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For the fabrication of graphene-based nano-scale interconnects, precise control over their position and
proper nanoscale soldering are essential. In this work, we report the Joule heat-induced conversion of
amorphous carbon to graphene in an in situ TEM setup, using Mo as a catalyst. The catalytic role of Mo
during graphene formation has been less explored compared to other metals like Cu or Ni. Compared to
metals like Cu, Mo is less subject to electromigration and brittleness, making it suitable for high-
temperature electronics. We found that during the electromigration of Mo, amorphous carbon
nanofibers (CNFs) can be converted to highly crystalline few-layered graphene. It was also found that
during the graphene formation process, agglomerated Mo particles can be effectively channeled to the
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and graphene acted as a soldering agent, providing the prospect of the further exploration of Mo as
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Introduction

The isolation of graphene in 2004 was a stepping stone to the
discovery of other 2D materials." Due to its notable electronic
and mechanical properties, graphene has been a topic of great
research interest.”> Due to its atomic-level thickness, many
interesting properties have been observed in graphene which
are not observable in bulk graphite. Graphene has a very high
thermal conductivity and the highest carrier mobility of any
known material reported so far.>* With a decrease in the size of
electronic devices and circuits to the nanoscale, there is
a problem of excessive heating affecting metal-based intercon-
nections. Due to its excellent electronic and thermal properties,
graphene can be a suitable alternative interconnect material.
The first experimental isolation of graphene was performed
by the exfoliation of graphite on SiO,. Exfoliated samples of
a few um in size are only suitable for studying basic electronic
properties and device fabrication. With the development of
chemical vapor deposition (CVD), the scalable synthesis of high-
quality graphene has become possible. Metals like Cu, Ni, and
Pt have been widely studied as substrate materials for graphene
growth.>™° Besides CVD, the thermal annealing of amorphous
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synthesis and as a soldering material.

carbon to graphene in the presence of a catalyst is also
popular.™ Among these catalytic substrates, Cu has been widely
studied due to its low carbon solubility, leading to the synthesis
of predominantly single layer films. There are only a few studies
reporting graphene synthesis using an Mo substrate, with the
catalytic property of Mo being relatively unexplored.*>** In this
work, we fabricate high-quality few-layer and multilayer gra-
phene using Mo as a catalyst in an in situ TEM experiment. Due
to the versatility of in situ TEM, real-time observation of
morphological and structural changes during graphitization
can be observed.'®?® For example, Barriero et al. observed the
catalyst-free transformation of amorphous carbon to graphitic
sheets.” Rosmi et al. used Joule heating to synthesize graphene
nanoribbons and reveal their current carrying capacity using Cu
as a catalyst.® In situ TEM has been successfully used to visu-
alize graphene sublimation and the edge reconstruction
phenomenon." In situ TEM can be exceptional in studying the
catalytic property of less explored metals, before designing
experiments for large area film growth using CVD.

It is a well-known fact that Cu is also a commonly used
material as interconnects in circuits. However, with the
continued miniaturization of circuits, Cu suffers from the
problem of electromigration and defects.'* Mo, however, due to
its very high melting point (2623 °C), suffers less from electro-
migration and brittleness. Despite its higher resistivity
compared to Cu, Mo is suitable for high-temperature elec-
tronics (300-400 °C) and compatible with integrated circuit (IC)
manufacturing. In this work, we use in situ TEM Joule heating to
study the catalytic property of Mo during the graphitization of
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amorphous carbon, as well as demonstrating the controlled
electromigration of Mo and use it as a solder material. Mo-
embedded carbon nanofiber is taken as a starting material for
the synthesis of graphene. Due to a bias voltage supplied across
the CNF, Joule heat comes into play, leading to graphene
formation and the electromigration of Mo.

