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arbon nanotubes (CNTs) and gra-
phene, the low-dimensional struc-

tures of elemental carbon, are of

great interest to the scientific community.??
This is not only because of their unique
physical properties but also because of their
potential use in nanoscale devices. How-
ever, future nanotechnologies cannot be
realized with carbon allotropes only. In or-
der to develop technologies a variety of
materials with different basic properties
are needed. In the quest for new materials,
the interest in elemental boron, the neigh-
bor of carbon in the periodic table, has
always been high and led to the recent
discovery of a new bulk phase.* The hope
to find boron nanostructures similar to gra-
phene and CNTs arose after the prediction
of stable, quasi-planar, and tubular clusters
of elemental boron,>® which was later con-
firmed experimentally.”® Treating these
quasiplanar boron clusters as embryos of
boron sheets and nanotubes, several mod-
els of stable boron nanostructures with
different underlying lattices have been
proposed.'®'* Finally, Ciuparu et al. and
Liu et al. reported the first successes in
growing pure boron nanotubes (BNTs)."'®
However, the atomic structure of these
BNTs is still unclear, because the quasi two-
dimensional sheet that constitutes the walls
of BNTs has not yet been experimentally
discovered. So far several models of stable
boron sheets have been proposed, which
fall into three structural classes: triangular,
hexagonal, and mixed triangular—hexagonal
structures. In order to obtain unbiased re-
sults we study BNTs derived from one favor-
able representative of each class,'” i.e., the
buckled triangular (BT) sheet,'® the dis-
torted hexagonal (DH) sheet,'’ and the so-
called o-sheet.'? It is well known that boron
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ABSTRACT The transport properties, work functions, electronic structure, and structural
stability of boron nanotubes with different lattice structures, radii, and chiralities are investigated
theoretically. As the atomic structure of boron nanotubes and the related sheets is still under debate,
three probable structural classes (nanotubes derived from the a-sheet, the buckled triangular sheet,
and the distorted hexagonal sheet) are considered. For comparison with recent transport
measurements [J. Mater. Chem. 2010, 20, 2197], the intrinsic conductance of ideal nanotubes with
large diameters (D = 10 nm) is determined. All considered boron nanotubes are highly conductive,
irrespective of their lattice structures and chiralities, and they have higher conductivities than carbon
nanotubes. Furthermore, the work functions of the three sheets and the corresponding large-
diameter nanotubes are determined. It is found that the value of the nanotubes obtained from the
a-sheet agrees well with the experiment. This indirectly shows that the atomic structure of boron
nanotubes is related to the oi-sheet. The structural stability of nanotubes with diameters > 2 nm
approaches that of the corresponding boron sheets, and o.-sheet nanotubes are the most stable
ones. However, for smaller diameters the relative stabilities change significantly, and for diameters
< 0.5 nm the most stable structures are zigzag nanotubes of the buckled triangular sheet. For
structures related to the distorted hexagonal sheet the most stable nanotube is discovered to have a
diameter of 0.39 nm.

KEYWORDS: nanotubes - boron - structural stability - electronic properties - work
function - ballistic transport - ab initio calculations

exhibits a pronounced polymorphism.
Hence, it is possible that not only one but
multiple sheet structures are realized in
nature. Therefore, we first compare the
basic structural stability of different BNTs
and calculate cohesive energies and strain
energies of a set of nanotubes from each of
these three structural classes.

It is well known that carbon nanotubes
can be either metallic or semiconducting
depending on their diameter and the chiral
angle. However, it is still a challenge to
produce CNTs with well-defined electronic
properties. Because of these (and other)
difficulties, CNTs are not yet used in current
technologies. In contrast to carbon nano-
tubes, BNTs of all structural classes are

* Address correspondence to
Viktor.Bezugly@tu-dresden.de.

Received for review March 23, 2011
and accepted April 29, 2011.

