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Hybrid carbon nanostructures based on single walled carbon nanotubes (SWNTs) and single layer graphene
(SLG) have drawn much attention lately for their applications in a range of efficient hybrid devices. A few
recent studies, addressing the interaction behavior at the heterojunction, considered charge transfer
between the constituents (SWNTs and SLG) to be responsible for changes in the electronic and
vibrational properties of their hybrid system. We report the effect of various factors, arising due to the
interactions between the atoms of SWNTs and SLG, on the structural and vibrational properties of hybrid
nanostructures investigated computationally within the framework of tight-binding DFT. These factors,
such as the van der Waals (vdW) forces, structural deformation and charge transfer, are seen to affect
the Raman active phonon frequencies of SWNTs and SLG in the hybrid nanostructure. These factors are
already known to affect the vibrational properties of SWNTs and SLG separately and in this work, we
have explored their role and interplay between these factors in hybrid systems. The contribution of
different factors to the total shift observed in phonon frequencies is estimated and it is perceived from
our findings that not only the charge transfer but the structural deformations and the vdW forces also
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Accepted 5th February 2021 affect the vibrational properties of components within the hybrid, with structural deformation being the
leading factor. With decreasing separation between SWNTs and SLG, the charge transfer and the vdW

DO 10.1039/d0na00881h forces both increase. However, the increase in vdW forces is relatively much higher and likely to be the
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1 Introduction

Nano-sized carbon allotropes, specially single-walled carbon
nanotubes (SWNTs) and single-layer graphene (SLG), are the
most widely studied materials due to their extraordinary
mechanical, chemical and optical properties’® and their
exceptional electronic transport makes them a suitable substi-
tute for active layers in future nanoelectronic devices.”"®
Devices based on the hybrid system, combining SWNTs and
SLG, have shown great potential in terms of electrical conduc-
tivity"* and mechanical strength,* and also have found appli-
cations in various fields, such as transparent conducting
electrodes,">'* active layers in TFTs,"”” humidity and gas
sensors,'® biomedical applications,"” next generation aromatic
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main cause for larger Raman shifts observed at smaller separations.

compound adsorbents,'® etc. To improve and tune the desired
properties for advanced applications such as transparent elec-
trodes and active layers in TFTs, it is very important to under-
stand the structure of SWNT-SLG junction at the atomic scale
and various interactions between the two, which modify the
properties of the hybrid nanostructures.

The geometrical deformations in SWNTs and bi-layer gra-
phene, due to the interaction between atoms at the junction,
have been discussed by W. Ma et al,"” but only for semi-
conducting zigzag tubes. In their study, modifications in the
shape of supported SWNTs on graphene were observed after the
relaxation of the hybrid in terms of unequal horizontal and
vertical SWNT diameters and a dip was appeared in graphene.
Variations in the electronic structure of SWNTs have previously
been reported when in contact with graphene nanoribbons.>® A
few experimental studies have** addressed the shifts in the
Raman mode frequencies of SWNTs and SLG in the hybrid
system and it was claimed that the shifts occur as a conse-
quence of charge transfer between the two at the hetero-
junction. In these studies, the charge transfer between SWNTs
and SLG, responsible for the Raman peak shifts, is ascribed to
the work-function difference between these structures and any
other atomic interaction between the two components is not
taken into account. As reported in ref. 24-30, the introduction
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of charges (through gate biasing) in SWNTs or SLG causes
a shiftin the Fermi level and in situ Raman measurements show
shifts in Raman active vibrational frequencies. A very striking
feature of these studies is that for both types of charges (elec-
trons and holes), the prominent peak in the G-band is blue
shifted for both SWNTs and SLG, which is also supported by
theoretical calculations.>*%*%3%3> 1t has also been reported that
strain in the structure of SWNTs and graphene may lead to
shifts in their Raman active phonon frequencies.>*** We have
calculated the relative deformation in the structures of SWNTs
and SLG in hybrids with respect to the pristine components (i.e.
pristine SWNTs and SLG) and illustrated the trend of defor-
mation with changing tube chirality and diameter, though the
discussion in ref. 22 dismisses any effect of strain on the Raman
mode frequency shifts in hybrid nanostructures.

