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We explore the possibility and potential benefit of rolling a Si;BN sheet into single-walled nanotubes (NTs).
Using density functional theory (DFT), we consider both structural stability and the impact on the nature
of chemical bonding and conduction. The structure is similar to carbon NTs and hexagonal boron-nitride
(hBN) NTs and we consider both armchair and zigzag Si,BN configurations with varying diameters. The
stability of these Si;BN NTs is confirmed by first-principles molecular dynamics calculations, by exothermal
formation, an absence of imaginary modes in the phonon spectra. Also, we find the nature of conduction varies
from semiconducting over semimetallic to metallic, reflecting differences in armchair/zigzag-type structures,
curvature effects, and the effect of quantum confinement. We present a detailed characterization of how these
properties lead to differences in both the bonding nature and electronic structures.

DOLI: 10.1103/PhysRevMaterials.6.116001

I. INTRODUCTION

Low dimensional material research has produced exciting
results by combining computational predictions, experimental
synthesis, and characterization [1]. The immense interest in
low dimensional materials is fueled by alluring properties and
a broad range of potential applications, such as quantum com-
puting, batteries, electrocatalysis, photovoltaics, electronics,
biomedicals, and photonics [2—-8]. There exists a broad range
of two-dimensional (2D), one-dimensional (1D), and even
dotlike structures. These new materials have unique properties
and functionalities that are hard to achieve in their three-
dimensional counterparts [9,10].

Computer-assisted materials design today supplements and
strengthens the traditional Edisonian-laboratory type explo-
ration. The latter rely on constructive feedback between
synthesis and characterization in a trial and error process, and
it must, of course, eventually be pursued as we seek progress
on functionality. However, the use of first-principle density
functional theory (DFT) allows us to first make reliable pre-
dictions of properties, ahead of synthesis. We can therefore
focus the more labor-intensive wet-lab activity on the most
promising materials.
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There is also good reason to use predictive theory to
both screen for likely strong performers and to also explore
the result database for beneficial material transformations
(into lower-dimensional forms). It is, for example, possi-
ble to roll up a 2D sheet into a single-walled nanotube
(NT), e.g., graphene (or hexagonal boron-nitride) into car-
bon (or hBN) NTs. Excitingly, theory results for the 2D
form may here provide insight on properties of the NT
form [11] and give us ideas to rig this transformation to
control the resulting NT electronic structure. There are a
number of material-theory predictions that were later suc-
cessfully realized in experiments giving trust in the use of
a material-prediction database. Similarly, the idea of map-
ping for structure-transformation benefits is today considered
a standard option for a further tuning of the structural and
electronic properties [12,13]. There has been number of nano-
materials predicted before their experimental synthesis. 2D
Borons, boron carbon nitride, graphitic carbon nitride, silicon
carbon nitride polymorphs, Janus transition metal chalco-
genides, and very recently various 2D magnetic materials
were synthesized after the predictions with high level of the-
ory both in layered and NT forms [14-25]. Furthermore, these
nanomaterials have been explored in variety of electrochemi-
cal, sensing and optoelectronic applications [26—43].

The Si;BN is a particular 2D system that is currently
attracting significant attention even if it has not yet been
synthesized. The theoretical predictions of Si;BN nanosheets
go for planar structure [44—46], having Si-Si-B-N arrange-
ment similar to graphene. Si;BN sheets are predicted to
show dynamic (phonon) and elevated-temperature stability as
demonstrated in the ab initio and molecular dynamics studies.
They are also predicted to have a high cohesive energy similar
to graphene and h-BN monolayer. Realization of this sheet is
a motivation for experimetalists, noting that it was predictions
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of 2D boron, graphane, BC,N and several other 2D sheets that
led to experimental realization [47,48].

Considering theory predictions of a strong stability of the
Si, BN sheet and considering the potential of the applications,
it is also natural to next inquire whether there are also benefits
in rolling SiBN into a 1D NT form?

In this paper, we propose to explore potential benefits
of such Si;BN transformations. To that end, we map the
structure and electronic-structure impact of various forms of
sheet rollings. A key motivating factor is that Si;BN systems
presents us with a richer chemistry and therefore also a richer
physics of the corresponding 1D form, compared to graphene
and carbon NTs. The Si atom has Si, B, and N as nearest
neighbors, while each B (N) has two Si atoms and one N (B)
atom as nearest neighbors. The Si atoms find themselves in
electron-deficient position and the variation in bonds works
as an electron reservoir for an adatom or a molecule on the
sheet (or NT) surface. There have been a number of com-
putational studies, that explored the potential of 2D Si;BN
for various applications such as hydrogen storage [49,50],
metal-ion batteries [51], gas sensing [52], active catalyst for
hydrogen evolution reactions [53] in the short span of time
that has passed since the first theoretical prediction of Si;BN
sheets. Theory suggests that the electronic structure of 2D
Si,BN is metallic [54], whereas, a semiconducting nature
of conductions is desired for various potential applications
[55,56].

Fortunately, SiBN presents intriguing possibilities for
rolling into NT conformations and thereby control the nature
of conduction. This control goes beyond what is possible in
the carbon and hBN NT counterparts [11]. Interestingly, the
hexagons in Si;BN planer structures are distorted in shape
(unlike graphene and silicene) owing to variations in the elec-
tronegativity and in the covalent radii. This, in turn, implies
the presence of strain, although we are still staying close to the
sp>-hybridized chemical bonding that characterize graphene.

