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In order to develop high-performance CNT-based electronic and optoelectronic devices, it is crucial to
establish the relationship between the electron transport properties of carbon nanotubes (CNTs) and
their structures. In this work, we have investigated the transport properties of chiral (8, m) and (10, m)
CNTs sandwiched between two gold electrodes by employing nonequilibrium Green's function (NEGF)
combined with density functional theory (DFT). We demonstrate that with the change of chirality the
transport property changes, as predicted by the (n — m) rule. The change of length is also considered.
Our results show that the electrical conductance of (10, m) CNTs is larger than that of the (8, m) CNTs,
due to larger diameter. Furthermore, we found that the (8, 1) chiral CNT does not follow the (n — m)
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rule in shorter length and it shows metallic behavior. The cohesive energy, wavefunctions of electronic
states, and coupling energy calculation indicate that the devices considered in this study are stable. The
transmission spectra, current vs. voltage curves, and transmission eigenchannels provide strong evidence
for our findings. Among the (10, m) series, (10, 3) CNT would be the optimal choice for a semiconducting
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1. Introduction

Carbon nanomaterials have become some of the most investigated
nanomaterials in the field of nanotechnology since their discovery
by Iijima and Ichihashi because of their outstanding electronic,
optoelectronic, and mechanical properties.’™ Extensive studies in
the field of carbon nanotubes (CNTs) during the last decade have
resulted in substantial improvements and prospective applications
including electronic devices,"* nanoscale sensors,"> separation
membranes™® and drug-delivery systems."”

Among the carbon allotropes, CNTs have emerged as promi-
nent contenders for potential utilization in forthcoming technolo-
gical advancements.'®"® By manipulating the rolling direction of a
graphene sheet, various types of CNTs can be obtained: armchair
(n, n), zigzag (n, 0), and chiral (1, m) nanotubes, where n and m
integers are called chiral indices.”*> Most researchers have
focused on understanding the transport features of zigzag (n, 0),
and armchair (1, 7) CNTs.>*° There have been fewer works on the
chiral CNTs because of their complex structures. An interesting
fact is that their electronic properties rely on the shape of

Department of Chemistry and Green-Nano Materials Research Center, Kyungpook
National University, Daegu 41566, South Korea. E-mail: sudipchem23@knu.ac.kr,
daeheumc@knu.ac.kr; Tel: +82-53-950-6340

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cp05338e

3474 | Phys. Chem. Chem. Phys., 2024, 26, 3474-348]1

molecular junction device with a significant conductance of 20 pA at 0.8 bias voltage.

CNTs.*>*! When the difference (1, m) is a factor of 3, the chirality
of CNT (n, m) imparts a metallic behavior; otherwise, it is
semiconducting.**™*

It demonstrates how chirality can significantly affect the
electrical characteristics of CNTs.>*® The proposal of CNT-based
intermolecular junctions was made early on with the aim of
integrating CNTs into operational nanodevices such as diodes
and transistors. Both experimental and theoretical investigations
of these junctions hold great potential.>® The CNTs were sand-
wiched between the two electrodes to investigate their transport
properties. A major prerequisite for establishing a robust connec-
tion between the CNTs and the electrodes was to construct a stable
geometric arrangement. This was accomplished by capping the
CNTs with suitable fullerenes. The proper diameter of the full-
erenes was critical in assuring the connection’s stability. The major
goal regarding these nanodevices was to examine the unique
electrical properties of CNTs terminated with fullerene caps.*”
The fullerene capping in CNTs could be a promising way to
enhance the electron transport. The fullerene capped strategy
would create well-defined contact between the electrode and CNTs.