In this work, we have explored the structural and vibrational
properties of SWNT-SLG hybrid nanostructures computation-
ally within the framework of tight-binding DFT in order to
understand the nature of interactions at the junction and to
delineate the effects of these interactions on the vibrational
properties of hybrid nanostructures. These interactions could
be the vdW forces between the atoms of SWNTs and SLG, local
structural deformations and charge transfer between the two.
This paper is organized in the following way: in Section 2, the
atomic structures of hybrids of SWNTs and SLG have been
discussed and a thorough description of the calculation details
for structural optimization and phonon dispersion calculations
has been outlined by describing the method and other param-
eters used to perform the quantum mechanical calculations.
Following this, in Section 3, different types of interactions
occurring between SWNTs and SLG within hybrid systems are
analyzed separately and later, the effect of these interactions on
the Raman active phonon mode frequencies of the components
has been studied. With this, we have estimated the approximate
contribution of different factors to the total observed frequency
shift of different modes in SWNT-SLG hybrids. Finally, the
conclusions made based on this work are briefly presented in
Section 4.

2 Calculation details
2.1 Structural details

The SWNT structures used in this work are generated using
TubeGen-3.4 (ref. 41) structure generator. Hybrid nano-
structures (with CNT periodicity in the z-direction) of SWNT-
SLG were constructed by placing both SWNTs and monolayer
graphene in the same unit cell at approximate vdW separation
(~3 A of bi-layer graphene) in AB configuration. The width of
the graphene unit cell (in x-direction) for hybrid nanostructures
was chosen such that the SWNTSs, placed in the middle of the
unit cell, do not interact with each other under periodic
boundary conditions, as shown in Fig. 1. An armchair chain of
graphene is used to form a periodic hybrid system with
armchair tubes (Fig. 1(a) and (b)) and similarly a zigzag gra-
phene chain is combined with zigzag tubes to make a periodic
hybrid structure (Fig. 1(c) and (d)). The structural specifications
of the different hetero-structures formed are mentioned in
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Fig. 1 Hybrid structures of graphene-CNT(8,8) and graphene-
CNT(16,0); (a) & (c) show the top view of the hybrids; and (b) & (d) show
the front view of hybrid supercell structures, shown for AB-stacked
configuration. Visualization software VESTA*? is used for visualizing the
hybrid nanostructures.

Tables 1(a) and (b) in ESI-S.1. Approximately 20 A of vacuum is
created in the non-periodic direction (perpendicular to the
graphene sheet, i.e. the y-direction) to avoid any interaction
with spurious replica images. Out of the wide range of available
chiralities, CNT (5,5), (6,6), (7,7), (8,8), (9,9), (10,10) and (11,11)
for forming the systems of armchair SWNT-SLG and CNT(8,0),
CNT(10,0), CNT(13,0) and CNT(16,0) for making the systems of
zigzag SWNT-SLG were chosen.

2.2 Structure optimization and phonon dispersion
calculations

We use the density functional based tight binding (DFTB)
method implemented in the quantum mechanical simulation
software package DFTB+**** (version-18.2) to perform the
atomic simulations. This method includes the recent DFTB
model DFTB3 (ref. 45), which is based on a third-order Taylor-
like expansion of the Kohn-Sham (DFT) total energy with
respect to a reference charge density with improved Coulomb
interactions between the atomic partial charges. DFT-D3
dispersion correction (method used in the code ‘DFTD3’ by
Stefan Grimme et al.***’) is also added to incorporate the vdwW
correction to the interactions between components in hybrid
structures. DFTB has many extensions to the original DFT
method and it is also approximately three orders of magnitude
faster than DFT. The hybrid structures of SWNT-SLG contain
a large number of atoms (i.e. 56-128 atoms in the hybrid unit-
cell and a supercell consisting of 5 such unit-cells is used for
the phonon dispersion calculations) and tight binding DFT
methods are most suitable when dealing with such a large
number of atoms in a system.