Mintmire et al. showed that the orientation of the rolling
(NT) axis (relative to the graphene hexagons) determines
whether we get a metallic or semiconducting carbon NT, in
a universal relationship [11] (that applies without pronounced
rehybridization). The Si, BN sheet does not show a Dirac-cone
behavior at the Fermi level, but the resulting NTs possibly can
retain a sharp density of state around the Fermi level [44,51].
On the one hand, we can therefore expect the general ideas
to guide us [11]. On the other hand, unlike for carbon NTs,
we can now also adjust the extent that we let the Si-atom
site carry the main load of rolling-induced strain. This fact
provides us with additional options to control the electronic
structure details in the Si;BN NTs.

We use first-principles DFT calculations and transport
studies to demonstrate that the rolling of Si;BN sheet into a
NT geometry is indeed possible (in terms of structural stabil-
ity) and allows control of the nature of conduction. In fact,
motivated by the potential for a richer band gap engineering,
we systematically investigate the electronic properties and
bonding characteristics of a range of single-walled Si;BN NTs
of various sizes and choice of rolling axis. For two main op-
tions for Si; BN rolling (corresponding to armchir and zigzag
rolling of carbon NTs), we validate the mechanical stability
by documenting an absence of vibrational instabilities and

by tracking the systems using Ab Initio molecular dynamics.
More broadly we use a crystal-orbital Hamiltonian population
(COHP) analysis to document that the bonding between the
Si-Si, Sb-B/N, and B-N atoms retains a pronounced covalent
nature; A special case is discussed in Ref. [57]. We take the
COHP characterization as an indicator that the new NTs are
stable. We also take this information as a sign that the Si,BN
NTs will resist (as do carbon NTs) forming strong chemical
bonds in connection with functionalization and doping. We
generally expect that the interaction with the environment will
occur through weak chemisorption [58-64].

This paper is organized as follows. The following sec-
tion, Sec. II, describes the theoretical approaches. The results
and discussion section, Sec. III, is separated into three main
themes. Section III A reports our predictions of the resulting
NT structures and discusses the mechanical and chemical
stability, Sec. III B reports our exploration of the electronic
properties, while Sec. III B presents and discusses the results
of our chemical-bond analysis. We conclude the results and
outcome in conclusions section, Sec. I'V.

II. COMPUTATIONAL METHOD

First-principles calculations are employed with the plane-
wave basis projector augmented wave (PAW) method in the
framework of density-functional theory (DFT) [65] coded in
Vienna ab initio simulation package (VASP) software [60]
version 5.4. For the exchange-correlation potential, we use
the generalized gradient approximation (GGA) in the form
of the Perdew-Burke-Ernzerhof (PBE) functional [67]. The
energetics of rolling of a sheet ribbon into a NT involves
balancing a large exothermal process of sealing the ribbon
edges against significant cost of mechanical deformations.
We ignore long-range dispersion effects, for example, as de-
scribed in the vdW-DF method [64,68] since we expect that
both of these competing energies are primarily defined by the
presence of strong covalent bonds in the Si; BN material.

A plane-wave basis-set energy cutoff value is first con-
verged and then taken to be 500 eV throughout our
calculations, including first-principle molecular dynamics
simulations. These calculations were performed using the
scalar relativistic PAW pseudopotentials (PPs) considering Si
(1s%, 252, 2p%), B (15?), and N (1s?) atoms as core electrions,
which therefore had 5, 3, and 5 valence electrons, respectively.
The total energy was minimized until the energy variation in
successive steps became less than 107 eV in the structural
relaxation and the convergence criterion for the Hellmann-
Feynman forces was taken to be 1073 eV/A. We utilized
the 24 x 1 x 1 I'-centred k-point sampling for the unit cell
in single-walled Si;BN NTs for the electronic structure. The
density of states (DOS) was plotted with 0.026 eV Gaussian
broadening (to allow us to easily interpret predictions for
the room-temperature nature of conduction). We studied the
NT in unit cells and supercells in which we have added a
15 A vacuum spacing in the lateral dimensions to minimize
the spurious interaction between the periodically repeated NT
images.

The charge transfers in different elements in the NTs
structures were determined by the postprocessing tool Bader
analysis [69] implemented in VASP. The first-principles

116001-2



STABILITY OF AND CONDUCTION IN SINGLE-WALLED ...

PHYSICAL REVIEW MATERIALS 6, 116001 (2022)

molecular dynamics (FPMD) was applied to check the ther-
mal stability at high temperatures. The canonical (fixed
number of atoms N, fixed volume V, and a fixed temperature
T) NVT ensemble was used during FPMD simulation for 5
ps with the time steps of 2 femtoseconds (fs) and the temper-
ature was controlled via Nosé-Hoover method [70]. We used
the PHONOPY code to calculate the phonon dispersion spectra
computed via density functional perturbation theory (DFPT)
[71]. We calculated the crystal orbital Hamiltonian population
(COHP) using the Local orbital basis suite towards electronic-
structure reconstruction (LOBSTER) software package [72].

Finally, the electronic transport calculations were per-
formed using the non-equilibrium Green function (NEGF)
formalism, ignoring inelastic and dephasing scattering events.
Here we used the quantum transport code TRACSIESTA that
is implemented along with localized atomic orbital basis set
code SIESTA [73,74]. We used same PBE exchange-correlation
functional in our transport calculations with the Troullier-
Martins [75] norm-conserving PPs considering 5, 3, and 5
valence electrons for Si, B, and N atoms, respectively. A mesh
cutoff of 250 Ry was used for real-space integration, and
for Brillouin-zone sampling, 24 x 1 x 1 mesh was consid-
ered. Our structural relaxation tests suggested that there was
small deviation in Si-Si, Si-B, Si-N, and B-N bond lengths
in relaxed geometry with SIESTA code as compared to VASP
results, a detailed information is given in table S1 in SM [57].
Therefore we used a fix geometry calculated in plane wave for
our electronic transport calculations.