Results and discussion

Mo-embedded CNF (Mo-CNF) are synthesized using an ion
beam technique. Ar' ions are co-sputtered on graphite and Mo
foil to fabricate the Mo-CNF, as shown in Fig. 1(a) (See our
previous work for details on the fiber fabrication method).***®
Fig. 1(b) shows a low-magnification TEM image of a vertical
array of CNF on the graphite edge. Fig. 1(c) shows a TEM image
showing typical CNF. CNF have lengths in the range of 150-
200 nm, featuring thin fibers growing on a cone-like structure.
Mo particles are found to be distributed uniformly, embedded
inside the amorphous carbon matrix. The inset of Fig. 1(c)
shows a Mo lattice with a d spacing of 0.22 nm corresponding to
the (110) plane (JCPDS Card no. 3-065-7442). After the fabrica-
tion of Mo-CNF, a small piece of sample was cut and mounted
on a TEM holder with the fibers facing towards the probe. For
the in situ TEM experiment, a specialized TEM holder (via which
bias can be applied) with a W STM probe was used. The TEM
holder is connected externally to an electrical measurement
setup with a computer where all the IV measurements are
recorded. The position of the probe can be controlled using
a nano-manipulator, so that contact can be made between the
probe and the CNF. Details of the TEM measurement setup and
the electrical measurement system are provided in ESI S1.f
When the CNF and probe are in contact, a bias voltage is
applied via the probe. During the application of a bias voltage,

Fig. 1 (a) Schematic diagrams showing the fabrication of amorphous
Mo-CNF on the edge of graphite foil by the simultaneous bombard-
ment of Ar* on graphite and Mo foil. (b) A low-magnification TEM
image showing vertically upstanding fibers on the edge of graphite foil.
(c) A typical CNF with Mo embedded. The inset shows a Mo lattice with
a lattice distance of 0.22 nm corresponding to the {110} plane.
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Joule heating comes into play, leading to the melting of
embedded metal particles and their movement, depending
upon the direction of the applied voltage. At the same time the
conversion of amorphous CNF to the graphitic form is observed.
During the transformation of amorphous carbon to the
graphitic form, a change in IV properties is observed concur-
rently in the external computer.

After a suitable CNF has been found, contact is established
between the CNF and the W probe, as shown in Fig. 2(a). A bias
voltage of 0-2.5 voltage is applied via the probe for 192 s, with
the probe taken as the positive terminal and the fiber as the
negative terminal. Fig. 2(a-h) are snapshots taken from Video
S1t showing the agglomeration of the Mo particle and its
movement due to electromigration. No visible transformation
of CNF is observed until 126 s when agglomeration of Mo
begins. A column of agglomerated Mo can be observed to be
moving towards the tip of the fiber near the probe. The collec-
tion of Mo around the tip shows that electromigration is the
dominant phenomenon, pushing Mo in the direction of the
applied electric field. Around 130 s (Fig. 2(c)), it can be observed
that smaller Mo particles are agglomerated into larger particles
and the number of nanoparticles on the middle part of the CNF
is reduced. An earlier agglomerated metallic column on the tip
expands to a spherical shape around the CNF. From 140 s to
190 s, further agglomeration of Mo is observed around the tip
with graphitization clearly observable around the middle of the
CNF near the large agglomerated particle.

It is interesting to observe that the Mo bulk particle near the
tip acts as a soldering agent connecting the probe and as-
formed multilayer graphene. During the electromigration and
graphitization process of CNF, a sudden change in IV curve is
also observed. From the IV curve of Fig. 2(1), a steep increase in
current can be observed around 125 s corresponding to the
beginning of Mo electromigration at around 125 s (Fig. 2(b))
shown in Video S1.7 Due to the conversion of amorphous CNF
to multilayer graphene, conductivity is suddenly increased,
leading to an increase in the value of the current. A very high
current of 84.5 pA is flowing through the fiber. Fig. 2(i) shows
a high-magnification TEM image near the tip of the remaining
CNF attached to Mo, with the graphitic lattice clearly visible. As
shown by the line profile (Fig. 2(k)) taken around the red rect-
angular selection of Fig. 2(i) shown in Fig. 2(j), the lattice
distance is found to be around 0.35 nm, close to the reported
value for graphene. Since the direction of Mo electromigration
is from CNF towards to the probe, no significant presence of W
was confirmed in the synthesized graphene using EDS, as
shown in ESI S2.1 To further demonstrate the electromigration
and graphitization process, another set of experiments was
carried out. As longer CNFs are unstable and may break during
Joule heating, a constant bias is applied. Fig. 3(a-d), (e-g), (h-j)
and (k-m) show the electromigration of Mo and the graphiti-
zation of CNF in 4 different steps. During the 1st step,
triangular-shaped Mo crystal starts to agglomerate near the
probe. With a continuous supply of voltage, a triangular crystal
starts to grow (Fig. 3(c)) and a hexagonal-shaped crystal starts to
grow, as shown in Fig. 3(d). In the 2nd step, we observe the
further electromigration of Mo, and crystals near the probe