Structures used in this work are relaxed with a self-consistent
(SCC) charge tolerance of 108 until the force on each atom is
less than 10~ °® au (Hartree Bohr ). The geometry optimization
is done by allowing all the atoms and the lattice constants to
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move freely for individual components (SWNTs and SLG). The
lattice constants are kept fixed for SWNT-graphene hybrids and
ionic-relaxation is allowed to minimize forces on all atoms to
create relaxed hybrid nanostructures. A dense enough uniform
(2 x 2 x 16) Monkhorst-Pack k-point grid is used for the rele-
vant reciprocal space integration. The electronic temperature is
kept at 100 K in these calculations. This temperature was opted
to treat metallic systems for better convergence. The variation of
total energy and Fermi energy with the electronic temperature is
analyzed with no significant changes in the value at 100 K. As
reported by T. A. Niehaus et al.,*® out of a number of provided
Slater-Koster parameters, 3ob-freq-1-1 Slater-Koster parame-
ters are particularly optimized for the vibrational frequency
calculations and we also use the same for structural optimiza-
tion and phonon dispersion calculations. More details on the
Slater-Koster parameters are provided in ESI-S.2.T The phonopy
code,” interfaced with the DFTB+ code, is used for phonon
dispersion calculations with the supercell method. Phonopy
generates a number of supercell structures based on the
symmetry and size of the primitive unit cell with somewhat
displaced atoms (from their equilibrium positions) and later
builds the dynamical matrix by evaluating force constants from
the forces (as a consequence of the displacement of atoms)
calculated by using the DFTB + code for these perturbed
structures. The single point force calculations are performed at
the I'-point with a self-consistent charge tolerance of 107%,
Supercell dimensions were kept at (1 x 1 x 5) for pristine SWNT
and graphene structures; the same was also chosen for the
hybrid systems.

3 Results and discussion

3.1 Interaction between SWNTs and graphene

In the unrelaxed state, the hybrid SWNT-graphene structures,
as shown in Fig. 1, have large forces acting between some of the
atoms of SWNTs and graphene, which are in close proximity to
each other. These forces were minimized to form relaxed hybrid
structures through ionic relaxation of the unit cells (keeping
unit cell dimensions fixed), such that the forces on each atom
are below a given cut-off (107° au). Fig. 2 shows a pictorial
representation of forces under un-relaxed (Fig. 2(a) and (c)) and
relaxed (Fig. 2(b) and (d)) conditions, acting on each atom in Gr-
CNT(8,8) and Gr-CNT(16,0) hybrids. Blue vectors originating
from atoms show the relative magnitude of forces. Forces have
been rescaled by a factor of 5000 for better visualization.
Initially, in the un-relaxed states of hybrids, in Fig. 2(a) and (c),
the forces are relatively very high on atoms near the junction.
The atoms of SWNTs and graphene at the closest contact repel
each other, whereas atoms next to it attract. During the struc-
tural relaxation, atoms move in such a way that these forces get
minimized and this continues until the forces on each atom are
below a given cut-off. Gradually, the SWNTs acquire a shape
with an elliptical cross section (similar to the deformation
described by W. Ma et al.*®) and graphene develops a curvature
around SWNTs in the relaxed geometry (Fig. 2(b) and (d)). The
minimum separation between SWNTs and graphene stays close
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Fig. 2 lllustration of the forces acting on each atom in Gr-CNT(8,8)

and Gr-CNT(16,0) in un-relaxed and relaxed hybrid structures. Blue
vectors denote the relative magnitude of forces, scaled by a factor of
5000, for the ease of visualization. The maximum force component in
each step is also denoted in figures.

to ~3.0 A (which is our initial separation based on the separa-
tion in AB-stacked bilayer graphene) after structural relaxation.

The deformation in relaxed hybrid structures is defined in
terms of ADx and ADy as the difference in horizontal and
vertical tube diameters with respect to the un-deformed states
for SWNTs and a dip created in graphene within the hybrid.
Table-1(b) (ESI-S.11) summarizes the deformations in the
relaxed structure for different hybrids analyzed in this work.
The structural symmetry of the SWNTs and graphene is broken
in the deformed states. The deformation in SWNTs and gra-
phene are found to be increasing with increasing tube diameter,
irrespective of the tube's conductivity (semiconducting or
metallic), as shown in Fig. 3.
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Fig. 3 Structural deformations in SWNTs and SLG in relaxed hybrid
structures as a function of SWNT diameter. (AD,) and (AD,) represent
the change in SWNT diameters in horizontal and vertical directions
respectively and dip represents deformation in graphene [note: filled
and open symbols correspond to hybrid structures with armchair and
zigzag SWNTs, respectively].
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The structural deformations occurring due to the vdw
interaction between SWNTs and graphene is larger for larger
diameter tubes and the corresponding dip in graphene is also
higher. One reason for this behavior could be that the tubes
with a larger diameter have a smaller curvature and in turn
a greater number of atoms of SWNTs interact with graphene,
and hence result in larger deformations (SWNTs) and a higher
dip (graphene). Also, SWNTs with a smaller diameter have
higher force constants in comparison to the large diameter
tubes, which results in stiffer bonds between atoms and makes
it difficult to deform the tubes with a small diameter. This can
be confirmed from the trend shown in Fig. 3 for SWNT defor-
mations and the dip in graphene as a function of SWNT
diameter.

