 and 2.59 μΩ·cm, respectively. A
scaling equation was obtained by dividing Eq. 2 by the
resistivity at the Debye temperature ρ(ΘR)

25. The
dimensionless parameter α/ρ(ΘR) is kept constant at
4.225 for bulk metals, and the plots of (ρ(T) − ρ0)/ρ(ΘR)
as a function of T/ΘR fall into a single curve. When the
material is nanocrystalline, (ρ(T) – ρ0)/ρ(ΘR) deviates
from the bulk data, and α/ρ(ΘR) is below the value of the
bulk24. The scaling plots for the data of the metallic
samples, i.e., MF4, MF5 and bulk Cu wire, and the
extracted data of the Cu fibrils formed in MF2 and MF3,
are displayed in Fig. 3f. The scaling parameter α/ρ(ΘR) is
4.213 for the Cu microwire, which is consistent with the

value of bulk materials. For the other samples, the α/ρ(ΘR)
value sequentially decreases from 3.766 for MF5 to 3.342
for MF2. This result suggests that Cu with nanometer-
scale grains is deposited near the CNT fiber surface and
that the grain size increases as the thickness of the
deposited Cu layer increases, as shown in Fig. 1c. The
smallest scaling parameter for the Cu fibrils embedded in
MF2 and MF3 implies the smallest grain size.

MR at low temperatures
The MR that is measured at low temperatures is also a

manifestation of the nanocrystalline nature of the Cu
fibrils that are formed inside the CNT fiber. The MR is
defined as [R(H) − R(0)]/R(0), where H is the magnetic
field and R(0) is the zero magnetic field resistance.
The CNT fiber samples MF1, MF2 and MF3 show a
negative MR that exhibits two-dimensional weak locali-
zation at low temperatures < 100 K, which is consistent
with a previous report on spun CNT fibers26. These data
are shown in Figure S3 and Figure S4 in the Supporting
Information. Unlike the temperature-dependent resistiv-
ity, the MR at low T is dominated by conduction through
the CNT networks not only for the bare CNT fiber and
MF1 but also for MF2 and MF3. This conduction is
because the MR of the Cu fibrils that formed in MF2
and MF3 is small because of their nanocrystalline nature.
Figure 4 displays the MR results of MF4 (a), MF5 (b)
and the Cu microfiber (c). Classically, a non-magnetic
metal with an open Fermi surface exhibits a quadratic
dependence of the MR on H, [R(H) − R(0)]/R(0) ∝ (μH)2,
where μ is the charge carrier mobility. We observed
that the MR of MF5 is smaller than that of the Cu wire or
bulk copper27. As the residual resistivity increases or the
RRR decreases, the MR decreases. A reduction in MR is
observed in gold film and bulk copper, which results
from the enhancement of the scattering sources, such as
dislocations, grain boundaries, and impurities28,29. The
RRR values of MF4, MF5 and the Cu microwire
are 2.6, 3.1 and 56.7, respectively. Additionally, the RRR
value of the Cu fibrils that formed in MF2 and MF3 is
2.0. This result indicates that the electroplated Cu con-
tains more scattering sources than bulk Cu, which
is consistent with our conclusion that the electroplated
Cu near the individual CNTs exhibits nanosized
grains. The MR values for MF4, MF5 and the Cu
microwire are 0.001, 0.003 and 0.51, respectively. For the
samples with smaller domains, MF2 and MF3, the MR
contribution of the Cu fibrillar conduction paths is small;
therefore, these samples also exhibit weak localization
behavior similar to that of the pristine CNT fiber at
temperatures lower than 100 K (Figure S3). Note that
regarding the temperature-dependent resistivity, these
samples show metallic behavior, unlike the CNT fiber
and MF1.

Table 1 Parameters for fitting the CNT microfiber and
MF1 data using a heterogeneous model

Tm Tb Ts Tb/Ts

CNTF 649.13 4.22 8.04 0.52

MF1 673.13 5.47 9.48 0.58
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Discussion
Failure mechanism of the CNT–Cu hybrid fibers
We first discuss the two-step failure of the CNT–Cu

microfibers shown in Fig. 2a. Typically, the failure of the
Cu line originates from electromigration because of the
displacement of Cu atoms in response to an electric
field30.
In CNT fibers, current-induced Joule heating damages

and ultimately breaks the fibers31,32. Figure 5a shows an
SEM image of MF5 after electrical breakdown following
the ampacity measurement. At the broken tip of the fiber,
molten Cu is retracted, and the original CNT fiber
structure is exposed. For the core-shell cylinder samples,
the majority of the current flows through the outer Cu
layer, as determined via the transport measurements.
Under a high current bias, the outer Cu layer becomes
disconnected through electromigration beginning at the
grain boundaries, which is similar to the failure in bulk
Cu. Note that the ampacity values for MF4 and MF5 are
comparable with that of the bulk Cu microwire (~ 2 × 105