Chirality-dependent electrical transport capabilities of CNTs
were experimentally studied by Su et al.*® They evaluated the
performance of eleven kinds of (n, m) chiral CNT thin-film
transistors to investigate the effect of the chirality of the CNT
on electron transport properties. According to them, the
on-state current or carrier mobility varies as the chirality even
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with the same tube diameters. Xu et al. investigated the
chirality switched from (6, 5) to (6, 4) by varying the oxidation
degree of the catalyst.>® Chirality dependent transport proper-
ties of CNTs and SiNTs have also been compared. Jafari et al.
suggested the (6, 2) CNTs have semiconducting properties
while SiNTs are metallic in nature. Several inorganic elements,
such as Cu, Ni, N, and B have been employed to functionalize
the CNTs and Stone-Wales defects were also studied to increase
the magnetic, energetic and transport properties of CNTs used
as molecular junction.**** Meena et al. reported the fluori-
nated zigzag (8, 0) CNT sandwiched between two CrO, half-
metallic-ferromagnetic (HMF) electrodes to analyze the spin
transport properties and obtained maximum spin filtering in
fluorinated (8, 0) carbon nanotube.*’

In this study, we systematically investigated the chirality-
and length-dependent electron transport properties of chiral
CNT molecular devices using density functional theory (DFT) in
conjunction with the nonequilibrium green function (NEGF)
technique. We report the transport properties of chiral (8, m)
and (10, m) molecular junctions by investigating their transmis-
sion coefficients T(E), density of states (DOS), current-voltage
(I-V) characteristics, and transmission eigenchannels. To our
knowledge, systematic study has not been conducted to under-
stand the electron transport properties of chiral CNTs as a
function of the chirality and the length of the tubes. Our
findings may provide crucial insights for the design of high-
performance carbon-based electronic devices.
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Fig. 1 Geometries of the Au|CNT|Au molecular junction devices of the
(top) (8, 1)s and (bottom) (8, 1),. The denT, dscat, and deec are the distances
of CNT, scattering region, and electrode region, respectively. The gray
(yellow) circle represents the carbon (gold) atom.

Table 1 Tube length (S/L), diameter, cohesive energy, coupling energy and charge transfer of (8,

length of CNT
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2. Computational details

In the molecular junction devices, a chiral CNT terminated with
semi-fullerene was sandwiched between the two gold electrodes as
shown in Fig. 1 (see Fig. S1 for the geometries of all Au electrode-
CNT-Au electrode (Au|CNT|Au) junctions, ESIt). Table 1 lists the
tube length, diameter, cohesive energy, coupling energy, and
charge transfer analysis of (8, m) and (10, m) CNTs. Chiral CNTs
with various chirality and lengths were studied. The geometries of
the molecular junctions were optimized using the GFN1-xTB**
level of theory as implemented in the DFTB+ program.*’

The electronic transport properties were calculated by
employing the NEGF formalism implemented in Spanish Initia-
tive for Electronic Simulation with Thousands of Atoms
(SIESTA)/TranSIESTA software.*® We utilized the Perdew, Burke,
and Ernzerhof (PBE) generalized gradient approximation®” func-
tional with a DZP Troullier-Martins basis set’® and a 300 Ry
mesh cutoff. Although the PBE functional underestimates the
bandgap due to self-interaction error, but for qualitative analy-
sis it has been used widely.**">*> The 1 x 1 x 5 K-point sampling
method was used throughout the calculation.

The current (I) as a function of bias voltage (Vpias) for the
molecular device was determined using the Landauer-Buttiker
formalism as follows:

1) =1 | T E sl (B o) = (B E. ()

ML

where u;r is the chemical potential of the left/right electrode
and f (E,ur) is the Fermi distribution function of the left/right
electrode. T(E, Vpias) represents the transmission coefficient,
which can be calculated by the following equation:

T(Ea Vbias) = TI‘[FL(E, Vbias)G(Ev Vbias)FR (E, Vbias)G*(Ev Vbias)}

(2)

where I'yr is the coupling matrix of the left/right electrode and
CNT and G (G*) is the retarded (advanced) Green’s function.
For verifying the stability of fullerene-capped CNTs, we have
examined the cohesive energy values, and the results are shown in
Table 1. Cohesive energy is defined as the amount of energy
required to separate the isolated atoms from their condensed phase.