Published online April 29, 2011
10.1021/nn201099a

©2011 American Chemical Society

ACRT AN 7S
VOL.5 = NO.6 = 4997-5005 = 2011 ‘A@@L%{\)

WWwWW.acsnano.org

4997



VVAYAY Y,

J7AVAVAAN

’\;\

VAYAY AN/ AN/A
\VAY/AY/AY AYAY/AVAVAY

¥

ANVAVAY, ¥

AL ININININ

N\

Figure 1. Atomic structure of boron sheets (first column) and armchair and zigzag boron nanotubes (second and third columns,
respectively). (a) Structures derived from the a-sheet, (b) the buckled triangular (BT) sheet, and (c) the distorted hexagonal (DH)
sheet. As the atomic structure of boron nanotubes is not definitely known, we consider the three most probable structure

models (a—c) for the calculation of physical properties.

predicted to be metallic only, irrespective of their
diameters and chiral angles.'®""">'® For small-
diameter BNTs based on the o-sheet (diameter
<1.7 nm), density functional theory (DFT) calculations
predict that the nanotubes are semiconducting due to
a curvature-induced slight out-of-plane buckling of
certain atoms.">'**! However, recent calculations at
higher levels of theory (MP2) indicate that the buckling
might be an artifact of DFT.'® Without buckling, all
BNTs based on the a-sheet are metallic. This feature
could make BNTs excellent candidates for future nano-
meter-scale conducting elements. Recently Liu et al.
reported conductivity measurements on large-
diameter (10 to 40 nm) multiwalled BNTs that con-
firmed this prediction.” Theoretical investigations of
electron transport through boron nanostructures were
done only for fullerene-like'® and flat**?' boron clus-
ters as well as small-radius boron nanotubes.”** To
allow for a comparison with the experiments of Liu et
al., we calculate the electronic structure and transport
properties of BNTs with diameters of approximately
10 nm. Again we consider BNTs from each of the three
structural classes. We further calculate the work func-
tions of the three boron sheets and find that the one
of the a-sheet agrees well with the measurements
of Liu et al.”

RESULTS AND DISCUSSION

Atomic Structures. As the atomic structure of BNTs is
not definitely known, one has to consider different
structural models for the calculation of physical proper-
ties. In the present work, armchair and zigzag BNTs
derived from the three most stable boron sheets are
considered. These are the so-called a-sheet, the buckled
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triangular sheet, and the distorted hexagonal sheet. The
atomic structures of the boron sheets and armchair and
zigzag BNTs are shown in Figure 1. In the following text
the BNTs are denoted with respect to the boron sheet
they originate from and the direction in which they are
rolled as “o-BNT arm”, “a-BNT zz” (Figure 1a), “BT-BNT
arm”, “BT-BNT zz” (Figure 1b), “DH-BNT arm”, and “DH-
BNT zz” (Figure 1¢). For the detailed geometries of the
sheets (lattice vectors and atomic position) and the
definition of the chiral vector for a specific (n,m) nano-
tube, see the Supporting Information.

Structural Stabilities. First the cohesive energies F°"
and the strain energies F** of small-diameter BNTs are
studied. The cohesive energy (also known as binding
energy or atomization energy) of a system is defined as
E°h = —FYN + E*, where E*°" and E** are the ground-
state energies of the whole system and an isolated
boron atom, respectively, and N is the number of atoms
in the system. From this definition it follows that
positive values of E<°" correspond to bound (stable)
structures. To a first approximation, the chemical sta-
bility of a certain structure can be judged by E°". The
ground-state energies are calculated with density
functional theory using the PBE exchange—correlation
functional,®* and the geometries of all considered
structures were fully optimized. The cohesive energies
of the three boron sheets and of different BNTs with
diameters D up to 2.3 nm are shown in Figure 2a. For
BT-BNTs D is defined as the average between the inner
and the outer diameter of a tube.

The relative stabilities of the boron sheets pre-
sented here are in agreement with the literature;'”
that is, the a-sheet is the most stable structure and the
DH sheet is the least stable one, and the BT sheet has an
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Figure 2. Cohesive energies and strain energies of small-
diameter armchair (arm) and zigzag (zz) boron nanotubes of
different structural classes. (a) For nanotubes with D > 2 nm
their relative stabilities approach those of the correspond-
ing boron sheets (dashed lines); however for D < 2 nm the
relative stabilities change significantly, and for D < 0.5 nm
a-BNTs are no longer the most stable structures, but rather
BT-BNT zz are now more stable. The cohesive energy of DH-
BNT zz systems has a maximum at D = 0.39 nm, corre-
sponding to the (6,—6) DH-BNT zz nanotube. The latter is
the most stable structure of the distorted hexagonal family.
(b) The strain energy of a boron nanotube depends on both
diameter and chirality; for o-BNTs it depends only on the
diameter. DH-BNT zz systems have negative strain energies
(except of the two smallest ones), which means that small-
diameter DH-BNT zz nanotubes are particularly stable.