Apart from the structural deformation, interaction between
SWNTs and graphene may also be electronic in nature, leading
to charge transfer between them in the hybrid structures.
Charge distribution in SWNTs and graphene is analyzed within
the hybrids for both relaxed and unrelaxed states and it is
observed that a few atoms of SWNTs and graphene near the
junction area have more charges (positive or negative) in
comparison to the initial atomic charges on each atom in
pristine states as a result of the charge redistribution. For more
clarity, a visual representation of the redistribution of atomic
charges in Gr-CNT(8,8) and Gr-CNT(16,0) hybrids with a vdwW
separation between the components is shown in Fig. 4, for the
unrelaxed (4(a) & 4(b)) and relaxed (4(c) & 4(d)) geometries. The
red color denotes the presence of positive charges (lack of
electrons) and blue represents the negative charges (excess of
electrons). From Fig. 4, it is clearly perceptible that atoms near
the heterojunction have an excess of electrons/holes and the
charge interaction between SWNTs and graphene is localized
near the junction area. In this redistribution of charges, the
total charge exchanged between SWNTs and graphene are the
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same but opposite in sign. In Gr-CNT(8,8) and Gr-CNT(16,0)
hybrids, a total of 0.0016 and 0.0034 electrons per unit-cell
were transferred from graphene to SWNTSs respectively.

3.2 Effect of the interaction on Raman mode frequencies

In the previous section, we analyzed different interactions that
might occur between SWNTs and graphene in the hybrid
system. These interactions are forces (acting on atoms in un-
relaxed hybrids), structural deformation (of the components
in relaxed hybrids) and electronic interaction (charge transfer)
between SWNTs and graphene. We posit that the vibrational
modes of SWNTs and graphene within the hybrid structure
should be sensitive to these interactions. The effect of these
causes on the vibrational properties of SWNTs and SLG indi-
vidually has been shown in the previous literature (charge: ref.
24-30 and deformation/strain: ref. 33-40) and it is essential to
examine how these factors (separately and in combination)
affect the vibrational properties of SWNTs and SLG in the
hybrid system.

A shift in phonon frequencies can occur only due to the
changes in force constants, that is the stiffness of bonds
between atoms. If the charges on atoms are modified or the
atoms are under forces/strain, the force constants of the bonds
will change because of many possible reasons, such as the
modified electrostatic interaction between atoms or modified
bond lengths, which in turn lead to changes in the corre-
sponding phonon frequencies.>

The phonon dispersion curves for pristine components
(SWNTs and SLG), unrelaxed and relaxed hybrids and separated
deformed components were computed as per the calculation
details shared in Section 2.2. The animation of phonon modes
at the I'-point was visualized using v_sim software* to identify
the phonon mode frequencies corresponding to the radial
breathing (RBM), longitudinal optical (LO) and transverse
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Fig. 4 A visual representation (plotted in a visualization application Paraview*°) of the redistribution of atomic charges in Gr-CNT(8,8) and Gr-
CNT(16,0) in unrelaxed and relaxed hybrid structures, with a 3 A separation between the components. Red and blue colors stand for holes and

electrons respectively.
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optical (TO) vibrations of SWNTs and longitudinal optical (LO)
and transverse optical (TO) vibrations of SLG. For hybrid
structures, the vibration of atoms in components (SWNTs and
SLG) was considered separately to identify the phonon modes,
which is later verified by calculating the overlap of the eigen-
vectors of Raman active vibrational modes in pristine SWNTs
and graphene (RBM, LO-CNT, TO-CNT, LO-Gr and TO-Gr) with
all the modes present in relaxed and unrelaxed hybrid struc-
tures and the modes having the maximum overlap are sorted
out. The phonon frequencies of pristine components, unrelaxed
and relaxed hybrid structures and deformed components for
various SWNT-SLG systems are listed in Table 2 in ESI-S.3.1 We
have also calculated and listed shifts in phonon frequencies
with respect to pristine components in Table 2 (ESI-S.31).

