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1. Introduction

Carbon allotropes are one of the most important
issues in material science because they have versatile

properties and are scientific topics of crucial importance.

Among the allotropes, the zero-dimensional graphene
quantum dots (GQDs) and the one-dimensional carbon
nanotubes (CNTSs) have attracted worldwide attention
due to their diverse applications. For GQDs, their
advantages such as stable fluorescence, outstanding
biocompatibility, low toxicity, low cost, and high
surface area have led to optical displays, sensors, bio-
imaging drug delivery, and photo-catalysts. On the other
hand, CNTs have unique mechanical, electrical, and
optical properties like high tensile strength, ultra-light
weight, special electronic structures, and high chemical
and thermal stability. These properties have made them
useful for diverse applications such as nano-electronic
devices, energy storage devices, composite materials,
medicine, air and water filtering, and sensors. Since
GQDs and CNTs are independently important research
topics, the synthesis methods for GQDs and CNTs have
been developed individually.

Although many synthesis methods have been
developed and studied in depth individually, to the best
of our knowledge, no research has been reported that
both GQDs and CNTs were successfully synthesized in
series by regulating the synthesis parameters. In this
paper, we present a simple and convenient route from
GQDs to CNTs by an ion-sputtering assisted chemical
vapor deposition (CVD). Since this method can be
easily applied to array and patterning processes, this
study is extremely useful when a device requires both
properties of GQD and CNT. Furthermore, the opposite
electrical characteristics of GQDs and CNTs suggest
that by fine-tuning the synthesis parameters, quantum
criticality could be achieved at a certain point associated
with the metal-insulator transition. This study also offers
valuable insights into the topology of transforming zero-
dimensional GQDs into one-dimensional CNTs through
manipulation of synthesis parameters.

2. Methods and Results
In this section, the detailed procedures of controllable

formation from GQDs to CNTs by ion-sputtering
assisted CVD are described.

2.1 Synthesis process for carbon allotropes through
ion-sputtering assisted CVD

The carbon allotropes were fabricated by an ion-
sputtering assisted CVD method that combined both the
advantages of the ion-sputtering and CVD techniques,
as schematically shown in Fig. 1. When the Pt-deposited
Si substrate (PtDS) was annealed at a sufficiently high
temperature, the deposited Pt thin film was dewetted
and agglomerated to form many nanometer-sized
particles. This led to the formation of Pt nanoparticles
(PtNPs), which can act as catalysts to grow carbon
allotropes. The shape of the allotropes can be
effectively tailored from GQDs to CNTs by controlling
the formation condition.
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Fig. 1. A schematic layout of a synthetic process for the
carbon allotropes through our ion-sputtering assisted
CVD method. During the annealing process, the
deposited Pt thin film was changed to PtNPs, which
acted as catalysts to synthesize from GQDs to CNTSs.

2.1 Controllable formation from GQDs to CNTs by ion-
sputtering assisted CVD

The FESEM, TEM, and AFM data display the GQDs
prepared by our ion-sputtering assisted CVD method
shown in Fig. 2. Pt ions were deposited on Si substrates
through the ion-sputtering with an energy of 2 keV and
a dose of 6.2x10% #/cm2. When the PtDS was annealed
at 900 °C for 20 min with a gas mixture of Ar (100
sccm) and CHa (25 sccm), small-sized GQDs newly
appeared on the surface of the Si substrate (Fig. 2a).
The TEM and magnified images (Fig. 2b, c) obviously
showed fabricated GQDs with a small spot shape.
Furthermore, the HRTEM image and FFT pattern of the
GQDs (Fig. 2c and inset) reveal that they had a
crystalline structure and a uniform particle size with an
average diameter of 7.88 £ 2.29 nm (Fig. 2d). Figure 2e
shows the typical AFM image of the GQDs, and the
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measured location is indicated by the yellow-dashed line
representing randomly chosen GQDs. From the AFM
data of the GQDs shown in Fig. 2e, f, it can be seen that
the heights of the GQDs ranged from 0.5 to 4.4 nm
(inset of Fig. 2e), and the average value was 1.97 £ 0.13
nm (Fig. 2f ). A HRTEM image of the GQDs displayed
lattice fringes with ~ 0.33 nm spacing (Fig. 3), which
corresponded to (002) planes of graphite, suggesting
that the GQDs have a disk-shaped morphology and
consist of a few layers of graphene.
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Fig. 2. (a) FESEM and (b, ¢) TEM images of the GQDs.
The size of the fabricated GQDs is ~ 7.1 nm (inset of
(b)). (c) The magnified TEM image of the GQDs and its
corresponding FFT pattern (inset). (d) The diameter
distribution of the GQDs. The red line is the Gaussian
fit curve. The average size of the GQDs and the full
width at half-maximum (FWHM) of the Gaussian curve
are 7.88 and 2.29 nm, respectively. (e) A typical AFM
image of the GQDs. The height distribution of the
GQDs in e and the measured location is indicated by a
yellow-dashed line (inset). (f) Height distribution of the
fabricated GQDs on a whole surface of the Si substrate.

