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1 Introduction

Doping engineering of thermoelectric transport
in BNC heteronanotubesf

*a¢ Gustavo Cuba-Supanta,® Rafael Gutierrez,?

9 and Gianaurelio Cuniberti®f

Leonardo Medrano Sandonas,
Carlos V. Landauro,®® Justo Rojas-Tapia

BNC heteronanotubes are promising materials for the design of nanoscale thermoelectric devices.
In particular, the structural BN doping pattern can be exploited to control the electrical and thermal
transport properties of BNC nanostructures. We here address the thermoelectric transport properties
of (6,6)-BNC heteronanotubes with helical and horizontal BN doping patterns. For this, we use a
density functional tight-binding method combined with the Green’'s function technique. Our results
show that the electron transmission is reduced and the electronic bandgap increased as a function of
the BN concentration for different doping distribution patterns, so that (6,6)-BNC heteronanotubes
become semiconducting with a tunable bandgap. The thermal conductance of helical (6,6)-BNC
heteronanotubes, which is dominated by phonons, is weakly dependent on BN concentration in
the range of 30-80%. Also, the Seebeck coefficient is enhanced by increasing the concentration of
helical BN strips. In particular, helical (6,6)-BNC heteronanotubes with a high BN concentration
(>20%) display a larger figure of merit compared to other doping distributions and, for a
concentration of 50%, reach values up to 2.3 times and 3.4 times the corresponding values of a CNT at
300 K and 800 K, respectively. Our study yields new insights into the parameters tuning the
thermoelectric efficiency and thus provides a starting point for designing thermoelectric devices based
on BNC nanostructures.

belong to this class and have recently been the focus of
theoretical and experimental activities because of their excellent

Since their discovery in 1991 by Iijima, carbon nanotubes
(CNTs) have become one of the most intensively studied low
dimensional systems."™ Their fascinating physical and chemical
properties have made them ideal candidates for a broad spectrum
of applications in nanoelectronics, energy harvesting, and
optoelectronics.”® In particular, single-walled carbon nano-
tubes including substitutional impurities have been used as
diodes and field-effect transistors due to the possibility of
tuning their electrical response via controlled doping with
other atomic species.”® Ternary boron carbonitride nanotubes
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mechanical, electrical and non-linear optical properties.”** One
of the major effects revealed in these studies is the possibility of
significantly modifying the electronic bandgap over a wide range
by varying the chemical composition rather than by geometrical
modifications.”>™® Despite many difficulties involved in their
preparation, boron carbonitride heteronanotubes have been
successfully synthesized using methods such as arc-discharge,"”
laser vaporization,'® chemical vapor deposition,'®?® electron
beam irradiation,”" and pyrolysis techniques.”>>* Hence, the
prospect of designing hybrid nanotubes combining BN and C is
of particular interest, since it provides a reliable and economical
way to achieve rectifying diodes, molecular sensors, transistors,
and high-efficiency solar cells.******

In particular, BNC heteronanotubes are expected to play an
important role as a new generation of thermoelectric materials,
and they are also of great interest in environmentally relevant
issues such as waste heat recovery and solid-state cooling.”®*’
The efficiency of a thermoelectric material is measured by its
figure of merit, ZT = S’GT/(ie1 + Kpn), where G is the electrical
conductance, S is the Seebeck coefficient, T is the absolute
temperature, and Kph) is the electronic (phononic) thermal
conductance. The larger the Z7, the better the thermoelectric
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performance of a material. Thus, promising thermoelectric
materials should simultaneously have a high power factor
(defined as the product GS*) and low thermal conductance,
ideally implementing an electron crystal and a phonon glass.
Hence, in order to make thermoelectric materials more com-
petitive than conventional refrigerators and generators, routes
for tuning both transport quantities, electrical and thermal,
need to be developed.