The shift in phonon frequencies for RBM, LO and TO
vibrations is plotted (separately for hybrids with armchair and
zigzag SWNTs at the vdW separations with graphene) for the
unrelaxed and relaxed states of the hybrids and for separated
deformed components for a range of tube diameters (hybrid

Armchair-tubes
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systems described in Section 2.1), as shown in Fig. 5. For un-
relaxed hybrid structures, any deviation in the vibrational
frequencies of different modes of SWNTs and graphene with
respect to the pristine components (SWNTs or graphene) can be
ascribed to the presence of vdW forces and/or to the charge
transfer between them. Similarly, a variation in the vibrational
frequencies in relaxed hybrid structures can be due to structural
deformations in individual components and/or due to the
charge transfer between them. In separated deformed compo-
nents, the change can occur due to the structural deformation
and/or due to forces acting on atoms. In this section, we have
tried to analyze the relative contribution of these factors to the
total shift observed in phonon frequencies within a hybrid. By
taking into consideration the factors acting in different states,
i.e. the unrelaxed, relaxed and individual deformed states, the
approximate effect of the three factors on hybrid systems can be
calculated.

In unrelaxed hybrids, where the effect of vdW forces and
charge interaction is considered, insignificant changes

Zigzag-tubes
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Fig. 5 Variation of the Raman active phonon frequencies (RBM, LO & TO modes) with the SWNT diameter in unrelaxed and relaxed hybrid
structures and for deformed individual components calculated separately. Figure (a)—(c) show the variation for armchair (metallic) SWNTs and
graphene hybrid structures; and figure (d)—(f) show the same for zigzag (semiconducting) SWNTs and graphene hybrid structures.
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(<1 em™') are observed in the LO and TO mode frequencies of
armchair-SWNTs with respect to the pristine frequencies
(Fig. 5(a)). In hybrids with zigzag-SWNTs (Fig. 5(d)), a small shift
of ~1 em™" is observed in the LO-TO mode frequencies but in
opposite directions. The effect of charge introduction (both
positive and negative) on the vibrational frequencies in isolated
SWNTs and graphene has been discussed for the components of
one of the hybrid systems with armchair tubes (GR-CNT88) and
one with zigzag tubes (GR-CNT160) in the ESI (ESI-S.47). If we
assume that the charges exchanged at the heterojunction are
uniformly distributed over all atoms of the SWNT unit, the
contribution of transferred charges to the observed change in
phonon frequencies can be calculated. The change in the TO &
LO mode frequencies of SWNTs due to the charge transfer in the
GR-CNT(8,8) hybrid is 0.03 and 0.11 cm—1 and in the GR-
CNT(16,0) hybrid, it is 0.34 and —0.01 cm ' respectively
(calculated from ESI-S.4, Fig. 1(a) and (c) and Table 37). It can be
seen that the effect of charge interaction on the vibrational
mode frequencies of SWNTs (both armchair and zigzag) is very
small (<1 em ") for the amount of charge transferred at the
heterojunction and any change in frequencies <0.1 cm ™" can be
considered negligible (or “no change” (NC)).** From our
discussion in ESI-S.4,f in armchair tubes, both LO and TO
mode frequencies are upshifted with introduced charges,
whereas, in zigzag tubes, the TO mode frequency is upshifted,
but the LO mode frequency has a relatively very small down-
shift. The observed total shift in SWNT LO and TO mode
frequencies in zigzag hybrids (Fig. 5(d) and Table 2, ESI-S.37)
are approximately of the same order, which cannot be explained
as only due to the charge interaction. So the other interaction,
i.e. vdW forces, must also be participating in causing the
observed shift. The effect of vdW forces on phonon frequencies
can simply be calculated by subtracting the change caused by
excess charges from the total shift observed in unrelaxed
hybrids. In armchair-CNT(8,8), both LO and TO mode
frequencies are downshifted by —0.11 and —0.17 cm™ " respec-
tively,* whereas in zigzag-CNT (16,0), the TO mode is upshifted
by 0.75 cm™ " and the LO mode is downshifted by —0.77 cm™"
due to the effect of vdW forces. It should be noticed here that
charge interaction and vdW forces act conversely in the case of
armchair tubes, but in zigzag tubes the two factors add up to
cause the total shift. Again, the effect of vdW forces on the
phonon frequencies of SWNTs (both armchair and zigzag) is
very small (<1 em ™). The frequency change in the TO and LO
modes of SWNTs (within hybrids GR-CNT(8,8) and GR-
CNT(16,0)) caused by the charge transfer and vdW forces is
tabulated in Table 1.