III. RESULTS AND DISCUSSION

A. Structural characterization and stability

The single-walled Si;BN NTs are formed from a ribbon
of graphene-like Si, BN monolayer. The monolayer ribbon is
rolled up into a hollow seamless cylinder in a similar way as
carbon NTs [11] and Type-I BC,N NTs can be rolled [76].
To provide a simple nomenclature, we use a;, to denote
the unit vectors for the hexagonal structure in the sheet and
assume that the NT arises as a mathematical construction.
First starting with any atom, we consider a so-called chiral
vector

C, = na; + may, (1

that will take us to another equivalent atom in the sheet (taking
m and n directions of the basis vectors). We next assume that
we make a ribbon by cutting the sheet at right angles at the
start and just before the very end of this vector; These edges
define the resulting NT axis. Finally, we see the NT confor-
mation as resulting after bending the ribbon and rebonding
at the edges. Equation (1) is also called the roll-up vector
since it connects repeated ribbon images of the sheets and
therefore defines the atomic structure in the circumference of
the resulting cylinder.

Figure 1(a) identifies the chiral angle 6 that the roll-up
or chiral vector has with the hexagonal-sheet basis vectors.
The panel also illustrates two main cases, “zigzag” NTs that
corresponds to & = 0 and “armchair” NTs that corresponds
to & = 30. For these NT constructions, one must use ribbons
with a chiral vector set by (n, 0) and (n, m = n) in-sheet steps,
respectively. Figure 1(b) shows the schematic of resulting

FIG. 1. Schematics of a planar, hexagonal-type Si;BN nanosheet
and of possibilities for rolling-up conformational changes (identified
by a chiral vector) that leads to NT forms. The sheet starting point is
distorted (relative to the ideal hexagonal pattern) due to the in-plane
variation in atomic composition and the nature of chemical bonds.
An angle ® of the chiral vector controls the direction of the axis of
the rolled-up NT and illustrates choices that lead to both armchair,
zigzag, and general 1D Si;BN forms.

zigzag and armchair Si;BN NTs that both approximately have
a 1.5 nm diameter.

Importantly, Fig. 1(a) also clarifies that Si;BN have fewer
possibilities for rolling into a NT (compared with graphene).
This is because the sheet is a triple-element system and we
we must have periodicity as we revolve around the cylinder.
A chiral vector cannot start with a Si atom and end with a B or
N atom. Nevertheless we have constructed and characterized
a total of five zigzag NTs and seven armchair NTs of various
diameters.

Figures 2(a) and 2(b) shows our computed results for the
fully relaxed structures of two moderately large Si,BN NTs.
We contrast a zigzag and an armchair forms, top and bottom
set of panels, respectively. In both cases, we aimed to have
approximately a 1.5 nm diameter, and therefore considered
the armchair (4,4) and zigzag (7,0) NTs for detailed stability
analysis, below.

The zigzag and armchair Si;BN NTs have 64 (32-Si, 16-B,
and 16-N) and 112 (56-Si, 28-B, and 28-N) atoms in the
unit cell, respectively. The unit cell lengths along the axial
directions are 6.45 and 11.06 A for the armchair and zigzag
directions, respectively. We use an initial structure guess to
start a DFT study of the atomic relaxation in both NT case,
and find that the curvatures influence the bond lengths slightly.
The fully relaxed NT bond lengths are Si-Si (2.24 A), Si-B
(1.96 A), Si-N (1.77 A), and B-N (1.46 A), that is, very
similar to those that characterize the 2D Si;BN monolayer
form (2.246, 1.951, 1.756, and 1.466 A) [53].

To further probe the energetic stability of the fully relaxed
NTs, we calculated the cohesive energies and compared them
with various other well studied NTs.

Econ = Ent — Esi — Eg — En, ()

Here Exr is the energy of the NTs and Es;, Ep, and Ey are the
energies of the isolated Si, B, and N atoms, respectively. Our
NTs cohesive energy results may depend weakly on the choice
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FIG. 2. Optimized structures of [(a) and (b)] armchair (4,4) and
[(c) and (d)] zigzag (7,0) Si,BN nanotube with top view and other
orientation. The blue, green and light gray color represent the Si, B,
and N atoms, respectively. The bond lengths in fully relaxed ground
state structures are indicated in respective figures.

of pseudopotentials that we use for the DFT calculations.
Table I shows the cohesive energies of Si,BN NT geometries
compared with the available literature values for various other
NT geometries. Armchair and zigzag Si,BN NTs cohesive
energies (4.92 and 4.90 eV, respectively) suggest that these are
stable compared to silicon, boron, and phosphorus-based NTs.
Si;BN NTs are predicted to be less stable than C and hBN

TABLE I. Cohesive energies (in eV /atoms) of single-walled
Si;BN NTs in armchair (4,4) and zigzag (7,0) forms. Atomic ref-
erence energies for Si, B and N are calculated using spin polarized
calculations (using unit-cell sizes with 15 A vacuum spacing between
the repeated images of the NTs). These cohesive energies of Si,BN
nanotubes are compared with available cohesive energies for various
other nanotubes in the literature.