This journal is © The Royal Society of Chemistry 2019
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(a—h) Screenshots taken from Video S1t showing the transformation of Mo—CNF induced by the electromigration of Mo under the

application of a bias voltage from 0 to 190 s. (i) A high-magnification image taken at the tip of the fiber near agglomerated metal showing the
graphitic layer. (j) A high-magnification image taken around the red rectangular area of (i) showing multilayer graphene and a line profile taken
across the layer showing the interlayer distance to be 0.34 nm (k). (1) An IV curve corresponding to (a—h) (Video S17), showing the changes in the
electrical properties of Mo—CNF during electromigration and graphitization.

merge to form a round shape, as shown in Fig. 3(e-g). During
the 3rd step (Fig. 3(hj)), further electromigration leads to the
middle part of CNF being partially metal free with graphitiza-
tion. The 4th step (Fig. 3(k-m)) shows complete graphitization
of the CNF and its breakage. Fig. 4(a) shows graphitized CNF
being completely separated from the agglomerated Mo particle
attached to the probe. Fig. 4(b and c) shows a high-
magnification TEM image taken near the tip of the broken

CNF. It can be observed that, 5-10 layers of bamboo-like CNT
are formed. Hollow structures are visible in the middle due to
electromigration and evaporation of the Mo particle. Core-shell-
like graphitic structures remained after evaporation of Mo
particles, resembling graphitic foam. Graphitization happens
around the Mo particle and its sudden evaporation leads to
a bamboo-like carbon nanotube structure. Fig. 4(d and e) shows
the upper areas 3 and 4 indicated in Fig. 4(a). The earlier CNF is

Fig. 3
probe followed by the graphitization of the fiber.
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(a—m) Screenshots taken from an in situ TEM video (Video S27), showing the gradual formation of a metallic crystal near the tip of the
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Fig. 4

(a) A graphitized CNF separated from the Mo particle (b and c) A bamboo-like carbon nanotube with 3-8 layers observed near positions (1)

and (2) of (a). (d—f) Figures showing porous graphitized structures on the cone part of the fiber near positions (3), (4) and (5) of (a).

found to be completely graphitized with the graphene lattice
clearly visible and with amorphous carbon present. Earlier
smaller Mo particles are completely agglomerated to a size of
around 10 nm, as shown in Fig. 4(f). It should be noted that the
tip of the CNF with its small diameter is converted to bamboo-
like CNT structures whereas base of the CNF with a large area is
converted to multilayered graphene. From these observations, it
can be clearly stated that Mo acts as an efficient catalyst, leading
to the graphitization of amorphous carbon. And agglomerated
Mo are collected at the edge of the fiber.

Conclusions

In conclusion, we demonstrated the rarely explored catalytic
properties of Mo via in situ TEM studies. It was found that high-
quality graphene can be synthesized using Mo as a catalyst. It
was found that Joule heating induced electromigration in Mo-
CNF serves the double purpose of the graphitization of CNF and
the controllable agglomeration of Mo near the probe, acting as
a soldering agent. This work can serve as a starting point for
further research into Mo-based single-step graphene synthesis
and nano-soldering.

Experimental section

CNFs were grown on the edges of a graphite foil (2 cm x 5 cm).
Mo foil of 25 um thickness was used as the Mo source. Graphite
foil and Mo foil were kept perpendicular to each other, as shown
in schematic Fig. 1(a). Ar" was bombarded simultaneously onto
the edge of graphite and Mo foil using a Kaufmann-type ion gun
(Tontech. Inc. Ltd, model 3-1500-100FC). During Ar’ bombard-
ment, Mo and C are ejected and re-deposited on the edge of the
graphite foil, leading to the formation of Mo-embedded CNF
(Mo-CNF).
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