Similarly, in the case of relaxed hybrids (Fig. 5(b) and (e)),
where the charge interaction and structural deformation affect
the phonon frequencies, the contribution of these factors to the
total observed frequency shift in components is shown in Table
1. In armchair-SWNTs, the LO mode frequencies show a negli-
gible downshift and the TO frequencies show a small down-
shift, whereas in zigzag-SWNTs, the TO mode frequencies
upshift, but the LO mode frequencies downshift by approxi-
mately the same amount, as shown in Fig. 5(b) and (e). The
effect of charge transfer is calculated in the same way as our

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table1 Contribution of different factors to the total observed change
in the phonon frequencies of components in GR-CNT(8,8) and GR-
CNT(16,0) hybrids [note: here "NC" implies negligible or no change
(<0.1cm™)]

Effect of factors (cm™?)

Charge
vdW force Deformation
Hybrid  Phonon (Unrelaxed (Relaxed (unrelaxed (relaxed
system  modes  hybrid) hybrid)  hybrid) hybrid)
GR-CNT(8,8)
CNT(8,8) RBM NC NC 1.71 3.57
TO NC NC —-0.11 —0.86
LO 0.11 0.19 —0.17 —0.32
Graphene TO 0.10 0.13 —0.12 —5.80
LO NC NC NC —8.92
GR-CNT(16,0)
CNT(16,0) RBM NC NC 3.81 6.16
TO 0.34 0.66 0.75 1.72
LO NC NC —-0.77 —2.60
Graphene TO 0.33 0.63 0.29 —13.98
LO NC NC —-0.71 -7.70

discussion in ESI-S.4.7 The effect of structural deformations in
components is calculated by subtracting the change caused due
to introduced charges from the total observed frequency shift.
From Table 1, similar to the observations for vdW forces in
unrelaxed hybrids, structural deformation affects the phonon
frequencies conversely to the charge interaction in armchair
tubes, but the effects add up in the case of zigzag tubes. The
contribution of deformations to the changes in TO & LO mode
frequencies in armchair-CNT(8,8) and zigzag-CNT(16,0) in
relaxed hybrids is —0.86 and —0.32, and 1.72 and —2.60 cm ™"
respectively.® The compressive deformation downshifts the LO
and TO mode frequencies in armchair-SWNTs, where the TO
vibrations are affected more than the LO vibrations, whereas in
zigzag-SWNTs, the deformation has contrasting effects on the
TO and LO mode frequencies affecting the LO vibrations more.

Phonon calculations on separated deformed SWNTs
(Fig. 5(c) and (f)) (i.e. excluding graphene atoms from the
relaxed hybrid unit-cell) will have the combined effect of
deformation and forces on vibrational frequencies. It should be
noted that atoms within the deformed structures will have
appreciable forces and the direction of forces in deformed
SWNTs and graphene is inverted from the direction in unre-
laxed hybrids, which may also cause shifts in Raman vibrational
mode frequencies.