System Econ Ref.
Borophene 3.44 [77]
Silicene 4.01 [78]
Blue phosphorene 4.41 [79]
Graphene 7.90, 8.72 [80-82]
Graphyne 7.02 [83]
Boron nitride 7.59 [82]

Si; BN nanotube zigzag/armchair 4.92/4.90 This work

NTs, but more stable than Si NTs. We still expect metasta-
bility because (as we document in the following section) all
bonds retains a pronounced covalent character, implying that
there are dramatic costs in breaking any of the Si;BN bonds.

To further confirm the energetic stability of Si;BN NTs,
we also investigate the impact of increasing the NT diameters
to ~2.5 nm, in the armchair (7,7) and the zigzag (12,0) NTs.
We find that the cohesive energy remains unchanged (4.89 and
4.91 eV /atom for the larger armchair and zigzag SioBN NTs,
respectively). Additionally, we characterize the cohesion and
stability of the smallest possible diameter NTs, performing
both DFT relaxation studies and a complete phonon character-
ization for the armchair (1,1) and zigzag (2,0) NTs. A detailed
description of those test can be found in Ref. [57]. There is
eventually a dynamical instability, but these small-NT studies
also help document that the Si;BN NTs retain mechanical
stability over a broad range of diameters.

Table II tracks our predictions for strain energies and for
band gaps for both the armchair and zigzag NT geometries
across the varying diameters. The strain energy

Estrain = Esheet/atom - ENT/alom (3)

is calculated by subtracting the NT’s energy per atom
(ENT/atom) With the per-atom energy (Egneet/aiom) Of Si2BN in
planner form. We find that the strain energy decreases with
the diameter, and as expected, a higher stability of larger
NTs. A decreasing impact of strain also manifests itself when
we track the length of Si-Si, Si-B, Si-N, and B-N bonds in
the NTs. Table III clearly shows that bonds are strained in
low diameter tubes, and this strain does eventually cause a
dynamical instability, see Ref. [57].

Figure 3 shows the phonon dispersion band structure for
the armchair (4,4) nanotube that has a ~1.5 nm diameter.
We find no imaginary phonon modes in the spectra, thus
documenting also dynamical stability of this NT. A similar
conclusion holds for the zigzag NTs of similar diameters.

The phonon characterizations also allow us to discuss
thermodynamic properties. We focus on the free energy,
the specific heat at constant volume Cy [84-86], and the
vibrational entropy. Figure S2 in Ref. [57] presents our DFT-
based predictions for those properties as a function of the
temperature.

We find that the (armchair) NT free energy decreases
monotonically with increasing temperature, whereas vibra-
tional entropy tends to increase. The heat capacity Cy
increases very rapidly at low temperatures, reflecting an
expected compliance with the Debye law (73) [87], At tem-
peratures above 600 K, the Cy rolls over to a constant, hence
also complying with the Dulong-Petit law [88].

Our access to the predicted phonon density of states,
Fig. S2 of Ref. [57], also allows us to provide a simple dis-
cussion of the vibrational contribution to the low-dimensional
thermal conductivity [89-97]. The lattice part of the NT ther-
mal conductivity is itself proportional to the heat capacity
Cy [98] and to the expected mean-free phonon path. The
latter reflect a “wire” scattering time [89,96] and the relevant
(along-axis) phonon group velocity that involves a projection
of the density of state [91,93,99] (along the NT axis). For
low-dimensional systems it is not, in general, easy to extract
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TABLE II. Comparison of a chiral vector (n, m), diameters in nanometer (nm) and the number of atoms in the unit-cell during calculation
for various Si; BN armchair (ac) and zigzag (zz) NTs. We also list computed values for the strain energy E.i, and the nature of conduction

and compares the semiconductor band gap E, (when present).

acSi, BN nanotube No. of atoms NT diameter (nm) Egyain (€V/atom) E, (eV)
(1,1) 16 ~0.4 0.184 Metallic
2,2) 32 0.7 0.086 0.09 (Indirect)
3,3) 48 1.06 0.050 Semimetallic
“4,4) 64 1.5 0.033 Metallic
7,7 112 2.5 0.045 Metallic
zzS1, BN nanotube No. of atoms diameter (nm) Egain (€V/atom) Eg(eV)
2,0 32 ~0.4 0.117 0.11 (Direct)
(3,0 48 0.61 0.078 0.14 (Indirect)
4,0) 64 0.82 0.066 0.05 (Indirect)
(5,0) 80 1.03 0.054 0.18 (Indirect)
(6,0) 96 1.23 0.041 Semimetallic
(7,0) 112 1.5 0.032 Semimetallic
(12,0) 192 2.5 0.026 Metallic

this information from density of state but we can proceed as
follows.

First, we observe that the heat capacity is significantly
higher for the Si;BN NT than in C NT s [84,100,101]. This
itself suggest a high lattice thermal conductivity.

Next, we consider a DFT-based evaluation of the bonding
stiffness for the Si;BN NT. We provide a spring-constant
analysis from our calculations of the harmonic-force-constant
tensor that describe coupling between nearest-neighbor atom
pairs [102,103]. The spring constants, in this case, are 12.57,
17.15, 13.16, and 26.54 eV/A for atom pairs Si-Si, Si-N,
Si-B, and B-N, respectively. These values are higher than
the values that applies for most of the materials that have
previously been explored [104-106]. The large Si;BN NT
spring-constant values (reflecting stiff bonds) explains the

TABLE III. Bond length (in angstroms) between the atoms in
fully relaxed ground states of single-walled armchair (ac) and zigzag
(zz) Si;BN NTs with a different chiral vector (n, m) compared with
the respective bond lengths in Si;BN 2D sheet. Small-diameter NTs
are highly strained in the bond lengths in comparison to large-
diameter NTs.