intermediate energy (their cohesive energies are 6.27,
6.03, and 6.18 eV/atom, respectively). For large dia-
meters the curvature effects of BNTs are small and £<°"
of all BNTs approaches the value of the corresponding
boron sheet. However for tubes with diameters less
than about 2 nm the relative stabilities of the three
structural classes change significantly. In Figure 2a one
sees two intersections of curves: o-BNTs with BT-BNT zz
at D~ 0.5 nm and DH-BNT zz with BT-BNT arm at D ~
1.25 nm, indicating that at these points the relative
stability of two classes changes sign. It follows that for
diameters D < 0.5 nm, the a-BNT are no longer the
most stable structures, but rather BT-BNT zz becomes
more stable.

Furthermore, we discovered that £°" for DH-BNT zz
systems goes through a maximum at D = 039 nm
followed by a sudden drop. The maximum corresponds
to the (6,—6) DH-BNT zz nanotube (for illustration of its
atomic structure see the Supporting Information), which
is the most stable structure of the distorted hexagonal
family. To our knowledge, there is no other nanotubular
system reported in the literature that forms one tube
that is energetically favored over all other tubes.

The end points of the lines for DH-BNT zz and BT-
BNT zz correspond to the smallest possible structures
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of that class: a (3,—3) DH-BNT zz studied earlier by
Zhang et al.?> and a (3,0) BT-BNT zz that can be seen as
the periodically continued toroidal part of a B, icosa-
hedron. Among the boron nanotubes with the smallest
diameters, the (3,0) BT-BNT zz is the most stable one.
The particular stability of the (3,0) BT-BNT zz tube was
first shown by Boustani et al. for small clusters.®%’
These original results are the foundation of the whole
field of boron nanostructures.

The strain energy (also known as curvature energy)
as shown in Figure 2b is the amount of energy (per
atom) needed to roll up a flat sheet into a specific (n,m)
nanotube. It is defined as the difference between
the cohesive energies of the sheet and the nanotube:
Ft = EQ" — E. As already mentioned above, the
curvature effects decrease with increasing diameter,
and therefore F** tends to zero for BNTs with large
diameters. The strain energies of both armchair and
zigzag types of a-BNTs lie essentially on one line and
they follow the E** = ¢/D? law known from elasticity
theory.?® By fitting the data points in Figure 2b, one
obtains C = 0.0352 eV nm?/atom, which agrees well
with the value C = 0.0364 eV nm?/atom obtained by
Sign et al. with DFT/PBE calculations.' A very different
behavior is found for BT-BNTs and DH-BNTs where E**
depends not only on the tube's diameter but also on its
chirality; that is, in Figure 2b armchair and zigzag BNTs
of these classes follow a different trend. This behavior
can be ascribed to anisotropic in-plane mechanical
properties of the corresponding boron sheets, and
rolling up the sheet to nanotubes with similar
diameters but along different in-plane lattice direc-
tions (chiralities) leads to different strain energies. This
effect was discussed in detail for BT-BNTs by Kunst-
mann et al.* For BT-BNT zz nanotubes no clear trend in
F* is visible and their energies change only slightly
with the diameter. It seems that these structures can be
rolled up without significant energy cost.'>?° A very
unusual behavior is found for DH-BNT zz tubes, as their
strain energies are negative'' except for the two with
the smallest diameters (see Figure 2b), and reach the
minimum value for the (6,—6) DH-BNT zz nanotube
(which is the most stable one). This means that the DH
boron sheet gains energy by rolling up along its zigzag
direction and that the DH-BNT zz tubes with diameter
close to 0.4 nm are particularly stable. We ascribe this
behavior to the undercoordination of boron atoms in
the DH sheet. In stable phases of elemental boron, the
coordination numbers range from 4 to 7, but the
majority of the atoms are always 6-fold coordinated.>
In the DH boron sheet, the atoms are apparently only
3-fold coordinated. However, the bond length to the
second-nearest neighbor along the zigzag chains (see
Figure 1c) is 2.00 A in the sheet, reaches 1.97 A in the
most stable (6,—6) DH-BNT zz nanotube, and is equal to
1.99 A for the smallest (3,—3) DH-BNT zz structure.
Among all bond lengths, the second-nearest neighbor
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distance is the one that varies the most with the DH
zigzag tube diameter. Therefore, rolling up the sheet is
a way to shorten and thus strengthen the multicenter
bonds in the zigzag chains of the DH sheet and to
partly overcome the undercoordination of the atoms.
This increases the cohesive energy of the zigzag DH-
BNTSs with respect to the DH sheet. However, this effect
is counterbalanced by changes of other bond lengths.
The (6,—6) DH-BNT zz nanotube seems to be the
system where this mechanism works best, and there-
fore it is the most stable nanotube of the DH structural
class.