So far, the experimental studies of the doping influence on
the thermoelectric properties of CNTs have been focused
on molecular dopants.”® Early studies have been carried out
on the influence of only nitrogen and only boron doping but
without clear conclusions about how they may affect the figure
of merit of CNTs.>® On the other hand, the thermoelectric
properties of hybrid graphene/boron-nitride nanoribbons
have been studied over the last few years using various
theoretical tools. Thus, using a non-equilibrium Green’s func-
tion (NEGF) approach, Yang et al>® have shown that, in
comparison to pristine graphene ribbons, the figure of merit
for armchair BNC nanoribbons is enhanced by 10-20 times,
while for zigzag nanoribbons, ZT could be increased by a
factor of 2-3. Molecular dynamics simulations were used to
study thermal transport in planar BNC heterostructures, find-
ing that the BC,N monolayer displays a strong anisotropy of
in-plane thermal transport®’ and the thermal conduction in
free-standing asymetric BNC nanoribbons is improved after
substrate deposition.>* It has also been experimentally
observed that the thermal conductivity of BNC heteronanotubes
increases with increasing temperature up to room temperature,
with no sign of saturation.>® Moreover, the electron transport
properties of BNC heteronanotubes have been widely investi-
gated using a method combining density functional theory with
NEGF.>*” Heteronanotubes were found to have a tunable
electronic bandgap and to exhibit negative differential resistance
and rectifying behavior. All these novel effects in BNC hetero-
nanotubes strongly depend on their structure and configu-
ration, which can be controlled with the concentration of BN
and C domains.">3%3°

The main goal of the present work is to investigate (i) the
influence of BN and C domain distributions on the thermo-
electric transport properties of (6,6)-BNC heteronanotubes, and
(ii) the influence of varying concentration. We use a Density
Functional Tight-Binding (DFTB) method combined with
NEGF, which offers a powerful technique to deal with quantum
electron and phonon transport properties of large nanoscale
systems and, hence, to compute their thermoelectric
properties.**™*? Here, we will study only one type of carbon
nanotube and focus on the effect of doping engineering on the
transport properties. However, we may expect that nanotubes
with similar physical properties will display the same trends.
In particular, we will focus on a helical spatial distribution of
substitutional impurities, which has recently been proved to
be a crucial factor in designing a novel nano-inductor,*® and
which also induces a non-monotonous dependence of the
electronic bandgap on the helical pattern.>” Our work demon-
strates that helical BN strips considerably enhance the
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thermoelectric transport properties of (6,6)-CNT, improving the
Seebeck coefficient and obtaining ZT up to 3.4 times its initial
value. Moreover, these values are larger than those corres-
ponding to structures with either a random distribution of BN
atoms or with horizontal (i.e. parallel to the nanotube axis) BN
stripes.

2 Computational method
2.1 Nanotube models

We will consider in this study three different BN doping dis-
tribution patterns of a carbon nanotube: helical, horizontal, and
random. For this, we consider a (6,6)-CNT of length 43.3 A and
radius 4.07 A as a reference structure in a supercell composed
by 432 C atoms. Helical BN strips, BN chains (parallel to the
transport direction, which corresponds to the Z-axis), and BN
rings (one ring containing 3B and 3N atoms) have then been
introduced in an otherwise perfect (6,6)-CNT to represent
helical, horizontal, and random impurity distributions, as
shown in Fig. 1. For the helical distribution, the BN concen-
tration is varied from ¢ = 11% to ¢ = 89% following a helix
angle of 60°. For the other cases, we have considered concen-
trations ranging from ¢ = 16% to ¢ = 84%. The limits of 0% and
100% correspond to carbon and boron nitride nanotubes,
respectively.

Before performing the transport calculations, all (6,6)-BNC
heteronanotube geometries (supercells) have first been
optimized by using a DFTB method as implemented in the
DFTB+ software package.*>** This method combines accuracy
with numerical efficiency, and it allows dealing with systems
up to 2000 atoms in a quantum simulation.*®***>*¢ Optimi-
zations were performed until the absolute value of the inter-
atomic forces was below 10~°® atomic units with a k-point
mesh of 1 x 1 x 8 (optimal mesh). Periodic boundary condi-
tions were imposed along the Z-axis. The values of C-C and
B-N bond lengths are 1.43 A and 1.48 A, respectively. After
optimization, the helical BNC heteronanotubes display a
smooth wave-like profile along the axial direction (mainly
around the C stripes). This is related to the difference between
bond lengths at the interfaces: C-B ~ 1.49 A and
C-N ~ 1.36 A, see e.g. ref. 37 and 38. The horizontally doped
nanotubes have weakly elongated cross sections with a BN
concentration dependent eccentricity (see Fig. 1), confirming
the results reported by Guedes et al.*®

