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Abstract

Graphene nano structures find their application in modern nano electronics because of their ex-
cellent mechanical, unique electronics and electrical properties owing to the ballistic transport,
where the charge carriers can move freely without getting scattered. In this work, we show a pos-
sibility to grow a miniaturised coil from a pre-existing graphene coil layer using molecular dy-
namics simulation. From our calculations it was observed that isolated carbon atoms get attached
to the edge of the initial graphene coil and form an extension of the coil structure. The growth
process depends strongly on the chirality of the growth front as well as the growth temperature.
An optimal temperature between 2000 - 2300 K was proposed for all the edge structures except
armchair (2500 K) type for the maximum number of the new hexagonal rings. Our results predict
a technique that can be adopted experimentally to grow graphene nanocoil.
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1. Introduction

Graphene, a planar and atomically thin two dimensional material, experimentally discovered [1] just over a
decade ago, posses many remarkable electronic properties along with interesting optical, mechanical and thermal
properties. This results in an extensive research field of this wonder material from the fundamental world in
physics and chemistry to the applications’ world in modern technology. The ability to pattern graphene [2]-[4]
into various nano structures such as nanoflakes and nanoribbons in a controlled way makes this material a
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promising candidate for nano electronic devices. Graphene has better electrical properties such as high electron
mobility (~2 x 10° cm®V s [5]) and high current carrying capacity [6] compared with the conventional
conducting material like copper. The high electric conductivity and strong mechanical properties of graphene,
verified experimentally [1] [7] [8] indicate a possibility to replace copper as interconnects and induction coils in
integrated circuits and other nano devices. Miniaturised coils can not only be used in radio frequency com-
munication circuits as high-performance electromagnetic wave absorbers but also in sensors and magnetic beam
generators too [9]-[11]. Carbon micro/nanocoils have been experimentally synthesised and show magnetic
sensing ability [12]. However, a graphene nanocoil would have a different coil structure made of a spiral
graphene plane and can be a low dimensional and effective alternative to the usual planar coiled inductors. If it
can be really made experimentally, the excellent electrical properties is predicted to produce a very large mag-
netic field (~1 T) and show superior inductance compared to present microelectronics devices [13]. In addition,
these kinds of planar spiral structures are interesting in mathematics as well as in natural science such as
topological insulators. It has been reported theoretically that the graphene spirals show Rashba splitting, a
distinct topological signature in its electronic structure [14].

One still not has succeeded in producing such a structure artificially, but there has been an experimental
evidence in the presence of the screw dislocations in natural graphite showing a spiral growth pattern [15]. An
abundant screw dislocation has been reported in pyrolytic graphites annealed at high temperature [16]. This
indicates the stability of such spiral structure and the possibility to synthesise experimentally. The purpose of
this paper is to theoretically explore a possibility of creating such a graphene nanocoil artificially by carrying out
a molecular dynamics simulation. We opted to use SiC as the container since it has advantage over other sub-
strates for its use in high temperature and high frequency electronics applications. Chemical vapour deposition
(CVD) is one of the methods of depositing high quality graphene on various metal substrates [17] [18] and has
been used to grow epitaxial graphene on SiC [19] [20]. In CVD, the substrate is exposed to the precursor in a
gas state from where the C atoms gets attached to the substrate and the growth of graphene takes place. We
would like to explore the growth of a spiral graphene nanocoil from a starting graphene spiral layer inside a
hollow container made of SiC, where the coil is exposed to isolated C atoms falling from outside.

2. Computation Method
2.1. The Model System

For this purpose, we assume that graphene nanocoil is growing inside an insulating or semiconducting
cylindrical container that has a pillar at the center and a flat bottom. The coil will be formed around the pillar as
shown in Figures 1(a)-(c). Here brown indicates insulating/semiconducting pillar and cylinder; and sky blue and
dark blue indicate monolayer and double layer graphene parts, respectively. The red square indicates the growth
front, where carbon atoms are selectively absorbed. If this growth front is grown step-by-step by the increment
of one column made of a single chain of hexagonal rings, we can expect that the growth front keeps having the
same structure as the time increases, although the angle and the position change time to time as shown in Figure
1(b). This is similar to a “mathematical induction”-like growth mechanism. This means, if the growth front is
grown by one column at the initial time t, to form the “one-column grown” growth front at t, =t, + ot then the
growth front at any later time t is grown by an increment of a single column to form the new growth front at
t'=t+Jt. This assumption is based on the fact that the radius of the coil is large enough and a small portion
near the growth front can be viewed similar to a graphene nano ribbon. Thus, by exposing the growth front to
the isolated C atoms we can expect to have a continuously growing uniform spiral structure of graphene till the
required length of the coil is obtained. We want to verify theoretically whether this assumption is a realistic one
by using computer simulation as described in the next section.