System Si-Si Si-B Si-N B-N
2D-sheet 2.246 1.951 1.756 1.466
AC(1,1) 2.393 2.078 1.791 1.426
AC(2,2) 2.292 2.002 1.749 1.441
AC(3,3) 2.248 1.977 1.758 1.447
AC4.4) 2.240 1.96 1.77 1.460
AC(7,7) 2.246 1.951 1.756 1.466
77(2,0) 2.325 2.037 1.789 1.451
77(3,0) 2.280 2.014 1.741 1.443
77(4,0) 2.261 1.996 1.746 1.438
77(5,0) 2.238 1.992 1.758 1.441
77(6,0) 2.239 1.958 1.760 1.457
77(7,0) 2.238 1.955 1.760 1.459
77(12,0) 2.244 1.951 1.756 1.466

large predicted value for the high-temperature Dulong-Petit
Cy limit (and equivalently, a large acoustic-cutoff frequency
Went = 360 cm™!, indicated by a dotted line in Fig. S2 and
by the plotting range in Fig. 3). The large Cy value will itself
impact the Si,BN NT thermal conductivity.

Meanwhile, the NT phonon group velocity is set by the
ratio of the spring constants and the masses, see for example,
Refs. [91,97]. The weighted impact of such phonon group
values should ideally be calculated as a function of the tem-
perature [99]. However, since the phonon dispersion is here
strictly 1D, the large value of Dulong-Petit limit itself guar-
anties a large average along-axis group velocity [89,96].

Looking at the vibrational DOS, Fig. S2 in Ref. [57], we
see that the phonons fall in two classes: the lower group,
bounded by the vertical dotted line at wey = 381.06 cm™!
and the upper group that can be interpret as optical phonons.
The lower group contains phonons can be seen as connecting
the acoustic phonons and vibrations at w.,,. We shall refer to
the latter as an effective acoustic cutoff. The average group

FIG. 3. Phonon dispersion profile of armchair Si;BN (4,4) nan-
otube. Absence of imaginary frequencies in phonon dos show the
dynamic stability of the nanotube.
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FIG. 4. Variations of the total energy for armchair (4,4) Si,BN
nanotube during first-principles molecular dynamics simulation at
higher temperature 1000 K for 5 ps. The small variation in total
energies documents that this nanotube is stable also at elevated tem-
peratures. The inserts above the energy variations shows the initial
and final structure during the molecular dynamics simulations with
similar bond length and structure.

velocity of the transport carrying modes is clearly bounded
by wey/k, where the inverse length k=0.0775 is the propaga-
tion vector, given by the reciprocal-space distance between X
and I'.

While the ratio w.y/k is not a quantitative measure of the
average group velocity, it suffices for a comparison of phonon
transport in similar NT, for example carbon and Si;BN NTs.
That is, we can compare the magnitudes of wcy/k to get an
indication of whether a NT is a fair heat carrier. We find
that the Si;BN value compares with the value that we also
here estimate for a (11,11) C NT with similar diameter: 11.11
km/second versus 21.84 km/second.

In summary, there are good reasons to expect a sig-
nificant vibrational contribution to the Si,BN NT thermal
conductivity.

Figure 4 and Fig. S3 in Ref. [57] presents an extra in-
dependent check of the NT stability that we also provide.
The figure summarizes the results of an full first-principles
molecular dynamics (FPMD) simulations. It shows the struc-
ture of the armchair/zigzag NT at the initial and final stages
of FPMD simulation performed at 1000 K for 5 ps. The
figure also shows the computed variations that we find om
the total energy of the system as a function time steps. We
find that this variation is minimal and that there has been no
bond breaking during the MD run. The study confirms that
we can also expect a degree of thermal stability, even at high
temperatures.

We find, in particular, that the dynamics is characterized
by the same structure that exists in the initial and final
NT configurations, i.e., the bond lengths does not change.
For that analysis, we extracted a few snap-shot images and
then fully relaxed the ionic positions of those configuration
with a regular DFT study (until the forces converged up to
0.01 eV/atom). Among those fully relaxed NT variants, we
find no significant differences from the extracted structures.

— B-N(1.46 A)

Si-N (1.7 A)

-8 —Si-Si (2.24 A)
I

o
5 i A
8 -1 = Si-B (1.96 A)
(F_

-10 -5 0 5 10
Energy (eV)

FIG. 5. Projected crystal orbital Hamilton Population (-pCOHP)
analysis for (a) armchair (4,4) and (b) zigzag (7,0) Si;BN NTs
summed up over the pairs Si-Si, B-N, Si-B, and Si-N. The zero level
shows the Fermi energy (Er). The -pCOHP provides information
about the contribution of a specific bond (bonding or anti bonding) to
the band energy. The positive value on y axis represent the bonding
contribution and negative value on y axis shows the antibonding
contribution. Electron localization function of (¢) armchair (4,4) and
(d) zigzag (7,0) Si,BN NT.

Interestingly, we also learned from putting the smallest
diameter NTs onto such MD-based stability test. Figure S4
of the MD shows that the armchair (2,0) NT has higher fluctu-
ation in total energies with time in comparison to zigzag (1,1)
NT. We see that as we approach the very small NTs (that have
an actual dynamical instability) there are incipient fluctuations
in the MD runs. In other words, the MD simulation test is
able to correctly identify unstable NTs, when relevant. We
consider our MD testing a robust, independent confirmation of
the expected high-temperature stability for the regular-sized
Si,BN NTs.