2.2 Transport calculation method

Neglecting electron-phonon and phonon-phonon interactions,
which would need a separate study, both electronic and
phonon transport channels can be considered as independent
from each other. Then, the (ballistic) electron and phonon
transport properties can be computed within the Landauer
approach in terms of the corresponding electronic t4(E) and
phononic 7,,(w) transmission coefficients. Using non-equilibrium
thermodynamics and series expansions of the electrical current in
the low bias, linear response regime, closed expressions for the

Phys. Chem. Chem. Phys., 2019, 21, 1904-1911 | 1905


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp05592k

Open Access Article. Published on 17 December 2018. Downloaded on 10/30/2025 12:46:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Transport setup

Left
contact

Right
contact

Device

~

transport direction (Z) j

Horizontal distribution
¢ =50% of BN

View Article Online

Paper

Helical distribution
¢ =11% of BN

s o8

Random distribution
c=16% of BN

Fig. 1 Atomistic view of (6,6)-BNC heteronanotubes with the helical, horizontal, and random distribution of BN domains. We also show a schematic
representation of the partition scheme for transport calculation in helical (6,6)-BNC heteronanotubes by using the Green's function technique. For all
nanotubes, electron and phonon transport is along the Z direction. Carbon atoms (cyan), boron atoms (pink), and nitrogen atoms (blue).

different electronic transport coefficients appearing in the defini-

tion of the figure of merit can be written as:*%*"*
G = €’Lo, (1)
1 L,
sS=_ "1 2
dT Lo (2)
1 L?
S 3
Kel T[ 2 LO:| ) ( )

where g is the electric charge of the carriers, which is positive
for holes and negative for electrons. The functions L, are
given in terms of the moments of the electronic transmission
function:
2 Of (E,u, T)
Ly =>|(E— )" | —Z"|ta(E)dE 4
m= |- | SED e @
with f(E,u,T) being the Fermi-Dirac distribution function, u
the chemical potential, and # Planck’s constant.
For phonon transport, the corresponding linear thermal
conductance is given by:

ehw/kBT

h2 00
~ 2nky szo @ (eho/keT _ 1)

Kph 3Tph(@)dw (5)
with kg being the Boltzmann constant. The prefactor in the
previous expression for the phonon transmission is obtained
through a linear expansion in the applied temperature difference
AT of the quantity Ng(T + AT) — Ng(T), where Ny is the Bose-
Einstein distribution. Both transmission coefficients t(E) and
Tpn(®) can be calculated in a similar way by using Green’s
function techniques.*"*****®*° The electron transmission
coefficient 7.(E) is then obtained as:

1906 | Phys. Chem. Chem. Phys., 2019, 21, 1904-1911

11(E) = Trace(G'T LG T'y), (6)

where the retarded Green’s function G is related to the
Hamiltonian H, G" = (EI — H — X} — %), and the broadening
functions are given by I'y g = i[2T/g — 2}/r] with Xk being the
electrode self-energies. The phonon transmission coefficient
Tpn(w) is calculated in a similar way by the substitution of
H — K and EI — o’I, where K is the dynamical matrix. Here,
both the electronic Hamiltonian matrix and the interatomic
force constants are obtained using the DFTB method. More-
over, to account for the variations in the possible doping
patterns, the transmission functions for random and horizon-
tal distributions are configurationally averaged over five and
three different atomic configurations, respectively. For the
horizontal stripes, these configurations are shown in Fig. 1
for ¢ = 50%.