2.2. Molecular Dynamics Simulation

For the simulation we have constructed a SiC cylindrical container of inner (outer) radius of 22.14 (26.5) A and
a pillar of radius 5.3 A at the centre. The base plane inside the SiC cylinder is a (0001) plane over which we
place a starting layer of the graphene coil around the pillar which mimics the pre-existing screw dislocation in
graphite. The corresponding atomic structure is shown in Figure 1(d). The isolated C atoms are placed
randomly near the growth front of the coil. Since the system has a large number of atoms, we have used classical
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Figure 1. Top view of the graphene coil growth model (a) at an initial time and (b) at a later time. (c) Side
view of the model structure. (d) Side view of the actual structure having a graphene coil inside a SiC
container with a pillar at the centre. The C (of SiC) and Si atoms are shown in grey and purple colours while
the C atoms of the graphene coil are shown in blue.

molecular dynamics simulation for all the calculations using the GULP code [21] in Materials Studio software
package [22]. We adopted Tersoff potential [22] for silicon and carbon to describe the atomic interactions.
Canonical (NVT) ensemble, where substance (N), volume (V) and themperature (T) are conserved was con-
sidered for the system and the simulation was done at a constant temperature using Nose-Hoover thermostat. All
the atoms in the SiC substrate and the starting graphene coil were constrained to be fixed throughout the
simulation unless mentioned otherwise. No such constraint was applied to the additional C atoms, letting them
relax and get attached to (or move away from) the growth front for each temperature. Each structure was
simulated for 20 ps, with a time step of 1 fs. Using such a molecular dynamics simulation, we study the growth
of the graphene nanocoil at various temperatures and predict a suitable temperature for any future application.

We assume classical harmonic oscillator to estimate atomic vibration at a given temperature T and found that
the amplitude of the thermal vibration is 0.16 - 0.22 A around the experimental condition from 1300 K to 2500
K. The present study assumes such high temperatures, so that correlation between neighboring atoms can be
ignored. This selected range of temperature is justified as there is experimental report for growth of graphene
sheet on SiC substrate using CVD at ~1900 K [19].

3. Results and Discussion

We have considered an armchair line along the radius of the coil as the reference direction shown in Figure 2(a).
With respect to this line we cut the coil at various angles to construct the starting graphene structure resulting in
growth fronts having different chiralities. We name these growth fronts (GF) by the angle 6. The top view of the
starting graphene coil for 30° edge is shown in Figure 2(a). We have considered a total of six such growth fronts:
GF-10, GF-20, GF-40 and GF-50 along with a zig zag (6 = 30°) (GF-zz) and an armchair (¢ = 60°) (GF-ac) ones.
Isolated C atoms are placed near these edges along the same plane as the graphene coil near the growth fronts.
The edge structures for all the growth fronts together with the starting random configuration of the isolated C
add-atoms are shown in Figure 2(b). We have adopted different colour convention for the C atoms to

()



S. Bhattacharyya et al.

Figure 2. (a) Top view of the starting graphene coil for with @ = 30°. C atoms of the bottom layer in the
overlapping region is represented by grey balls. The reference (armchair) direction is shown by the black
horizontal arrow. 6 denotes the angle at which the coil has been cut to form the growth front. (b) Growth fronts
constructed for § = 10° (GF-10), 20° (GF-20), 30° (GF-zz), 40° (GF-40), 50° (GF-50) and 60° (GF-ac) are
shown along with the isolated add atoms for the starting configuration in each case. Different colours represent
the growth front (green), the bulk portion (blue) and the isolated add atoms (in orange), respectively.

distinguish bulk graphene, growth front and the add-atoms.

Inserting these starting structures in the SiC cylinder with an inner pillar as explained in Figure 1, we perform
molecular dynamics simulation at temperatures of 1000 K, 1300 K, 1500 K, 1800 K, 2000 K, 2300 K and 2500
K for each structure. We analyse the final structures after completion of time of 20 ps for all the growth
temperature conditions. Some of the isolated C atoms get attached to the growth front while others move away
from the SiC cylinder. The attached C atoms form hexagonal, heptagonal and pentagonal rings or broken rings
near the edge. We observe a strong dependence of the number and type of C rings on temperature as well as the
structure of the starting growth front. Formation of hexagonal carbon rings is an indication of possibility to grow
a defect free graphene coil farther. The presence of rings other than hexagonal one also shows a possibility of
growing graphene coils with defect. With the increase in temperature, the number of C atoms getting attached at
the growth front increases till an optimal temperature is reached after which either this number decreases or the
resulting structure deforms. The growth front GF-40 has a comparatively poor attachment of the isolated C
atoms throughout the temperature range considered in this work. Considering the number of hexagonal rings
formed at the growth front as the parameter to predict the possibility of growing a good quality graphene
nanocoil, we count the number of rings of all the final structures and plot it with respect to the corresponding
growth temperature. These plots are shown in Figures 3(a)-(f). All these plots indicate that the number of newly
formed hexagonal ring peaks at a particular (or a range of) temperature that varies with the growth front type.
Among all the structures GF-zz and GF-50 have the maximum number of hexagonal rings at the optimal
temperature, while GF-40 shows poor attachment of C atoms at all temperatures. The optimal temperature lies
within the range of 2000 K - 2300 K for all the growth fronts except GF-ac, where the optimal temperature is
achieved at 2500 K. The best final structures after the simulation is shown in the inset of each graphs in Figure 3 at
the corresponding optimal temperature. In GF-zz, GF-ac and GF-20 we see a uniform growth of one column of
hexagonal ring. This verifies our initial assumption of growing the coil in an increment of hexagonal chain,
preserving the initial structure of the growth front. Similar growth is observed in other growth fronts too.