We can summarize these observations as follows: the
changes in phonon mode frequencies have a combined effect of
different factors, where these factors affect different vibrational
modes differently and may cause Raman mode frequency shifts
in opposite directions. The contribution of various factors to the
observed total change in the phonon frequencies of compo-
nents can be deconvoluted in the above mentioned way, but the
frequency shift observed in the LO & TO modes of SWNTs is very
small in both the states of hybrids, which indicates that the
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charge exchanged at the junction, the vdW forces and the extent
of structural deformations are very small to cause a noticeable
change in the LO-TO phonon frequencies of SWNTs at the vdW
separation from graphene. However, a significant increase has
been observed in the RBM frequencies as an effect of the vdW
interaction and radial deformation in unrelaxed and relaxed
hybrids (Fig. 5(a), (b), (d) and (e) and Table 1), which is
consistent with previously reported results.>*>* The effect of
charge transfer occurring at the heterojunction has a negligible
effect on the RBM frequencies (as discussed in our calculation
of the phonon frequency variation with introduced charges in
ESI-S.47).

On the other hand, the frequency shifts observed in gra-
phene phonon modes within the hybrids are more significant.
Both LO and TO modes are down-shifted from their pristine
values and also show a dependence on the tube diameter. The
frequency shift (down-shift) increases with increasing defor-
mation in graphene (increasing tube diameter) (Fig. 5(b), (e), (c)
and (f)). It has been reported previously® that graphene Raman
mode frequencies down shift with increasing strain and the
splitting between LO and TO frequencies also increases with
increasing strain.’® Analysis similar to that done above for
SWNTs has been performed for graphene. From the analysis, it
has been observed that the effect of charge transfer and vdw
forces on graphene phonon frequencies is similar to the case of
SWNTs, but it is negligible in comparison to the frequency shift
caused by structural deformations (as shown in Table 1), which
is a simple manifestation of the introduced curvature in gra-
phene at the heterojunction. A frequency downshift of —5.80
and —8.92 cm™ " to the TO and LO modes of graphene in the GR-
CNT(8,8) hybrid and —13.98 and —7.70 cm ' in the GR-
CNT(16,0) hybrid is contributed by structural deformations.
The effect of charge interaction and vdW forces is experienced
by only a small fraction of atoms in the graphene unit cell. So,
the frequency shifts occurring in graphene are mainly defor-
mation induced.

The discussion above on the phonon frequencies in hybrid
systems of SWNT-graphene suggests that the frequency shift
observed in SWNTs and graphene is not only charge interaction
induced. Other interactions, such as vdW forces at the hetero-
junction and deformation in component structures, also play
a role, with structural deformation being the leading cause of
Raman mode frequency shifts. However, it should be noted that
structural deformations in the hybrid nanostructures of SWNTs
and SLG under experimental conditions have not been reported
to the best of our knowledge and we suggest that this may be
explored further experimentally.

From our calculations, it is observed that the charge transfer
occurring between SWNTs and SLG at 3.0 A separations is very
small and does not cause any significant shift in the vibrational
frequencies of either SWNTs or SLG. With decreasing separa-
tion, the charge transfer between SWNTs and SLG increases, as
shown in Fig. 6. Fig. 6 illustrates the total charge (electrons)
transferred to SWNTs at varying separation from graphene. The
maximum charge transfer takes place at ~2.1 A. The same
amount of total charge is been removed from graphene. The
inset of Fig. 6 is a visual representation of the charge transfer in
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Fig. 6 Charge per atom on SWNTs at varying separation from gra-
phene for Gr-CNT(8,8), Gr-CNT(10,10), Gr-CNT(10,0) and Gr-
CNT(16,0) hybrid structures. Note: negative charge indicates an excess
of electrons. The inset shows the visual representation of atomic
charges at a 2.1 A separation in the GR-CNT(8,8) unrelaxed hybrid
structure.

the Gr-CNT(8,8) hybrid at a 2.1 A SWNT-Gr separation. The vdwW
interaction between SWNTs and SLG also increases with
decreasing separation, which results in larger forces between
atoms in unrelaxed hybrids. In relaxed hybrids with less initial
separations, the equilibrium separation approaches 3.0 A after
relaxation, resulting in similar deformed hybrid structures to
those with 3.0 A initial separations.