We use a common partitioning scheme for both electrons
and phonons by dividing the system into three regions,
namely left contact, right contact, and a central (or device)
region (see Fig. 1). For all doping distributions, the contacts
are considered semi-infinite and composed by twice the
previously optimized supercell (see Section 2.1), while the
central region includes only one supercell. Consequently,
there are no effects related to interface scattering between
the contacts and the central region, neither for electrons nor
phonons, and the whole system can be treated as an infinite
system without the need of imposing periodic boundary
conditions. For the helical distribution, we have however
studied an extra case by considering metal electrodes purely
made of (6,6)-CNTs and the central region including a finite
helical (6,6)-BNC heteronanotube, producing scattering at the
contact-device interface (see Fig. S9 in the ESIt).
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3 Results and discussion
3.1 Electron and phonon transport

We first analyze the electronic transport properties of helical
(6,6)-BNC heteronanotubes. In Fig. 2(a), we show the influence
of helical BN stripes on the electron transmission function of
a (6,6)-CNT, which displays metallic behavior as a pristine
material."> The width of the B-N stripes is given by Wgy; the
corresponding widths for a concentration of ¢ = 11% and
¢ = 89% are Wey = 2.46 A and Wiy = 27.06 A, respectively.
The addition of B and N substitutional impurities mostly
suppresses the electron transport channels around the Fermi
energy, Er, and the nanotube becomes semiconducting with a
tunable electronic bandgap, E,. This is mainly due to the
removal of the p-like electronic states from C atoms, which
are dominant in that energy range (see Fig. S1 in the ESI}). For
a full coverage of C sites, a pristine (6,6)-BN nanotube is
obtained as a limiting case with a bandgap of ~4.1 eV, which
could make this nanotube inappropriate for technological
applications. The suppression of transport channels also occurs
when other spatial doping distributions are considered, how-
ever, the influence on the magnitude of the transmission is
different for each case, as illustrated in Fig. 2(b) for a fixed BN
concentration of 50%. As expected, a fully random distribution
of atoms strongly reduces the transmission over all electron
energies. This is clearly a result of Anderson-type localization of
the electronic states. The (6,6)-BNC heteronanotubes with helical
and horizontal stripes show qualitatively similar transmission

(@) (b)
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O——Ohel ). 4
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Fig. 2 Electron transport properties of (6,6)-BNC heteronanotubes.
(a) Electron transmission function, 1, of helical (6,6)-BNC heteronanotubes
for different BN concentrations, c. (b) Comparison of 7¢ for several doping
distribution patterns with 50% BN concentration. (c) Electronic bandgap as a
function of the BN concentration for the studied doping distributions.
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functions, with the horizontal stripe arrangement showing a
tendency of a larger transmission within an energy window
of £2 eV around the Fermi energy. The weaker suppression of
the transmission function of the helical and horizontal stripes
compared to the purely disordered nanotube is related to the
long-range spatial correlations resulting from the symmetry of
the BN atomic arrangements along the pristine nanotube.

In Fig. 2(c), we show as a summary the influence of varying
BN concentration on the bandgap for the three spatial disorder
distributions: random, helical stripes, and horizontal stripes.
The latter two display very similar quantitative trends in E,.
A similar behavior of the electronic bandgap in horizontal BNC
heteronanotubes has been reported by Guedes et al*’ For
nanotubes with randomly distributed BN domains, the low-
energy transport channels are largely suppressed leading to a
larger bandgap, which increases with increasing BN concen-
tration. In Fig. 2(c) we also show, for comparison, the behavior
of the band gap in the case of a finite size helical (6,6)-BNC
heteronanotube connected to pure CNT electrodes. Interest-
ingly, the system retains the metallic character of the pristine
(6,6)-CNT at concentrations below ¢ = 10%, while with increas-
ing concentration, a gap opens and the quantitative trend
becomes very similar to the case of the full helical distribution.