Our results indicate that boron's well-known poly-
morphism is particularly complex for small-diameter
(D < 2 nm) BNTs. The nanotubes derived from the three
considered structural classes compete, and the relative
structural stability is strongly diameter-dependent. For
BNTs with a diameter of about 0.5 nm the o-BNTs, DH-
BNT zz, and BT-BNT zz are all very close in energy and a
particularly strong polymorphism is to be expected.
Our findings for very small diameter BNTs are relevant
for the ongoing discussion about the structural evolu-
tion of BNTs from small boron clusters. It was experi-
mentally observed that a B,y cluster is the smallest
cluster with a tubular shape. This finding was theore-
tically confirmed by showing that other potential
morphologies of the B, cluster are less stable.#%3" In
our notation the By cluster corresponds to a single unit
cell (@ double-ring) of a (0,10) BT-BNT arm nanotube
with a diameter of 0.52 nm. However, our results in
Figure 2a indicate that BT-BNT arm nanotubes with
such small diameters are the most unfavorable struc-
tures. This strikingly different behavior is very surpris-
ing and stems from the fact that we are considering
infinite nanotubes while the B, cluster is a finite size
object. This indicates that the B,q cluster is probably
not the embryo of BNTs as suggested by Kiran et al.,’
because if a BNT grew from a Byq cluster along the axial
direction, the resulting BT-BNT arm would be energe-
tically unfavorable compared to other structures.

Work Functions. After comparing the diameter-de-
pendent stability of different BNTs we now want to
find out if the physical properties derived from BNTs
of the three structural classes can be compared to
recently measured transport properties and work
functions.

The nanotubes in the experiments of Liu et al." are
multiwalled nanotubes with large diameters of about
10 to 40 nm, with a spacing between adjacent boron
layers of about 3.2 A. We model this situation by
studying single-walled BNTs with D ~ 10 nm, which
can be considered as the outermost walls of multi-
walled BNTs. For a BNT of that size the quantum
confinement and curvature effects are small and the
nanotube's physical properties are very similar to the
properties of a single boron sheet. Therefore the
measured work functions of BNTs can be directly

BEZUGLY ET AL.

TABLE 1. Calculated and Experimentally Measured Work
Functions of Graphene and Boron Sheets (in eV)?

calculation experiment
graphene 460 466>
a-sheet 409 402"
BT-sheet 5.39
DH-sheet 4.89

*The experimental value for boron structures was obtained from a mixed film of
large-diameter boron nanotubes and boron nanowires, and it compares well to the
theoretical value for the a-sheet. A comparison between sheets and nanotubes is
possible because the nanotubes have large diameters. The excellent agreement
between experiment and calculation is indirect evidence for the existence of
a-sheet nanotubes.

compared to the work functions of the boron sheets
as done in Table 1.2

The work functions were calculated with DFT/PBE>*
from the difference between the vacuum level (the
potential at the large distance from the sheet) and the
Fermi energy.3? As a test case, we calculated the work
function of graphene and obtained 4.60 eV, which is
very close to the experimental value of 4.66 eV.>* This
demonstrates the reliability of the chosen numerical
approach. The comparison between experiment and
theory in Table 1 shows that the experimental value
measured by Liu et al.' for a mixed film of boron
nanotubes and boron nanowires (4.02 eV) agrees well
with the calculated value of the a-sheet (4.09 eV). To
interpret this finding let us consider that the work
function measured for a mixture of two nanostructured
materials is close to the smallest work function of the
constituents. As the work function measured for pure
boron nanowires is 4.52 eV, that of BNTs will be close
to 4.02 eV. The work functions calculated for the BT
sheet and the DH sheet (5.39 and 4.89 eV, respectively)
are noticeably higher than the work function measured
for boron nanowires. Therefore the only known struc-
ture that fits with the experiment is the a-sheet. This
finding can be considered as an indirect evidence that
the atomic structure of boron nanotubes is related to
the a-sheet.

