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Exceptional properties and a one dimensional structure make carbon nanotubes (CNTs) 
a promising candidate for future applications in the electronic industry [1-3]. Because of 
their smaller dimensions and higher conductivity as compared to copper, multi-walled 
carbon nanotubes (MWCNT) may increase the bandwidth density of global intercon-
nects [4]. They demonstrate charge carrier mean free paths between 500 nm and 10 µm 
as compared to 40 nm in metals. CNTs can carry exceptionally high current densities of 
up to 1010 A cm−2 even at elevated temperatures [5,6]. CNTs are expected to demonstrate 
resistance to electromigration higher than that of Cu-based interconnects [7]. However, 
fabrication difficulties are a major hurdle for developing CNTs as interconnects. The 
main cause of these difficulties is the difficulty of development of reliable contacts be-
cause of the low surface reactivity of CNTs with metals [8]. Sn based alloys have been 
used to improve the electrical conductivity and interconnections in the soldering field 
[9]. The electrical resistivity of the polyether sulfone filled with 20% of nickel-coated 
carbon fiber was reduced by a factor of 2000 by adding 2 vol% tin-lead particles [10]. In 
one study, Sn coated CNTs were connected on Cu metal [11]. However, Sn coated CNT 
provides only an outer graphene layer for connecting with Cu. The inner layers remain 
insulated because the nanotubes are mostly closed. Further, this outer graphene layer 
can be corrupted because Sn is attached on the outermost graphene layer of the nanotube 
through the oxygen generated during oxidation. Besides this, the connections can occur 
anywhere along the length of the surface of the coated nanotube, instead of coating at 
the terminals of the nanotube, which is useful for circuit purposes. Therefore, there is a 
need for a method to produce end to end connections. One feasible option is to fill the 
open CNTs with Sn without coating on the surface. 

Metallic nanoparticles such as Cu nanoparticles have received great attention due to their 
applications in a wide range of electronic devices [12], particularly in flexible electronics 
[13]. Copper nanoinks have been considered as low-cost nanoinks for printed electronics 
[14,15]. Cu nanoparticles are also suitable for the production of Multi-Layer Ceramic Con-
densor (MLCC) internal electrodes and other electronic components in electronic slurries 
for the miniaturization of microelectronic devices [16]. The high conductivity, flexibility and 
comparative size with CNTs makes Cu nanoparticles a good potential interconnect material 
for developing nanocircuits in flexible electronics [17]. However, due to differences in reac-
tivity and structure, joining CNTs with Cu nanoparticles is a big challenge. 

The present work developed processes for producing various types of hybrid MWCNTs 
incorporating Sn. Chemical mechanisms for these processes were proposed. Hybrid MW-
CNTs were used in the present study to produce nanojoints between two nanomaterials, 
namely Cu and CNTs, which have dissimilar levels of reactivity. 

Commercial Cu nanoparticles with an average size of 20 nm, prepared by electrical explo-
sion method, were used for the present study. The 110–170 nm (outer diameter) MWCNTs 
were heated in O2 at 250°C for 30 min to open the closed ends and induce surface oxidation. 
A portion of the oxidized nanotubes was treated with NaBH4 to reduce the oxidized surface. 
The oxidized or reduced MWCNTs were then stirred with SnCl2 in HCl, as described else-
where [18]. The mixing with SnCl2 solution produces hybrid MWCNTs with SnO2 coating/
filling or both. The hybrid MWCNTs and Cu nanoparticles were sprayed on copper grids 
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of surface coating as well as cavity filling (Fig. 1c). It can 
be observed in the figure that the surface coating and filling 
inside the nanotube are darker than the graphene layers of 
the MWCNTs (Fig. 1c and d). The filling material covers the 
breadth and length of the cavity and seems dense, but some 
empty spots are also visible. Interestingly, as estimated from 
the TEM micrographs, the yield of coated nanotubes is >90% 
in these cases; however, the filling yield is <70%. The reason 
for this is the different levels of functional groups on the sur-
face and at the opening of nanotubes, which areas are respon-
sible for coating [18] and filling, respectively. It seems that 
during heating in air, most of the nanotubes were functional-
ized on the surface, but not all of the nanotubes were opened. 