B. Chemical bonding information

Beyond the two main-interest (normal sized) NTs, above,
we have also sought a broader mapping of stability in the NTs
and the size impact that will exist on properties. Since this
exploration must begin with a mechanical stability analysis,
we have sought a simpler tool than using a combination of
both phonon calculations and FPMD simulations, for every
considered Si;BN NT.

The COHP analysis partitions the band-structure variation
into contributions that identifies the binding nature, that is,
nonbonding and antibonding contributions. This is done us-
ing projections on localized atomic basis sets. We use it as
extracted from a projection of our planewaves DFT results, a
so-called pCOHP analysis. We find that the pCOHP analysis
is useful for our wider exploration and discussion. It allows
us to document the extent that the NT bonding retains a
pronounced covalent character even after we have imposed
significant extra strain in completing the NT rolling.

Figures 5(a) and 5(b) tracks the chemical bonding as re-
vealed in a pCOHP analysis [107,108] for the armchair (4,0)
and zigzag (7,7) NTs, respectively. The inset shows the bond
lengths between the atoms and color combinations for differ-
ent bonding pairs. The main panels display an energy-resolved
mapping of the nature of the chemical bonding that underpins
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FIG. 6. (Top row) Orbital- and element-resolved comparison of the electronic band structure and corresponding projected density of states
for armchair direction (a) (2,2), (b) (3,3), and (c) (4,4) NTs. We focus on the region near the Fermi level, which is set at zero noting that there
is no actual Fermi level or chemical potential alignment across the structures. Pink and green arrows denote the highest valence band (VB) and
lowest conduction band (CB), respectively. (Bottom row) Band-resolved mapping of the charge density below the Fermi level and probability
density above the Fermi level, with (d), (e), and (f) corresponding to the system characterized in (a), (b), and (c), respectively. The orbital
representation is extracted at the lowest CB (highest VB) energy location of the band-structure parts identified by green (pink) arrows. They
identify the CB/VB orbital nature that defines transport properties in the set of armchair NTs that have increasing diameters.

the delocalized electronic structure [109]. Positive (negative)
values reflects bonding (antibonding) contributions as the
emerge on orbitals corresponding to different bonds among
the constituent atoms [51].

Figures 5(a) and 5(b) shows that all the bond pairs have sta-
ble chemical bonding interactions because few anti-bonding
states are located at or below the Fermi level. We can see some
bonding emerging also above the Fermi level (mainly appear-
ing from Si-Si and Si-B bonds); The presence of such bonding
states implies that the conduction band is able to accumulate
also some extra electrons, i.e., reflecting a metallic signature.
Anti-bonding states dominates well above the Fermi level,
Figs. 5(a) and 5(b), but such a character is limited to B-N
bond contributions from just below the Fermi level, in both
the armchair and zigzag NTs.

The corresponding integrated-COHP (ICOHP) measure
has already been used to measure bond strengths in various
materials [110]. The ICOHP values for Si-B, Si-Si, Si-N,
and B-N bond pairs are found to be —5.74 (—5.77), —6.20
(—6.19), —6.28 (—6.25), and —8.75 (—8.69) eV for armchair
(zigzag) directions, respectively. The B-N and Si-N come out
to be the strongest bond-pair interaction compared to other
bond pairs in the Si;BN NT. However, it should be noted that
ICOHP mainly measures the strength of the covalency of a
bond, but not its ionicity.

Finally, Figs. 5(c) and 5(d) shows a map of the electron
localization function (ELF), again revealing the nature of
bonding between Si, B, and N atoms. The electron density
is mainly localized between the Si-Si, Si-B, Si-N, and B-N

atoms, which indicates that the Si-Si, Si-B, Si-N, and B-N
atoms form strong covalent bonds. This observation supports
the assumption of the possibility of excellent mechanical
properties and the high hardness of these NTs [111,112].

C. Electronic structure and transport properties

The electronic properties of Si;BN NTs are next discussed
based on their curvature and the resulting hybridization effects
[113]. We have tested for the impact of inclusion of the spin-
orbit coupling and we do not find any significant difference
in the electronic band structure (see Fig. S8 in Ref. [57])
for medium-size NTs. Our spin polarized calculations suggest
that there is no magnetism in these NTs.

Figures 6(a)-6(c) show the projected electronic band struc-
ture and density of states for various armchair NTs. The lower
panel in Figs. 6(d)—6(f) stands for the band-decomposed den-
sity probability of the first band above and below the Fermi
level. This represents the density for these band dispersion
between G-X.

In the upper panel of Fig. 6, armchair NTs show vary-
ing electronic properties such as semiconducting in (2,2),
semimetallic in (3,3), and metallic in the larger diameter (4,4)
NT. The Fermi levels or chemical potential levels are set at
zero, there is no actual alignment of these levels across the
structures. Table II also gives information about the chiral
vector, diameter, and respective electronic properties. In the
(2,2) NT, the indirect band gap was found to be 0.09 eV with
a valence band (VB) maximum (VBM) in between X-G and
conduction band (CB) minimum (CBM) at G point.
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FIG. 7. Orbital- and element-resolved comparison of the electronic band structure and corresponding projected density of states for zigzag
NTs (3,0), (4,0), (5,0), and (7,0), in separate columns. The set of top panels shows a traditional band-structure mapping while the set of bottom
panels provides analysis of the orbital nature that defines the electrical transport; nomenclature as in corresponding analysis for the armchiar

NTs, Fig. 6.