Ecoh = (Etow] - nEc)/n (3)

m) and (10, m). (S/L) stands for shorter and longer

System Tube length (S/L) () Diameter (A) Cohesive energy (eV) Coupling energy (eV) Charge transfer (e)
(8, 1) 42/113 6.73 —9.807/-9.072 —4.472/—-4.461 0.773/0.652
(8, 2) 50/100 7.18 —9.839/—-9.863 —3.349/-3.123 0.523/0.463
(8,3) 50/91 7.72 —9.863/—-9.883 —3.436/—-3.347 0.573/0.537
(8, 4) 53/100 8.29 —9.885/—-9.903 —3.220/-3.121 0.726/0.772
(10, 1) 53/98 8.31 —9.094/-9.894 —4.789/—4.400 2.831/0.961
(10, 2) 55/102 8.71 —9.112/-9.912 —3.936/—-3.562 2.96/0.788
(10, 3) 58/108 9.22 —9.909/-9.925 —3.889/-3.730 0.963/0.927
(10, 4) 53/98 9.77 —9.906/—-9.932 —3.936/—3.520 0.946/1.199
(8, 0* NA 6.26 —9.065 NA NA

(12, 0)* NA 9.4 -9.170 NA NA
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Fig. 2 Transmission curves T(E) (left) and isosurfaces of transmission eigenchannels (right) at the E; of (a) (8, 1), (b) (8, 2), (c) (8, 3) and (d) (8, 4) molecular

devices at the zero-bias potential. The isovalue is 0.006 electrons A=>.

where Ei.;, E. and n are the total energy of capped CNT, energy of
isolated carbon atom and number of carbon atoms presented in
CNT respectively. More negative E.,, shows an energetically more
stable structure. The cohesive energy of uncapped (8, 0) and (12, 0)
have been calculated using PBE functional and DNP basis set by Yu
et al.>® We have compared our results with cohesive energy values of
uncapped CNTs presented in literature®>* and the results are in
good agreement.

The coupling energies between the capped CNTs and gold
electrodes were determined in order to ensure the stable device
as shown in Table 1. The coupling energy was calculated by

Ecoup = Egevice — (ECNT + Egold) (4)

where Eqeyice, Ecnty and Egolq show the energy of the device,
energy of capped CNT and energy of two gold electrodes taken
in the device.

We have also examined the charge transfer from gold
electrodes to CNTs, which is given by

Ccr. = Cseat — 4 X n¢ (5)

where Cgc,c represents the total charge of CNT present in the
scattering region and nc shows the number of carbon atoms in
the CNT and here the charge on single carbon is taken as 4.

3. Results and discussion

We investigated the chirality- and length-dependent electron
transmission properties of chiral (8, m) and (10, m) CNTs listed
in Table 1. Here, “8” and “10” indicate carbon atoms around
the nanotube circumference, where “m” is an integer to deter-
mine the tube’s helicity. The (n — m) rule for chiral CNTs
predicts semiconductor behavior when (n — m) = 3k + 1 and
3k + 2 and a metallic behavior when (n — m) = 3k, where & is a
positive integer. According to the (n — m) rule, chiral (8, 2),
(10, 1), and (10, 4) are metallic, while (8, 1), (8, 3), (8, 4), (10, 2),
(10, 3) CNTs are semiconducting.

We have calculated the T(E) and transmission eigenchannels
of (8, m)s systems with shorter length ~ 50 A as shown in Fig. 2
(see the density of states in Fig. S2 in the ESIT). The (8, 1)s and
(8, 2)s CNTs have significant T(E) values at the Ef, thus metallic
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behavior, while the (8, 3)s and (8, 4)s CNTs the negligible T(E)
values, thus the semiconducting or insulating behavior. The
metallic behavior of the (8, 1)s contradicts the (n — m) rule,
predicting the semiconducting behavior. The discrepancy can
be understood from the tunneling behavior of the (8, 1)s as
discussed in the next paragraph.