The importance of controlling the doping distribution pattern
is also seen in the phonon transport properties, as shown in
Fig. 3. The effect of increasing concentration for a given BN
helical distribution is mostly seen in a dramatic suppression of
high frequency vibrational modes (w > 1400 cm™ '), which
correspond to relatively local vibrations involving carbon atoms
(see Fig. S5 in the ESIt). The transmission of low-frequency (long
wavelength) vibrations below 200 cm ™" is, on the contrary, barely
changed when varying the disorder concentration (the width of
the helical stripes). Similar to the electronic case, we plot in
Fig. 3(b) the phonon transmission functions of (6,6)-BNC hetero-
nanotubes with fixed concentration ¢ = 50% and different BN
spatial arrangements. Overall, the phonon transmission is
strongly suppressed for all BN spatial distributions when com-
pared with the pristine CNT reference system, with the exception
of the long wavelength modes. As expected, a purely random
distribution of B and N atoms largely blocks the transmission
over almost the whole frequency spectrum; only the low-
frequency modes experience less scattering at the localized
impurities (BN rings) and therefore their transmission is much
less affected. Regarding the more structurally ordered helical and
horizontal arrangements, we see that the former leads to a
stronger reduction of the transmission in the high-frequency
domain (w > 1400 cm ™) of the spectrum due to the absence of
B-N-C local vibrations. Most high-frequency vibrations in helical
(6,6)-BNC heteronanotubes correspond to carbon atoms only
(see Fig. S6 in the ESIT).

The corresponding phonon thermal conductance, xpp, at
T'=300 K is displayed in Fig. 3(c). We have plotted the variation
of xph as a function of the BN concentration for each doping
distribution pattern. (6,6)-CNT displays a thermal conductance
of 3.46 nW K ', which is close to the experimental value
estimated by E. Pop et al. (2.4 nW K ') for CNTs of a length
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Fig. 3 Phonon transport properties of (6,6)-BNC heteronanotubes. (a)
Phonon transmission function, o, of helical (6,6)-BNC heteronanotubes
for different BN concentrations, c. (b) Comparison of ., for several doping
distribution patterns with 50% BN concentration. (c) Phonon thermal
conductance at 300 K as a function of the BN concentration for the
studied doping distributions.

of ~2.6 um and a diameter of 1.7 nm.*® We also found that the
thermal conductance of semi-infinite helical (6,6)-BNC heteronano-
tubes remains nearly constant (~2.5 nW K ') for concentrations
between 30% and 80%, and then increases until it reaches the value
corresponding to a pristine BNNT, xp, ~ 3.0 nW K. Moreover, as
is expected from the behavior of the phonon transmission function,
horizontal BNC heteronanotubes show the highest thermal con-
ductance while the lowest i, values were obtained for (6,6)-CNT
with BN domains randomly distributed. Connecting the helical
(6,6)-BNC heteronanotube to (6,6)-CNT electrodes leads to a con-
tinuous suppression of the thermal conductance with increasing
concentration. We remark that for the temperature used in this
calculation (7 = 300 K), the dominant contribution to the thermal
conductance mostly originates from long wavelength modes with
frequencies <200 cm™". Hence, we expect that the influence of the
BN concentration on the electron and phonon transport properties
(namely, opening of the electronic band gap and reduction of the
thermal conductance) of conducting nanotubes will be qualitatively
similar for other types of metallic nanotubes, although quantitative
differences may obviously exist concerning, e.g., the minimal
amount of doping required to open a gap, etc.

3.2 Thermoelectric transport properties

How do the previously discussed results for electron and phonon
transport influence the thermoelectric response of the (6,6)-BNC
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heteronanotubes? For the sake of simplicity, we will only focus
from now on on the helical nanotubes, since we do not expect
strong qualitative changes for the case of BN stripes. In Fig. 4,
the Seebeck coefficient (S) and the power factor (PF) of the
helical tubes are shown as a function of the chemical potential
u for various BN concentrations at 300 K and 800 K. Here, u is
positive for n-type doping and negative for p-type doping. The
Seebeck coefficient displays a symmetric behavior with respect to
the charge neutrality point (CNP, i = 0.0 eV) and its maximum
value (Smay) varies from 0.06 x 107> eV K~ * (pristine (6,6)-CNT)
up to 4.0 x 1072 eV K™* (pristine (6,6)-BNNT) upon increasing
the BN concentration (see Fig. 4(a)). The corresponding u values
(later referenced as ppax) Of Smax Move far from the CNP due to
the continuous increase of the electronic bandgap (see Fig. 2(c)).
In addition, the Seebeck coefficient first increases and then
decreases after increasing the temperature, with pmn.x getting
closer to the CNP (see Fig. S8 in the ESIY). This trend was also
reported in single-wall CNTs*>*” and two-dimensional materials
with puckered structures.*!