The white inset in Fig. 1e shows a nanotube with thick and 
thin portions on the sides and in the middle, respectively. The 
EDX elemental mapping of the HRTEM discloses the pres-
ence of Sn, O and C in the thick part where the MWCNTs are 
coated and/or filled. On the other hand, only C is observed in 
the thin portion because of the absence of any filling and/or 
coating. Since the C is from the carbon in the MWCNTs, and 
oxygen follows the tin both inside and outside of the nano-
tube, any material present other than MWCNT must be tin 
oxide. This nanotube is only coated, not filled, as no Sn or O 
is observed in the cavity; however, another nanotube (shown 

having a lacey carbon film. This film provides better visualiza-
tion of the CNTs at higher magnifications [19]. The grids were 
heated in a furnace under a 5% H2/N2 gas flow at 250°C for 
30 min and thereafter cooled to room temperature. The samples 
were investigated using a JEOL 7001F scanning electron mi-
croscope (SEM) and a JEOL 2100 high resolution transmission 
electron microscope (HRTEM) with 10 keV and 200 keV beam 
energy having resolutions of 1.5 nm and <0.19 nm, respectively. 
The HRTEM micrographs were further analyzed using fast Fou-
rier transform (FFT). Elemental analyses of the samples were 
conducted with energy dispersive X-ray spectroscopy (EDX). 
The crystal structures were analyzed with electron diffraction 
(ED). 

The HRTEM micrograph in Fig. 1a shows that the 
MWCNTs have an outer diameter of around 100 nm and an 
inner diameter of ~40 nm. The pristine nanotube are coated 
when refluxed with the acidic solution of SnCl2, as shown in 
Fig. 1b. The outer diameter becomes ~180 nm. The inner tube 
cavity became invisible under transmission electron micros-
copy (TEM) due to the thick coating. The coating is uneven, 
with thickness ranging from 30 to 50 nm. The filling of the 
cavity is not visible in any of the nanotubes. However, if the 
pristine nanotubes are heated in air for half an hour prior to 
SnCl2 solution treatment, the TEM image shows phenomena 

Fig. 1. High resolution transmission electron microscope micrographs show multi-walled carbon nanotubes (MWCNTs) as follows: (a) pristine (b) SnO2 
coated on the surface (c) SnO2 coated on the surface and filling the inside of the cavity (d) SnO2 filling the nanotube but not coated on the surface. Energy 
dispersive X-ray spectroscopy (EDS) mapping demonstrating elemental analysis of (e) uncoated or unfilled, coated shown in frame (f ) coated and filled 
parts of MWCNT shown in frame, and electron diffractions of (g) a pristine MWCNT (h) a coated and filled MWCNT. 
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graphs of the Cu nanoparticles, which have diameters in the 
range of 10–15 nm. 

The sintering of the Cu nanoparticles takes place when 
particles are heated to 250°C [20], as shown in Fig. 2d. The 
HRTEM micrographs in Fig. 2e demonstrate the formation 
of an interconnect after heating an SnO2 coated and filled 
MWCNT and Cu nanoparticles in N2/H2 at 250ºC. A single 
MWCNT is joined with the Cu nanoparticles at two places 
on the surface of the nanotube. An EDX elemental mapping 
study of one interconnect, shown in the white inset in Fig. 2f, 
in which copper nanoparticles are joined with CNT, reveals 
the presence of Sn, Cu, C and O. Besides nanoparticles, Cu 
is also observed with the Sn inside the nanotube. This in-
dicates the diffusion of Cu into Sn during the formation of 
the interconnects. This also discloses the possible formation 
of some cracks in the nanotube walls during oxidation; from 
these points, Cu diffuses into the nanotube. 