A/cm2), as shown in Fig. 2b. These results imply that the
Cu fibril structures inside the CNT fiber core maintain
their shape after the first failure and contribute to the
conduction. Prior to the second failure, the current gra-
dually decreases as the voltage increases. Such behavior is
distinct from that of the outer Cu shell, in which the
current abruptly drops. After the final failure, the Cu
fibrils and the CNT fiber membrane are disconnected.
However, molten Cu behaves differently from the Cu that
is outside the CNT fiber, where it retracts from the hot
spot. Instead, the molten Cu merges and forms micro-
sized particles, which are randomly distributed between
the individual CNTs, as shown in Fig. 5b. For comparison,
the cross-sectional image of the as-prepared MF5 sample
before the ampacity measurement is shown in Fig. 5c.
Thus, we believe that the Cu fibrils that are entangled

with the CNTs inside the microfiber core form an efficient
structure with a high current-carrying capacity. We sug-
gest three synergetic effects of the structure, as follows. (1)
The CNTs can efficiently dissipate heat from the Cu fibrils

because of their high thermal conductivity (κ ~3000W/m
K)33. The Cu fibrils can conduct current if the local
temperature is below the melting temperature of Cu. For
bulk Cu, the temperature is approximately 1358 K; for
nanocrystalline Cu, it is lower because of the melting
point depression that is associated with the increased
surface to volume ratio; thus, Tm < 1273 K for nanocrys-
talline Cu34. (2) Mechanical interlocking between Cu and
the CNTs can suppress the surface diffusion of Cu. The
observation of microscale molten particles that are ran-
domly distributed inside the fiber core after failure implies
the existence of interlocking friction (Fig. 5b). We inves-
tigated the interfacial bonding strength between Cu and
the CNTs through tensile strength measurements of the
fibers (data shown in Figure S5 in the Supporting Infor-
mation). Depending on the samples, the trend in the
tensile strength is similar to that of the ampacity.
MF3 shows the highest tensile strength among the mea-
sured samples, and MF4–MF5 show a reduction in tensile
strength. (3) Moreover, the Cu fibrillar structure itself
exhibits a grain boundary location that suppresses elec-
tromigration. Although the nanocrystalline metal struc-
ture has the disadvantage of a lower melting temperature
for carrying high current, this structure can be helpful
when the grain boundary structures are controlled. The
CNT fiber with nanometer-size voids may serve as a
template for an improved grain boundary location. A
narrow metal wire with a smaller width than the grain size
is often helpful for enhancing the ampacity. This is
because the narrow wire forms a bamboo-like structure,
which significantly reduces the number of grain triple
points. The appearance of voids at the triple points are
known to trigger the electromigration process. The fibrils
are composed of small grains with sizes in the range from
10 to 20 nm, as observed in the high-resolution trans-
mission electron microscopy image and estimated from
the high-resolution X-ray diffraction measurement (Fig-
ure S6 in Supporting information) of the as-prepared
MF2 sample not subjected to the ampacity measurement
(Fig. 5d).

Fig. 4 Magnetoresistance as a function of the magnetic field (B) at various temperatures for MF4 (a), MF5 (b) and the pure Cu wire (c). The insets are
the plots of MR as a function of B2
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Failure mechanism of the CNT–Cu hybrid fibers
Although the outer Cu layer is thin and the large par-

ticles on the fiber surface are not merged, as shown in the
SEM image in Fig. 1c, the ampacity of MF3 still exhibits
the highest value among the samples. Moreover, MF2
with no outer Cu layer shows an ampacity comparable to
that of bulk Cu. As confirmed by the transport mea-
surement shown in Fig. 3c, the majority of the current
flows through the Cu fibrils inside the fiber at high tem-
peratures. However, the effective cross-sectional areas of
~2.3 and 23 μm2 for MF2 and MF3, respectively, are small
compared with that of the CNT fiber, which ranges from
~180 to 210 μm2. Using the effective cross-sectional areas
of the Cu fibril structures in MF2 and MF3, we calculated
the effective ampacity, i.e., the maximum current that
flows through the Cu fibrils divided by the effective area of
the Cu fibrils. Here, we ignored the CNT fiber contribu-
tion because we assumed that the dominant conduction is
through the Cu fibrils. The Cu contributions to the
ampacity for MF4 and MF5 were calculated using the
summation of two areas, the area of the outer Cu layer of
the MF samples and the effective area of the Cu fibrils in

the core region, the latter of which was estimated to be
the same as that in MF3 (23 μm2). The results are dis-
played as open diamonds in Fig. 2b. Similarly, we calcu-
lated the effective conductivity of the samples at room
temperature, and the results are depicted as open dia-
monds in Fig. 2c. The effective ampacity of Cu shows a
maximum value of ~1 × 107 A/cm2 in MF2, which is ~50
times higher than the ampacity measured for bulk Cu.
The ampacity decreases for MF3–MF5 and saturates at a
value that is similar to the ampacity of bulk Cu. Note that
the effective conductivities of MF2–MF5 are similar to
each other as well as to that of bulk Cu. These values are
within the range of 2–3 × 106 S/cm. The lower con-
ductivity values of MF2 and MF3 compared with those
the others are attributed to the smaller grain size of the
Cu fibrils that are formed inside the core, as discussed
above.
In summary, we report a method for producing

CNT–Cu microfibers using Cu electroplating on con-
tinuous CNT fibers. Temperature- and magnetic field-
dependent transport measurements reveal that nanofi-
brillar structures are formed inside the CNT fibers. The

Fig. 5 a An SEM image of the MF5 sample after electrical breakdown. The scale bar represents 50 μm. b Cross-sectional SEM image of the
MF5 sample cut along the red dashed line marked in a via a FIB. The scale bar represents 1 μm. c Cross-sectional SEM image of the core section of an
as-prepared MF5 sample not subjected to the ampacity measurement. d High-magnification TEM image of the core section of an MF2 sample. The
scale bar represents 20 nm. Yellow circles indicate the Cu grains
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Cu nanofibrils can conduct an approximately 50 times
higher current density than a bulk Cu microwire owing to
the controlled grain boundary location and heat dissipa-
tion by the CNTs. The material is promising for appli-
cation in highly integrated microelectronics, high-power
electronics, and low-mass high-power transmission
cables.
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