Electronic Structure and Electron Transport. In the follow-
ing we study the electronic structure and the intrinsic
transport properties of BNTs. First, the electronic
structures of BNTs with diameters of approximately
10 nm are calculated. We consider one armchair and
one zigzag BNT of each structural class. These are
(64,0) a-BNT arm, (36,36) o-BNT zz, (0,200) BT-
BNT arm, (110,0) BT-BNT zz, (54,54) DH-BNT arm, and
(160,—160) DH-BNT zz having diameters of 10.2, 9.9,
10.3, 10.0, 10.2, and 10.2 nm, respectively (see Sup-
porting Information for the description of the (n,m)
nomenclature and the geometries). Calculations of
such large nanotubes are unfeasible with standard
DFT methods. Therefore we use the density functional
tight-binding method (DFTB).>* The corresponding
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Figure 3. Electronic structures of armchair (first row) and zigzag boron nanotubes (second row) with diameters of about 10 nm. Each
panel shows the band structure, the density of states (DOS), and the conductance profile G(E)/G, for the maximum conductance. The
first, second, and third column correspond to boron nanotubes of the o, buckled triangular (BT), and distorted hexagonal (DH) types,
respectively (in detail: [a] (64,0) 0-BNT arm, [b] (36,36) a-BNT zz, [c] (0,200) BT-BNT arm, [d] (110,0) BT-BNT zz, [e] (54,54) DH-BNT arm,
and [f] (160,—160) DH-BNT zz). All BNTs are metallic (they have a finite DOS at the Fermi energy, E¢) and highly conductive (as a large
number of conduction channels G/G, are available). a-BNTs have a wide dip in the DOS and in G close to the Fermi energy, which is

reflected in the corresponding current—voltage characteristics

band structures, density of states (DOS), and conduc-
tance profiles G(E)/G, (Go = €*/h is the conductance
quantum) for zero bias are shown in Figure 3. The
conductance profiles G(E) reflect the maximal intrinsic
conductance of an ideal BNT. Structural imperfections
like defects, impurities, adatoms, etc., will lower the
conductance.

As can be seen from this figure, all BNTs are metallic
since they have no band gap at the Fermi energy Er.
The fact that BNTs are generally metallic, irrespective of
their structural class, diameter, or chirality is well
known'%11318 and is confirmed by our results.

As already mentioned above, the quantum confine-
ment effects on the electronic structure for large-dia-
meter nanotubes are almost negligible and the system
is quite similar to the sheet. This effect is illustrated in
Figure 4, where the band structures, the DOS, and the
conductance profiles of two metallic CNTs [(74,74) and
(129,0)] with diameters of 10.0 and 10.1 nm, respec-
tively, are presented. The band structures are a quan-
tized version of the one of graphene. They clearly show
the well-known touching cones with a nearly vanishing
DOS at Er and a linear increase in the DOS near Eg.
Furthermore the conductance profiles of the two
nanotubes are almost identical; this holds for all me-
tallic CNTs of similar diameters. For the BNTs in Figure 3
this size effect is reflected in the fact that the DOS of
armchair and zigzag BNTs and the boron sheet for one
structural class are all very similar (see Supporting
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in Figure 5.