in the white inset) in Fig. 1f reveals the presence of both Sn 
and O on both the tube surface and the inside of the cavity, 
which means the nanotubes are both coated and filled with tin 
oxide. ED, as shown in Fig. 1g and h, reveals that the tin is 
present in the hybrid nanotubes as SnO2. As can be observed 
in Fig. 1g, the three circles in the ED of one pristine CNT be-
long to the G (002), G (110) and G (004) graphite planes, but 
there are two planes, (110) and (101), for SnO2 in addition to 
the the G (002) and G (110) graphite planes in the filled and 
coated MWCNT (Fig. 1h). 

Fig. 2a provides an SEM micrograph of the Cu nanopar-
ticles. EDX study results in the insert window (Fig. 2b) in-
dicate the presence of Cu and a slight amount of O in the 
nanoparticles. There is no organic passivation shell on the 
nanoparticles, as there is no carbon detected in the EDX. The 
reason for this is that the particles were prepared using elec-
trical the explosion method. Fig. 2c provides HRTEM micro-

Fig. 2. (a) Field emission scanning electron microscopy micrograph showing Cu nanoparticles (b) point energy dispersive X-ray spectroscopy (EDX) study 
of Cu nanoparticles high resolution transmission electron microscope (HRTEM) micrographs showing (c) Cu nanoparticles (d) Cu nanoparticles after heat-
ing at 250°C (e) formation of interconnects at two places on the surface in the middle of a nanotube with copper nanoparticles (f ) EDX mapping study of 
the portion shown in the frame (g) interconnect of an SnO2 coated & filled carbon nanotube with Cu nanoparticles at both ends (h, i) HRTEM micrographs 
showing interconnections at one terminal of the multi-walled carbon nanotubes with Cu nanoparticles (j) point EDX elemental analysis at 1–4 points on 
the filled nanotube and Cu nanoparticle in the interconnection.
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the nanotubes (or present on the nanotubes in a slight amount) 
and Cu. Further magnifications of Fig. 3b shown in Fig. 3e and 
f display the link between the filled MWCNT and the copper 
nanoparticles through the filled Sn inside the nanotube and the 
coated Sn at the terminals of the nanotubes. 

The ED analysis data shown in Fig. 3g, of the joint area 
of Fig. 3f, show the existence of amorphous and crystalline 
structures of the joint. Inverse FFT (IFFT) analysis of the 
selected area diffraction of patterns 1, 2, and 3 in Fig. 3g are 
shown at the bottom of Fig. 3. The formation of an amorphous 
structure along with nano-size crystal planes during soldering 
with Sn-based solders on the Cu substrate has been shown in 
earlier studies [21]. The amorphous region is believed to be 
a result of the interdiffusion between Cu and Sn [21-23]. The 
IFFT of each plane reveals the formation of Cu6Sn5 by (202), 
(101), (002) crystal planes [24]. The crystal planes show that 
dislocations exist in the area of analysis. This shows that the 
appropriate metallization of MWCNT with Sn allows the 
manufacture of a nanojoint between a CNT and Cu nanopar-
ticles. Joints between Cu nanoparticles and CNT are formed 
through the formation of Cu6Sn5 intermetallics. The joining 

When a hybrid nanotube filled with SnO2 inside the cavity 
without coating on the surface is used to make the intercon-
nections, it can only join with Cu nanoparticles at the open 
ends of the nanotube. Fig. 2g displays one such connection, 
where Cu nanoparticles are attached at both terminals of a 
nanotube. Higher magnifications of the region of attachment 
of a nanoparticle to a terminal of a filled nanotube are fur-
ther shown in Fig. 2h and i. Point EDX elemental analysis at 
points 1 and 2 in Fig. 2j, at the junction between CNT and the 
Cu nanoparticle shows the presence of C, Sn and Cu, whereas 
only C and Sn are observed at points 3 and 4, far from the 
terminal. The atomic percentage of the copper is highest at 
point 1 and no copper is observed at points 3 and 4. On the 
other hand, the percentage of Sn increases with the increase 
in the distance from the copper nanoparticles. 