The transmission eigenchannels at the E; of the (8, 1)s and
(8, 2)s (Fig. 2a and b middle) were well-delocalized over the
molecular junction, indicating the metallic behavior. More
interestingly, the quantum tunneling was found in the trans-
mission eigenchannel of the (8, 1)s, which results in the
metallic transport property. The transmission eigenchannels
at the E¢ of the (8, 3)s and (8, 4)s are localized to the left
electrode, resulting in a semiconducting behavior. As shown in
Fig. 4, the I-V curve of (8, 1)s and (8, 2)s CNTs revealed the
metallic character, while the (8, 3)s and (8, 4)s the semiconduct-
ing behavior, as expected from the Fig. 2.

The (8, 1)s exhibits strong coupling energy than the other (8,
m)s systems with gold electrodes and thus shows the larger
conductance as shown in Table 1.>° The coupling energy values
are decreases with increasing length. Furthermore, the wavefunc-
tions of (8, m)s systems were calculated near the E; and shown in
Fig. 3. In chiral (8, 1)s, the wavefunctions of VBM (Valence Band
Maximum) and CBM (Conduction Band Minimum) are well-
delocalized over the entire CNT. As a consequence, the (8, 1)s
system shows metallic properties and higher conductance. In (8,
2)s system, the wavefunctions of VBM and CBM are also well
delocalized which strongly supports the metallic behavior of the
system. While in semiconducting systems (8, 3)s and (8, 4)s the
wavefunctions of VBM and CBM are not well delocalized over the
CNT which exhibits lower conductance. (For other wavefunctions
of the electronic states see Fig. S3-S6 in ESL}) The CBM + 1 and
CBM + 2 of (8, 1) (Fig. S3, ESIt) are also delocalized over the entire
CNT which confirms the metallic nature while in (8, 3)s and (8, 4)s
(Fig. S5 and S6 ESIT respectively) the delocalization was not
observed which shows the semiconducting properties. Further-
more, the charge transfer analysis of (8, m) has also been carried
out and shown in Table 1 and charge transfer is observed from
electrode to scattering region, in all the systems.

The charge transfer of (8, 1)s,, are observed as 0.773/0.652
(e). In (8, 2)s, the charge transfer is 0.523/0.463 (e). Besides in

This journal is © the Owner Societies 2024
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Fig. 3 The wavefunctions of (a) (8, 1)s, (b) (8, 2)s, (c) (8, 3)s and (d) (8, 4)s molecular devices: (left) valence band maximum (right) conduction band
minimum. The isosurface value is 0.009 electrons A~>. The red and blue color shows the positive and negative electron density.

(8, 3)s/1 the charge transfer is obtained as 0.573/0.537 (e). While
in (8, 4)s;, the charge transfer is 0.726/0.772 (e). It can be
noticed that the charge transfer is decreased by increasing
the length in all three systems except (8, 4)sy. The charge
transfer increases with the coupling energy between the elec-
trode and scattering region except (8, 4)s/..

The strong overlap between wavefunctions of the electrode
and scattering region, noticed in all the systems (Fig. 3),
suggests that the charge transferred from the left electrode to
scattering region which supports strong coupling.’®

We have analyzed the length-dependent transport property
of the (8, m) CNTs by comparing the shorter (8, m)s and the
longer (8, m);, CNTs. Generally, the transmission T(E) and the
conductance would decrease upon the length.>”*® The T(E)
curves at the E; of chiral (8, 1), (8, 3), and (8, 4) decreased with
increasing length as shown in Fig. 2. The T(E) value at the E; of
chiral (8, 1);, is significantly decreased as compared to the (8, 1)s,
because the quantum tunneling is suppressed in the (8, 1);.
Indeed, the transmission eigenchannel at the E¢ of the (8, 1);, does
not exhibit quantum tunneling (Fig. 2a right panel). Therefore,
the (8, 1), exhibits semiconducting behavior, while the (8, 1)s
shows metallic behavior. The length-dependent transmission
property of the (8, 1) CNT suggests a new approach to control
the transport property of chiral CNTs with tube length. In
contrast to the dramatic length-dependent transport property of
the (8, 1), the (8, 2), (8, 3), (8, 4) CNTs do not show significant
length-dependency. The (8, 2)s and (8, 2);, exhibits comparable
T(E) values, transmission eigenchannel, and thus the metallic
behavior and the similar -V curve regardless of the length of the
CNTs. The I-V curves of the (8, 3);, and (8, 4),, were obtained up to
Vbias = 0.45 V due to the convergence error. (For comparison of I-
V curve as shorter and longer length see the Fig. S11 in the ESL )