When combining the electronic conductance and Seebeck
coefficients into the power factor (PF = $°G), we realize that
unlike Sy,ax(7), PFmax only increases as a function of the
temperature (see Fig. 4(b and e)). A non-monotonous behavior
of PF with respect to the doping concentration is also found.
PF,ax decreases for a concentration of 11%, and then it sub-
sequently increases until a maximum value is reached at
¢ = 50%. This effect is related to the fact that the reduction of
the electronic conductance is larger compared to the increment
in the Seebeck coefficient upon increasing the BN concen-
tration in the helical tubes. Moreover, the mirror symmetry
found in S(u) is slightly broken in the power factor, having
larger PF values for n-type doping. This asymmetry only happens
for certain BN concentrations and it is a result of the hybridiza-
tion of p orbitals from the helical BN and C domains, which
affects the electron transmission probability associated with the
conduction and valence bands (see Fig. S1 and S3 in the ESIt). It
is worth noting that pristine (6,6)-BNNT displays a larger PF than
(6,6)-CNT and the helical tubes, however, the n-type or p-type
doping concentration needed to get this value is quite large
(corresponding to i ~ 2.0 eV).

We next investigate the influence of varying chemical potential
on the electronic (k) and phononic (ipn) components of the
thermal conductance of the helical heteronanotubes. In Fig. 4(c)
and (f), the ratio P = ke/xpy is displayed at 300 K and 800 K,
respectively. Corresponding to the increase of E, (see Fig. 2 for
comparison), the electronic thermal conductance also has an
energy gap around the CNP. Moreover, P < 0.5 for small and
large |u| values, i.e., heat transport in helical (6,6)-BNC hetero-
nanotubes is mainly dominated by phonons. This predomi-
nance is more evident at higher BN concentrations. However, it
is worth noting that x| increases faster than «p;, after increas-
ing the temperature and, hence, P — 1.0 (e.g., see Fig. 4(f) for
the case of 800 K).

A heatmap showing the variation of the figure of merit ZT
with chemical potential and temperature for ¢ = 50% is shown
in Fig. 5(a). Similar heatmaps for BN stripes and randomly

This journal is © the Owner Societies 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp05592k

Open Access Article. Published on 17 December 2018. Downloaded on 10/30/2025 12:46:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
—— CNT c=50% -==- ¢c=89%
c=11% -=—=- ¢c=66% —-—--- BNNT
T=300K T=800K
4.0 I T y‘ T I T I T 4.0 I T I T I T I T I
L 7, 4 L 4
— AR _
% 20, o0 — 20 -7\ -
~ \
> - // / l‘// \ - - e /’:‘ .
o / PR =
@ 00 —t—sl — 0.0 =t Al:7’7 _
= L N 7 i 27 7
Z t/)jj/:/ F/ Rl
20— 1 — 2.0 — -7 —
[75) I (a) \ |\// | /// ] I (d) \_ |
ol 10yt qolL o 10
-2.0 -1.0 0.0 1.0 2.0 -2.0 -1.0 0.0 1.0 2.0
2-0 I T I T | T ! T I 2.0 | T I T I T I T ﬂ\
N’_‘ " 1 "\
% @ P
% l'\l ! Y " ! |
< ;! I | .
o 1.0 1ok | ! ! |+
IS : | | I 'I !
>< I A W Nl
— | | Iy ARYR
= I
0.0
2.0 I T I T I T I T I
o I T P
- \ }
0oL 1N sl )
-2.0 -1.0 0.0 1.0 2.0 -2.0 -1.0 0.0 1.0 2.0
W leV] wlev]