We repeated the calculation for few of these structures at selected temperatures by removing the constraints
on all the C atoms in the graphene coil. This represents a more realistic structure where all the C atoms vibrate
near their equilibrium position. We observe formation of hexagonal rings at the growth front and the graphene
coil retains its structure. However, the final structure is not exactly same as the one obtained by fixing all the C
atoms of the starting graphene coil. For comparison, we plot the number of newly formed hexagonal rings when
the graphene coil is not fixed with respect to the growth temperature for GF-zz in Figure 4(a) along with the
final structure at temperature 2300 K in the inset. Both the Figure 3(c) and Figure 4(a) show that the number of
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Figure 3. Plots of the number of newly formed hexagonal carbon rings at different growth temperature have been shown for
(a) GF-10, (b) GF-20, (c) GF-zz, (d) GF-40, (e) GF-50 and (f) GF-ac. The final structure at the simulation time of 20 ps has
been shown for the maximum number of newly formed hexagonal ring in the inset of the corresponding plots. Similar
convention as that of Figure 2 has been followed for C atoms.
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Figure 4. (a) Plot of the number of newly formed hexagonal carbon rings at different growth temperature for GF-zz when no
constraint of motion was applied to the atoms of the starting graphene coil. The final structure at the simulation time of 20 ps
has been shown for 2300 K in the inset. (b) The structure of the graphene coil inside the SiC cylinder at 40 fs for isolated C
atoms placed over the graphene coil sheet away from the growth front at growth temperature of 2000 K. Similar convention
as that of Figure 1 and Figure 2 has been followed for all the atoms.

hexagonal ring has two peaks: one at around 1000 K (1300 K) and another at around 2000 K (2300 K) for
constrained (non constrained) graphene coil. This indicates a slight shift in the two maxima towards higher
growth temperature when the constraint is removed. The final structure at 2300 K in Figure 4(a) contains one
hexagonal ring less than that of Figure 3(c). The structure shows a tendency to form hexagonal rings if more C
atoms are added towards the right end of the growth front, where two incomplete rings exist. Thus, our
simulation predicts that graphene nanocoil can be produced in experiments from a starting layer of graphene coil
inside a SiC substrate if the optimal growth condition is met corresponding to the initial structure.

Next, we perform simulation by putting carbon atoms on top of the graphene coil sheet away from the growth
front to rule out the possibility of forming graphene nano flake over the graphene coil, which will eventually
hamper further growth of the coil. We have to explore this possibility, as whole graphene surface except the
overlapping bottom layer is exposed to isolated C atoms inside the SiC cylinder. We observe that for the
temperature range used in this work, carbon atoms placed on a terrace of graphene nanocoil evaporate and fly
out of the SiC cylinder (Figure 4(b)). Thus, at such high temperatures, carbon atoms placed on a terrace far
from the growth front are detached and attached repeatedly, and after some time, if they come close to the
growth front, they will be absorbed to form new hexagonal rings.

4. Conclusion

We have proposed a way to create a graphene nanocoil from a pre-existing layer. Our prediction is motivated
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from the growth of coils from a pre-existing screw dislocations in bulk graphite. Using classical molecular
dynamics simulations, we have shown that when isolated carbon atoms are placed near the growth front of the
coil they get attached to form extension of the graphene coil by forming mostly hexagonal rings along with a
few number of hepta and/or pentagonal rings in some conditions. The newly formed structure near the growth
front is very sensitive to the chirality of the pre-existing edge as well as the growth temperature. All the growth
fronts, studied in this work, show an optimal temperature at which the number of newly formed hexagonal ring
is the maximum. This optimal temperature varies with the starting structure and lies between 2000 - 2500 K.
The number of hexagonal rings at the optimal temperature is maximum for the growth fronts having angles of
30° (zig-zag) and 50° as measured from the armchair direction, thus making them ideal growth fronts. At every
temperature, isolated carbon atoms placed away from the growth front will be detached. Thus by choosing the
right temperature one can successfully synthesise a graphene nanocoil inside a SiC cylinder with a central pillar
from a pre-existing coil layer using experiments such as CVD. With the advancement of growing and patterning
graphene on substrates in the modern technology one can surely construct the first graphene layer inside the
insulating or semiconducting cylinder.
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