Figure 6(d) shows that the CB part that is located just above
the Fermi level (shown by dotted line) arises primarily from
the G point and is defined by Si-B 7 bonding. In contrast, the
VB part that is located just below the Fermi level arises from
contributions that are dominated by the w-o hybridization in
Si-B atoms, while the density at N atom is partially localized.
In the case of the (3,3) NT, bands touch the Fermi level
between G and X band points, reflecting a semimetallic nature
of conduction. Band decomposed density in Fig. 6(e) shows
that Si-Si and Si-B 7 bonds, which provide a downshift to the
band above the Fermi. The electron/hole probability density
is more localized in the Si-N bond region. In the top VB, there
is still -0 hybridization in the Si-B bond, which is confirmed
by the 7 orbital primarily localized at the outer surface of the
tube at the Si atom. A similar case was reported in the C NT
[113].

For the relatively larger NT (4,4), the CB crosses the Fermi
(making it metallic) and arises as dominated by Si-Si and
Si-B m bonds, similar to those found in the Si;BN planar
sheet. There is a change in band dispersion because of the
larger diameter of the NT. Here we find states at N atoms
that are even more localized for the CB, Fig. 5(f). A similar
behavior is evident in VB below the Fermi level, where a
strong 7w bond between two silicon and one boron atoms is
formed.

We also extended our transport study to the ultra-small
(1,1) and large (7,7) armchair NTs (with diameters of ~0.4
and ~2.5 nm, respectively). It is important to note that we find
very small NTs to be unstable, see Ref. [57]. Nevertheless,
they are still worth investigating to fully reveal the size impact
on conduction trends.

We find that these (unstable, small) armchair NTs show
a metallic nature of conduction. That is a metal-type band-
structure documented in Figs. S5 and S6 of Ref. [57]. It
arises because of the strong curvature effect and dominant
-0 hybridization owing to structural deformations. These
hybridization effects and stability are further supported by
COHP in Fig. S7. A further discussion can be found in
Ref. [57].

Moving to zigzag NTs, Fig. 7 shows the band structures
and band decomposed density for (3,0), (4,0), (5,0), and (7,0)
NTs. Electronic band gap properties along with strain energy
and diameter can be seen in Table II.

The small diameter tube (3,0) shows an indirect band gap
of 0.14 eV, where VBM is at G point and CBM is at X
points. Figures 7(a) and 7(e) show that the highly localized
7 orbital on N atom dominates the CB close to Fermi level
and there is -0 hybridization Si-B. There is also a & bond
formation at an inner surface of the tube in between the second
nearest Si-B atoms. The quasi flat VB component just below
the Fermi level is dominated by localized states at alternate
Si atoms, which has localization at the outer surface of the
tube. The VB is partially constituted by the -7 interaction
in alternate Si and B atoms at the inner surface of the tube
and localized states at N atoms. This dispersionless feature
comes from a highly distorted structure, where buckling is
such that one Si atom in a hexagonal unit comes out of the
plane resulting in the strongly localized states. We find that the
strong localization is responsible for the band gap opening.

Increasing the diameter, we next consider the (4,0) NT.
Here, the lowest CB component is pushed down towards the
Fermi level resulting in a reduced indirect band gap of 0.05 eV.
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The VBM and CBM are at the G point and in between the
G and X points, respectively, in Fig. 7(b). It is clear from
Fig. 7(f) that the lowest CB is still dominated by the 7 orbital
localized in N atoms and Si-B 7 bonds. Unlike (3,0) tube,
this lacks the inner surface Si-B bonds between second near-
est neighbors due to large diameter and shows less buckling
effect. The quasiflat band in VB has a localized behavior out
side Si and N atoms similar to (3,0) NT in Fig. 7(e).

For the (5,0) NT, Fig. 7(c), we find that the CBM is located
at X point and the VBM is located in between the G-X with
an indirect band gap of 0.18 eV. Figure 7(g) shows a strong
bond behavior in Si-B bond at both the inner and outer surface
of the tube and localized state at the out of surface Si atom in
the lowest CB. However, there is less buckling in comparison
to (3,0) and (4,0) NTs. There is a minimal contribution from
the N atom as can also be seen in Fig. 7(c). The VB close
to the Fermi level mainly arises by the localized state on the
Si atom at the outer surface and Si-Si 7 bonds in the inner
surface of the tube. There are also contributions from B-N =
bonds.

Figure 7(d) shows that the CBM and VBM come close to
each and form conelike behavior in the ~1.5 nm diameter NT
(7,0). A Band decomposed mapping of density in Fig. 7(g)
shows that Si-Si and B-N & bond nature is restored in the
conduction band. The VB arise from Si-B 7 bonds, which is
similar to those of the Si;BN sheet. The highly delocalized
m bond behavior is responsible for a metallic nature in the
(7,0) NT. A similar electronic structure was also found in (6,0)
and even larger diameter tubes (12,0). The smallest possible
diameter zigzag NT (2,0) also shows similar semiconducting
behavior due to the strongly localized state around the Fermi
level as described in Ref. [57].

The effect of even larger diameters is also investigated for
the ~2.5 nm diameter armchair and zigzag NTs. Similar to
the Si,BN sheet, these NTs remain metallic with more states
around the Fermi level and can be seen in Figs. S9 and S10.
We find band-projected densities and a bonding nature that are
similar to those found in a planar Si,BN sheet.

Interestingly, the small-diameter NTs are found to be semi-
conducting. This behavior is different than what is found in
carbon NTs, BC,N, and Silicene NTs [113-115]. The hy-
bridization is the key to understanding the metallic behavior
in carbon NTs at small diameters [113]. We find a different
Si; BN behavior (in the small-diameter limit) because the con-
stituent elements have varying electronegativity values.