Fig. 4 Thermoelectric transport properties of helical (6,6)-BNC heteronanotubes. Variation in the Seebeck coefficient (S), the power factor (PF), and
P = ke/Kpn as a function of the chemical potential, x, of helical (6,6)-BNC heteronanotubes for different BN concentrations (c) at (a—c) 300 K and (d-f)
800 K, respectively. The dotted lines in graphs (c) and (f) represent the case in which k¢ = kpn. For all quantities, the curves corresponding to the limiting
cases, the pristine (6,6)-CNT (c = 0%) and (6,6)-BNNT (c = 100%), are shown.
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Fig. 5 Thermoelectric transport properties of (6,6)-BNC heteronanotubes. (a) Figure of merit ZT as a function of the temperature and chemical potential
u for helical BNC heteronanotubes with a BN concentration of 50%. Variation in the figure of merit ZT as a function of the BN concentration for helically,
horizontally, and randomly doped (6,6)-BNC heteronanotubes at (b) 300 K and (c) 800 K. The maximal thermoelectric response corresponds to helical
(6,6)-BNC heteronanotubes with a BN concentration of 50%.
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doped (6,6)-BNC heteronanotubes are shown in the ESIt
(see Fig. S7). ZT is enhanced by increasing the temperature
(also for other BN arrangements). Fig. 5(b) and (c) show,
as a summary, the figure of merit for two cuts (7 = 300 and
T = 800 K) along the concentration axis for all studied cases.
For small BN concentrations, ¢ < 20%, independent of the
temperature, horizontally and randomly doped (6,6)-BNC
heteronanotubes have larger ZTy,., values than that of the
helical ones. This is due to their higher power factor and lower
phonon thermal conductance. Whilst for larger concentra-
tions, their electron transport properties changed dramati-
cally and helical (6,6)-BNC heteronanotubes show the highest
ZTmax values with a maximal performance at ¢ ~ 50%. This
maximal response was also observed in their power factor
(see Fig. 4(b and e)). Thus, ZT reaches values of ~0.14 at 300 K
and ~0.24 at 800 K, which are larger than those corres-
ponding to pristine carbon nanotubes®” and functionalized
graphene grain boundaries,*® but comparable to those of more
complex carbon-based nanostructures.*>>! The obtained ZT values
are also close to those values reported for hybrid graphene/boron-
nitride nanoribbons.*® Hence, the ZT of (6,6)-CNTs can be
enhanced by up to 2.3 times and 3.4 times its initial value at
300 K and 800 K, respectively, by modifying the pristine
nanotube with BN helical stripes.

4 Conclusions

We have performed a DFTB-NEGF study of the thermoelectric
transport properties of BNC heteronanotubes, focusing on the
influence of BN concentration and the doping distribution
pattern. Independent of the spatial atomic BN distribution,
the electron and phonon transmission functions are reduced
near the band edges and at high frequencies after increasing
the BN concentration, respectively. These effects are stronger
for randomly doped (6,6)-BNC heteronanotubes. For all
doping patterns, (6,6)-CNT loses its metallic behavior and
becomes semiconducting with a tunable electronic bandgap.
Moreover, it was found that phonons are mainly responsible
for heat transport in helical BNC heteronanotubes and the
phonon thermal conductance at 300 K first decreases for
small BN concentrations, remains constant for 30% < ¢ <
80%, and then increases. The Seebeck coefficient of (6,6)-CNT
is enhanced by increasing the doping concentration in helical
(6,6)-BNC heteronanotubes, which, combined with the elec-
tron conductance, produces a non-monotonous behavior of
PF,.x with a maximal response at ¢ = 50%. As a result, ZT of
helical (6,6)-BNC heteronanotubes is larger than the corres-
ponding values of horizontally and randomly doped nano-
tubes for BN concentrations larger than ~20%. ZT values of
CNTs are increased by up to 2.3 times and 3.4 times their
initial value at 300 K and 800 K, correspondingly. Despite the
obtained ZT values, we expect our results to shed light on the
relevance of doping engineering to control the electron and
phonon transport of BNC heteronanotubes and, hence, design
potential nanoscale thermoelectric devices.
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