The HRTEM micrographs in Fig.3a and c show the presence 
of copper nanoparticles at the terminal of the filled CNTs. The 
magnified views in Fig. 3b and d (inset in Fig. 3c) show the 
attachment of Cu nanoparticles at the openings of the nano-
tubes. Since no bonding is possible between Cu and carbon at 
this temperature, attachment has to take place between Sn inside 

Fig. 3. High resolution transmission electron microscope micrographs showing (a, c) a junction of interconnection between SnO2 filled and coated nano-
tubes and Cu nanoparticles (b, d-f ) terminals at high magnifications (shown by arrows) (g) fast Fourier transform (FFT) of an area of the micrograph in (f ) 
and inverse FFTs (IFFT) of points 1–3 in FFT of the Cu6Sn5 planes. 
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opens the CNTs [29]. Refluxing these nanotubes with SnCl2/HCl 
solution (process C, Fig. 4) not only forms SnO2 coating on the 
surface but also fills the inside of the tube with SnO2. The coat-
ing on the surface is due to the formation of bonding between 
Sn and the oxygenated groups on the surface [18]. On the other 
hand, filling occurs in open nanotubes due to capillary forces. 
Reacting these nanotubes with Cu nanoparticles in N2/H2 atmo-
sphere (process G, Fig. 4) results in the formation of nanojoints 
both on the surface and at the ends of the nanotube. 

If air-treated nanotubes are heated in N2/H2 (process D, Fig. 
4), then the oxygen-containing functional groups on the surface 
are reduced by the H2, but the nanotubes remain open. There-
fore, these nanotubes are filled with SnO2 during refluxing with 
SnCl2 (process E, Fig. 4) but are not coated on the surface. Heat-
ing joins nanotubes with Cu nanoparticles (process H, Fig. 4) 
and forms nanojoints at the two terminals of the nanotubes. 
Since these nanotubes do not have any coating on the surface, 
the only place where an intermetallic compound can form is at 
the terminal of the nanotubes. 

This study demonstrates the formation of nanojoints between 
two dissimilar nanomaterials, i.e. CNTs and Cu nanoparticles, 

can form connections on the surface of the nanotubes or from 
end to end. This is different from the findings of earlier stud-
ies, in which connections either involved using bulk nano-
tubes or occurred on the surface of nanotubes [11,25-28].

Fig. 4 depicts the mechanism for the coating and filling of the 
nanotubes and the formation of the interconnections on the cop-
per nanoparticles. If pristine nanotubes are treated with SnCl2, 
then only the surface is coated with SnO2 (process A, Fig.4). 
When these coated nanotubes are heated with Cu nanoparticles 
in the presence of H2/N2, SnO2 will be reduced to Sn, which 
reacts with Cu and forms an intermetallic compound, Cu6Sn5, 
on the surface of the nanotubes (reactions 1 & 2). This results 
in the formation of interconnects at the surface of the nanotubes 
(process F, Fig. 4). 

  (1)

  (2)

, when the pristine nanotubes are heated in air (process B, Fig. 
4), the O2 in the air oxidizes the surface of the MWCNTs and 

Fig. 4. Sketch illustrating the process for (a) coating of SnO2 on multi-walled carbon nanotubes (MWCNTs) (B) formation of interconnect by joining Cu on 
the surface of hybrid MWCNTs (C) oxidation and opening of MWCNTs (D) coating and filling of MWCNTs with SnO2 (E) formation of nano-interconnects be-
tween Cu nanoparticles and hybrid MWCNTs on the surface and at the terminal (F) reduction of oxidized MWCNT (G) SnO2 filling the inside of the MWCNT (H) 
formation of interconnect with Cu at the terminal of the SnO2-filled MWCNTs. NPs, metallic nanoparticles.
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