Fig. 5 shows the wavefunctions of (8, m), configurations.
There is no delocalization in the wavefunctions of VBM and

This journal is © the Owner Societies 2024
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Fig. 4 [-V curves values of chiral (8, 1), (8, 2), (8, 3), and (8, 4) as (a) shorter
and (b) longer length. Zoom view of (8, 3) and (8, 4) as inset in (a) and zoom
view of (8, 1), (8, 3) and (8, 4) as inset in (b).

0.9

CBM over CNT in the case of (8, 1), indicating semiconducting
system and has lower conductance. This observation also
supports the fact that (8, 1)s has metallic behavior while (8,
1);, has semiconducting. Whereas in (8, 2);, the wavefunctions
of CBM is delocalized over the CNT which shows metallic
properties. Furthermore, in (8, 3); and (8, 4)., no delocalization
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Fig. 5 The wavefunctions of (a) (8, 1), (b) (8, 2), (c) (8, 3)_ and (d) (8, 4). molecular devices: (left) valence band maximum (right) conduction band
minimum. The isosurface value is 0.009 electrons A~>. The red and blue color shows the positive and negative electron density.

is observed in the wavefunctions of the electronic states which
emphasize their semiconducting characteristics. (For other
wavefunctions of the electronic states see Fig. S7-S10 in ESL.T)

We then investigated the chirality- and length-dependent
electrical transport properties of chiral (10, m) CNTs, (10, 1),
(10, 2), (10, 3), and (10, 4), with slightly larger diameter than the
(8, m) CNTs in order to see the effect of the tube diameter. The
T(E) profiles of chiral (10, 1)y, and (10, 4)s,, suggested the
metallic transport as shown in Fig. 6a and d, left panel,
according the (n — m) rule (see the density of states in Fig.
S12 in the ESIt). Well-delocalized transmission eigenchannels
confirmed the metallic behavior of the of the (10, 1)s,, and (10,
4)g, regardless of the length of the tube. Meanwhile, the T(E)
values of the (10, 2)g;, and (10, 3)s,, CNTs are negligible at the E¢
and the transmission eigenchannels were localized at the left
electrode as shown in Fig. 6b and c.

The coupling energy of (10, m)s, systems Z.e. (10, 1)sy, (10,
2)s/1, (10, 3)s/, and (10, 4)g, are shown in Table 1, indicating
the (10, 1)s exhibits stronger coupling than other (10, m)
systems. Notably, the coupling energy values drop as the
nanotube length increases. The wavefunctions of the electronic
states near the E; for chiral (10, m) structures are shown in
Fig. 7. The wavefunctions of VBM and CBM + 1 are delocalized

1)
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Fig. 6

over CNT in the case of (10, 1)s, indicating metallic behavior.
Whereas in (10, 2)s and (10, 3)s, the wavefunctions of VBM and
CBM are not delocalized which depicts semiconducting char-
acteristics. The wavefunctions of CBM are well delocalized over
the CNT in (10, 4)s, exhibiting metallic properties. (For other
wavefunctions of the electronic states see Fig. S13-516 in ESL.t)