X 0 100
K DOS G/Go
X 0 100
k DOS G/Go

Figure 4. Electronic structures of (a) a (74,74) armchair and
(b) a (129,0) zigzag carbon nanotube with diameters of 10.0
and 10.1 nm, respectively. Each panel shows the band stru-
cture, the density of states (DOS), and the conductance pro-
file G(E)/G, for the maximum conductance. Due to their large

diameters the electronic properties of the CNTs are very similar
to the properties of graphene. The conductance profiles of
the two nanotubes are virtually identical.
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Figure 5. Current—voltage characteristics of armchair and zigzag boron nanotubes and carbon nanotubes with diameters of
about 10 nm. The nearly flat conductance profiles of buckled triangular and distorted hexagonal boron nanotubes (see Figure 3)
lead to almost linear /I—U curves, whereas the pronounced dips in the conductance profiles of the o-BNTs and the carbon nano-
tubes result in nonlinear /- U curves. The I—U curves of boron nanotubes of one structural class agree qualitatively, but they are
chirality dependent on a quantitative level. The two metallic carbon nanotubes, on the other hand, have identical /U curves.

Information for the DOS of the three boron sheets). The
size effect and the above arguments also apply to the
conductance profiles G(E) of all nanotubes (see Figure 3).
Generally we find that all BNTs have about 1—2 orders
of magnitude more conductance channels near Eg than
the metallic CNTs (which have only 4 channels, includ-
ing spin degeneracy). This shows that BNTs are highly
conductive and are much better conductors than CNTs.

The DOS and the conductance profiles of the
a-BNTs (as well as the o-sheet) exhibit a pronounced
dip with an energy width of ca. 1.5 eV near E¢ . This dip
corresponds to the band gap of in-plane states, separ-
ating the in-plane bonding states from the antibonding
ones, as shown by Tang et al.'? The remaining states
near Er are out-of-plane (p,) states. The BT and DH
systems do not have such a well-defined characteristic
feature; instead their DOS and the conductance profiles
are nearly flat near Er. These features are reflected in the
current—voltage characteristics of the BNTs.

The current—voltage characteristics for small voltages
(|U] < 1 V) are calculated with the Landauer—Blittiker
formalism3>*® from the conductance profiles. In the
experiments the BNTs are grown on a silicon substrate
and are contacted by a tungsten tip." As the tungsten tip
touches the outer wall of a multiwalled BNT, the current is
defined mainly by the electrons transmitted through the
outer tube, which is represented by the single-wall BNTs
studied here. For the calculation of the current we assume
transparent contacts and model the silicon and tungsten
contacts by their work functions (see Methods section).
This approach corresponds to an idealized situation, and
the resulting currents can be interpreted as maximum
currents that can be transmitted through a BNT via
ballistic transport.

The calculated current—voltage curves are pres-
ented in Figure 5. All BNTs show metallic behavior in
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agreement with the experimental results. The currents
of all BNTs are higher than the current transmitted
through CNTs of similar size. This stems from the fact
that the BNTs have more conduction channels close to
Fermi energy than the CNTs. However, the currents of
BNTs and CNTs in the bias range of |U| < 1 V are all of the
same order of magnitude, ie, a few milliamperes.
These rather large currents are reached because the
large-diameter tubes have a few hundred conduction
channels. A comparison with the measured /—U curves
of Liu et al." shows that the calculated currents are
about 4 orders of magnitude higher than the measured
ones. This large difference shows that our theoretical
transport model does not match the experimental con-
ditions well. The effects of resistive (nontransparent)
contacts®” and the influence of structural imperfection
of the BNTs probably have to be taken into account. It
could also be that none of the structural models of the
BNTs that we are considering are correct. In any case a
better experimental characterization of the BNTs
would be desirable to proceed further.

Nevertheless, our results reflect the intrinsic proper-
ties of BNTs and their potential performance in the case
of ideal measurements. The nearly flat conductance
profiles of BT- and DH-BNTs (see Figure 3) lead to
almost linear /—U curves, whereas the pronounced
dips in the conductance profiles of the o-BNTs and
the carbon nanotubes result in nonlinear /-U curves.
The qualitative /—U behavior of the BNTs of different
chiralities within each structural class is similar, as the
conductance profiles of large-diameter BNTs within
each class are similar (see discussion above). However,
on a quantitative level the currents are different,
showing that the chirality clearly has an influence on
the ballistic current. This is again in contrast to CNTs,
where for small voltages all metallic CNTs of similar
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radii have identical /—-U curves; that is, the two curves in
Figure 5d coincide because their conductance profiles
are almost identical.