Fig. 3. HRTEM images and line profile analysis of the
GQDs. (a) The HRTEM image of the GQD and (b) its
corresponding line profile analysis (indicated by orange
line). The size and lattice spacing of GQDs are 7.088
and ~0.33 nm, respectively. (c) The lattice fringe (d =
0.335 nm) is induced from the basal plane diffraction of
graphite.

The shape of the carbon allotropes can be effectively
controlled by changing the dose of Pt ions and the
annealing conditions. To investigate the effects of a Pt-
ion dose on the growth of carbon allotropes, the
allotropes were fabricated using different amounts of Pt
ions. Figure 4 displays the FESEM images of the carbon
allotropes synthesized at 900 °C for 20 min with a gas
mixture of Ar (100 sccm) and CH4 (25 sccm). The doses
of the Pt ions deposited on the Si substrates were

7.4x10%%, 8.6x10%, and 9.8x10%® #/cm?, as shown in Fig.

4a—c, respectively. Compared to the small-sized GQDs

(ion dose = 6.2x10*® #/cm?) in Fig. 2, as the dose of the
Pt ions increased, the size of the resultant GQDs was
larger, and finally CNTs were generated through an
intermediate step (Fig. 4). It is interesting to note that
there were numerous bump-like white-spots on the
apexes of the CNTs (Fig. 4c), and a few white-spots
also existed at the intermediate step (Fig. 4b).
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Fig. 4. FESEM images of the carbon allotropes
synthesized by different amounts of Pt ions with doses
of (a) 7.4x10'% (b) 8.6x10%, and 9.8x10% #/cm?,
respectively. The Pt remnants (bright white-spots) are
indicated by orange arrows in (b, c). Insets: schematics
and magnified FESEM images.

In addition, Figure 5 shows the typical XPS survey
spectra of the GQDs (Fig. 5a) and CNTs (Fig. 5b), and
the XPS measurements were performed more than 20
times for the randomly chosen samples. The results of
the XPS analysis clearly revealed that no Pt was left on
the substrate, indicating the production of high-purity
GQDs. On the other hand, the detectable Pt remained in
the CNT samples.
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Fig. 5. Typical XPS spectra of the (a) GQDs and (b)
CNTs on Si substrates, respectively. The positions of
Pt4f peak are indicated by red circles in (a) and (b). The
XPS measurements were performed more than 20 times
for the randomly chosen samples.

3. Conclusions

We have presented a simple and convenient route to
the synthesis mechanism from GQDs to CNTSs by using
an ion-sputtering assisted one-step annealing process.
During the thermal annealing, the deposited Pt thin film
changed to PtNPs, which act as catalysts and nucleation
sites to synthesize carbon allotropes. Our synthesis
method enables the controlled creation of carbon
allotropes with the desired size, structure, and
morphology by manipulating three key parameters (D, S,
and T). The validity of these parameters was confirmed
through experimental data conducted under various
fabrication conditions. In addition, our bottom-up
synthesis strategy makes it possible to generate pure
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GQDs and CNTSs with the cap of PtNPs, which is highly
desirable in applications to industrial- and bio-fields.
Another thing to note here is that the present work is the
first report of the synthesis mechanism from GQDs to
CNTs. Therefore, we believe that the present approach
is very useful for diverse applications such as
optoelectronics, nanophotonics, and sensing, as well as
energy or environmental-related applications.
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