The normalized change (with respect to the value at the vdW
separation) in the total transferred charge and the average force
on atoms with decreasing separation between SWNTs and gra-
phene is shown for different hybrids in Fig. 7. The forces acting
between the atoms of SWNTs and graphene increase rapidly in
comparison with the charge transferred between SWNTs and
graphene. This suggests that at smaller separations, the effect of
forces on the phonon frequencies of SWNTs and graphene will
be much higher in comparison to the effect of charge intro-
duced at the heterojunction. For example in zigzag-CNT(10,0),

wn
=

1 1

CNT(,8) —i— -
CNT(10,10) —o—
CNT(10,0) —0— |
CNT(16,0) —A—

=
<

forces

[}
>
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— )
=) S

2 2.2 24 2.6

Separation A)
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Fig.7 Normalized change in the total transferred charge and average
force on SNWTs for Gr-CNT(8,8), Gr-CNT(10,10), Gr-CNT(10,0) and
Gr-CNT(16,0) hybrid structures as a function of separation from SLG.
Normalization of values is done with respect to the value at the vdW
separation (~3 A).
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at a 2.5 A separation, the observed shift in RBM, LO and TO
mode frequencies is 16.09, —5.54 and 6.86 cm™ ' respectively
(compared to the shifts at 3.0 A, which are 2.72, —1.08 and
1.05 cm ™" respectively (Table 2 in ESI-S.37)). From our discus-
sion of the phonon frequency variation with charges in ESI-S.4,T
this downshift in LO mode frequency cannot be explained as
the effect of only charge transfer, even if we consider the upper
limit, ie. if we assume all the atoms of SWNTs to have the
maximum charge transferred at the heterojunction. So, even at
smaller separations, the observed shift in the phonon mode
frequencies of SWNTs and graphene within the hybrids is not
caused only due to the charge exchanged at the heterojunction,
but the other factors, i.e. the forces acting between atoms and
the deformations in the component structures are also needed
to be considered for causing the resultant Raman frequency
shifts.

4 Conclusions

In this work, we have calculated the effect of various interac-
tions between the atoms of single-layer graphene (SLG) and
single wall carbon nanotubes (SWNTs) computationally within
the framework of tight binding DFT approximation in order to
study the structural and vibrational properties of SLG-SWNT
nano-structure hybrids. Our calculations show that the vdW
forces between the atoms of the two components (SWNTs and
SLG), when separated by 3.0 A, lead to structural deformations
in SLG and SWNTs to minimize these forces. Phonon calcula-
tions and the comparison of Raman active modes in pristine
components (SLG and SWNTs), un-relaxed and relaxed hybrids,
and deformed separated components allow us to deconvolute
the effect of charge transfer, forces and structural deformations
on Raman mode frequencies in hybrid nanostructures. The
charge transfer due to interaction between the atoms of SLG
and SWNTs is highly localized and is not sufficient to cause
appreciable shifts in the in-plane Raman active modes (i.e. the
LO and TO modes of the G-band) of SLG and SWNTs. However,
structural deformations cause shifts in Raman mode frequen-
cies to a small extent (<2 cm™') in SWNTs and to a significant
extent (up to 15 cm™ ') in SLG. The amount of charge transfer
increases if the separation between the components is
decreased, which also leads to an increase in forces acting on
the atoms of SWNTs and SLG at the junction. Overall, our
calculations suggest that while analyzing the Raman spectra of
such hybrid nanostructures, careful attention should be given
to all possible factors that might cause changes in Raman active
mode frequencies and experiments could be designed to study
the effect of individual factors.
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53 We have considered any change in the phonon frequencies >
0.1 cm ™' as an actual effect of interactions between the
atoms of graphene and SWNTs (and any shift <0.1 cm™" is
considered negligible even though it might be due to
actual interactions). To check the extent of shift in phonon
frequencies as an effect of forces, we relaxed one system
(SWNT-16,0) to a lower force threshold ie., 1 x 10> au
(Hartree Bohr™'). The changes in the phonon frequencies
of different modes (RBM, TO and LO) for this system were
found to be in the range of 0.1 ecm™* < 4 < 1 ecm™*
compared to the same system relaxed up to a1 x 10~ ° au
force threshold. Hence, we can say that the small
frequency shifts (> 0.1 cm™ ") presented here represent the
actual effect of forces due to various interactions between
graphene and SWNTs. The maximum force on atoms in
unrelaxed hybrid structures and deformed individual
components is also of the order of 1 x 10> au (as shown
in Fig. 2). These small frequency shifts (up to 0.1 cm™ %)
are included in the text and Table 1 as a comparison
between the effects of various interactions (i.e., the vdW
forces, charge transfer and structural deformations).
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