Fig. 8 depicts the wavefunctions of (10, m);, configurations.
There is significant delocalization in wavefunctions of VBM — 1
and CBM + 2 across the CNT in (10, 1);, which indicates
metallic character in the system. In contrast, no such deloca-
lization is observed in the wavefunctions of VBM and CBM for
(10, 2);, and (10, 3);, confirming semiconducting behavior.
Furthermore, the (10, 4), exhibits significant delocalization in
the wavefunction of CBM + 3 throughout the CNT which reveals
metallic properties. (For other wavefunctions of the electronic
states see Fig. S17-520 in the ESL)

Table 1 shows the charge transfer analysis for (10, m)s;, and
charge transfer is observed, in all the systems. The charge
transfer for (10, 1)g,, are 2.831/0.961 (e). In (10, 2)g/, the charge
transfer values are 2.96/0.788 (e). Similarly, the charge transfer
values for (10, 3)g, are 0.963/0.927 (e). While in (10, 4)g/, the
charge transfer is 0.946/1.199 (e) respectively. Except (10, 4),
there is similar pattern of decreasing charge transfer with

(left) Transmission curves T(E) and (middle and right) isosurfaces of transmission eigenchannels of shorter and longer nanotube at the E; with

chirality and length-dependent of (a) chiral (10, 1), (b) chiral (10, 2), (c) chiral (10, 3) and (d) chiral (10, 4) molecular devices at the zero-bias potential. The

isosurface value is 0.006 electrons A=%.
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increasing the nanotube length of three systems. The charge
transfer increases with the coupling energy between the elec-
trode and scattering region except (10, 4)s/.

As shown in Fig. 9, the I-V curves of the (10, m)s;, CNTs
display significant distinction upon the chirality but not upon
the length of the tubes. The (10, 1)s,, and (10, 4)s,;, exhibited the
metallic behavior, while the (10, 2)s,, and (10, 3)s,, exhibited
the semiconducting behavior, according to the (n — m) rule.
(For the comparison of I-V curves of the shorter and longer
CNTs see Fig. S21 in ESLY) In general, the (10, m) series
exhibited larger conductance than the (8, m) series studied
here due to a larger tube diameter. Among the (10, m) series, we
may suggest the (10, 3) CNT as the optimal choice for a
semiconducting molecular junction device with significant
conductance.

This journal is © the Owner Societies 2024

4. Conclusion

In conclusion, we investigated the chirality- and length-
dependent transport properties of chiral CNTs of (8, m)g, and
(10, m)syy, series using the DFT calculations employing the NEGF
formalism. The transmission coefficients T(E), DOS, transmis-
sion eigenchannels, coupling energies, and wavefunctions of
the electronic demonstrated that the transport properties of
these chiral CNT-based devices were significantly influenced by
their chirality.

Firstly, our studies revealed the remarkable behavior of the
(8, m) CNT family. Due to its shorter length, the (8, 1) nanotube
was found to have metallic properties which contradicted the (n
— m) rule. However, (8, 2), (8, 3) and (8, 4) aligned with the rule,
exhibiting metallic and semiconducting properties as expected.
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Fig. 9 /-V curves values of chiral (10, 1), (10, 2), (10, 3), and (10, 4) as (a)
shorter and (b) longer length. Zoom view of (10, 2) as inset in (a) and (b).

Meanwhile, the transport properties of the (10, m) series are
consistent with the (n — m) rule.

Secondly, we focused on the length dependent transmission
characteristics of (8, m) and (10, m) CNTs. Notably, no signifi-
cant effect of length was observed on electron transmission
except chiral (8, 1)g,.. Near the E¢ (8, 1)s shows metallic and (8,
1), shows semiconducting properties while all other systems
had no appreciable impact on transmission by altering the
nanotube length.

The coupling energy values shows strong coupling between
the electrodes and scattering region and the values decreases
with increasing the length. The wavefunction analysis of the
electronic states prevails the overlapping between the wave-
functions of gold electrodes and scattering region in all the
systems and showing the metallic and semiconducting proper-
ties according to (n — m) rule. These outcomes hold a signifi-
cant implication in the design of small electronic devices,
allowing for better performance and usefulness in future
technological applications.
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