At a small diameter, the Si, BN hexagonal ring gets further
distorted and buckles out of the plane with stretched bonds.
This gives density localization despite the strong possibility
of the hybridization due to curvature. Similar behavior was
reported by Shukla et al. [51], where puckered Si;BN sheet
showed semiconducting behavior. In the large-diameter tubes,
bond angles further deviate from the ideal 120° on the NT
wall, this results in an increase of the 7w -o orbital interaction
in comparison to the planer sheet and alter the reactivity of
the NT walls with bonding strengths varying with the binding
sites. Our Bader charge analysis for armchair (4,0) nanotube
suggests that the Si sites are expected to be more reactive
(sticky) compared to other sites. As such, the new NTs have
a different behavior than the distinct chemistry of C NTs and
hBN NTs.

121 — Armchair (4,4)
—— Zigzag (7,0)

Transmission T(E)

0 t t t t t t t
-1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
Energy (eV)

FIG. 8. Electron transport behavior at zero-bias transmission in
the armchair Si;BN NT (4,4) (green color) and the zigzag (7,0) NT
(red color). We find a stepwise transmission that can be correlated
with the associated bands in electronic band structure these NTs, see
text. Both NT have essentially the same diameter ~1.5 nm.

To further evaluate the electrical conductivity we also pro-
vide a set of nonequilibrium Green function (NEGF) transport
calculations [116-130]. There exist a rigorous Lippmann-
Schwinger (LS) scattering formalism [116,119,129,130] for
such studies. Even if we use exchange-correlation function-
als crafted for ground-state DFT [131], our computation
of effective single-particle LS orbitals have a well-defined
physics meaning in terms of Friedel scattering phase shifts
and grand-canonical ensemble DFT [130,132-134]. In the
ballistic transport case, electron-phonon and phonon-phonon
scattering is ignored and computation of the electron transmis-
sion T (E) essentially reduces to a counting of the number of
available conduction channels, each having some probability
for being affected by elastic scattering. Each channel carries a
so-called conduction quanta, Gy = 2e”/h, where e is electron
charge and £ is plank’s constant. The resulting electron con-
duction can thus be asserted from G = GyT (E). This simple
ballistic-transport characterization [125,126,131,135] can be
used for a first assessment of the Si,BN NT electron-transport
performance.

Figure 8 reports our electron transport study of the arm-
chair (4,4) and zigzag (7,0) NTs, both having an ~1.5 nm
diameter. We find that the computed transmission function
T (E) has essentially regular steps, reflecting that elastic scat-
tering does not strongly impede the electrons dynamics across
central Si;BN model region in our NEGF calculation setup,
See Fig. S11 in Ref. [57].

Figure 8 shows that the transmission is lower at the Fermi
level for the armchair case than for the zigzag case. This is also
expected from from the band structure results shown in Figs. 6
and 7. The zigzag (armchair) NT has three (one) transmission
channel at the Fermi level. However, we find that applying a
bias can significantly increase the armchair NT transmission.
In contrast, the zigzag NT behavior is a flat transmission line
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above the Fermi level O to 0.1 eV. This is due to a cone-type
band dispersion around the Fermi level.

Finally, we consider the electronic part of thermal con-
ductivity. In metallic systems the contribution is directly
proportional to the electrical conductivity, assuming that
the Wiedemann-Franz law [136] remains valid also for our
low-dimensional focus. We therefore expects that also the
electronic part of thermal conductivity will be high in Si;BN
nanotubes [137].

IV. CONCLUSIONS

Successful synthesis of theoretically predicted materials
motivates continued and intensified use of high level of the-
oretical methods for further explorations of new materials.
Herein, with DFT-based first-principles method, we system-
atically investigated the structural stability, and electronic
properties of armchair and zigzag Si;BN NT geometries.
We also presented analysis of the chemical-bonding nature
between the elements. Our calculations reveal that Si,BN
NT conformations can yield advantages resembling those that
have previously been reported for Carbon and BC,N NTs.
Specially, the NT geometry gives us the option to control and
adjust the structural and electronic properties relative to those
that characterize the pristine sheets.

We predict that Si;BN NTs are highly stable as reflected in
cohesive energies in comparison to the silicon, phosphorene
and boron based NTs. The stability prediction is confirmed by
our calculations of strain energies, phonon dispersion spectra,
and first-principles molecular dynamics (FPMD) at 1000 K.
Our COHP analysis suggests a strong covalent bonding be-
tween the Si-Si, Si-B/N, and B-N atoms, persist across the
range of NT sizes. These findings make it plausible that one
can synthesize Si;BN also in NT conformations: The bonds
can withstand large additional strain.

The presence of distorted hexagonal patterns and covalent
radii differences makes the properties of Si;BN in NT con-
formations even richer. Si;BN NTs show a semiconducting
behavior at small radius and a metallic behavior at large radius
unlike the carbon NTs. This is true despite the possibility of
strong hybridization in small-radius NTs. We have explained
this prediction in terms of differences in varying electronega-
tivities of Si, B, and N elements.

Our quantum transport investigation reveals that the arm-
chair NT shows higher conductivity than the zigzag NT at
low bias regime. From the phonon, electronic structure and
transport studies, we conclude that electronic part of the ther-
mal conductivity will be high in Si,BN NTs. Taken together
these findings suggest that rolling NT geometries may work
for electronics but not for thermoelectric applications.

Overall we conclude that the rolling of Si;BN sheets into
NT conformations provides options for further engineering of
properties. It is our hope that our study can thus contribute
to the motivation for Si;BN synthesis and may find potential
applications in nanoscale devices, batteries, sensing, hydrogen
storage, and photocatalysis.
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