Finally let us bring together all our results and
discuss the problem of the determination of the atomic
structure of BNTs. Liu et al' have argued that the
polygonal morphology of the open end of the nanotube
shown in high-resolution TEM images corresponds ni-
cely to the faceted surfaces of BNTs obtained by rolling
the buckled triangular boron sheet. On the other hand
our calculations show that for large diameters the
o-BNTs are by far the most stable structures (see
Figure 2a). Moreover, the calculated work function of
o-BNTs (4.09 eV) is much closer to the experimentally
obtained value (4.02 eV) than that of BT-BNTs (5.39 eV).
Based on the transport properties of BNTs presented in
the current paper, further arguments in favor of one or
another type of BNTs can be obtained by the measure-
ment of the current—voltage characteristics of the
grown BNTs for small applied voltages (up to 1 V): if
all I—U curves would show nonlinearity, it could be
argued that they are obtained from BNTs with an
atomic structure similar to that of the a-sheet, whereas
linear behavior of the curves would correspond to the
BT or DH BNTs.

CONCLUSIONS

The intrinsic transport properties of ideal BNTs of
three different underlying lattice structures and with
diameters of about 10 nm were investigated in the
ballistic regime. It was shown that all three types of
BNTs have metallic conductivities, irrespective of their
diameters and chiralities, which agrees with earlier
predictions and recent experiments. A comparison of
the current—voltage characteristics (I-U curves) of

METHODS

Ab initio calculations of the structural stability and the work
functions of boron sheets, small-diameter boron nanotubes,
and graphene were performed with density functional theory
within the generalized gradient approximation®* using the
projector-augmented wave method as implemented in the
VASP package.®®3° Full geometry optimizations have been
carried out, and the atomic forces were reduced to be below
1 meV/A. For all these calculations the energy convergence
over the number of k points was reached, and the tetrahedron
method for k-integration was used.

Electronic structure calculations for large-diameter BNTs
were done with the density functional based tight-binding
method>* and the DFTB* code.*° For BNTs a newly developed
parametrization for boron was used (Grundkotter-Stock, B.;
Bezugly, V. Kunstmann, J; Cuniberti, G,; Frauenheim, T;
Niehaus, T., in preparation). Self-consistent charge (SCC) calcu-
lations for periodic structures were performed with the SCC
tolerance set to 107>, and the electron temperature was kept
equal to zero. The energy was converged with respect to the
number of k points. The atomic positions for the DFTB calcula-
tions correspond to ideal DFT/PBE geometries; that is, we use
boron sheets that are optimized with DFT/PBE calculations and
then geometrically roll up the sheets into tubes. No further
geometry optimizations within DFTB are performed because

BEZUGLY ET AL.

BNTs to those of metallic CNTs of similar diameters
showed that BNTs have higher conductivities since they
have significantly more conduction channels close to
the Fermi energy. The nearly flat conductance profiles of
buckled triangular and distorted hexagonal BNTs lead to
almost linear /I—U curves, whereas the pronounced dips
in the conductance profiles of the a-BNTs result in
nonlinear /—U curves. This nonlinearity could allow the
distinction of the o-BNTs from the two other types in
future experiments. The /—U curves of BNTs within each
structural class agree qualitatively, but they are chirality
dependent on a quantitative level. This is in contrast to
CNTs where metallic nanotubes of similar diameters
have identical /-U curves independent of the chirality.

Furthermore, it was found that the work function
calculated for the a-BNTs is much closer to the experi-
mental value than those of buckled triangular and
distorted hexagonal BNTs. This indirectly shows that
the atomic structure of boron nanotubes is related to
the a-sheet.

The structural stability of nanotubes with diameters
less than 2.3 nm was studied. It was found that the
stability of BNTs with diameters > 2 nm approaches
that of the corresponding boron sheets and that large-
diameter a-sheet nanotubes are the most stable ones.
However, for smaller diameters the relative stabilities
change significantly, and for diameters < 0.5 nm zigzag
nanotubes of the buckled triangular sheet are the most
stable structures. For structures related to the distorted
hexagonal sheet, the most stable nanotube was dis-
covered to be that with a diameter of 0.39 nm. Further-
more, the curvature energy of a boron nanotube
depends on both diameter and chirality, except for
nanotubes from an o-sheet, where it depends only on
the diameter.

the possible geometry changes for such curvatures of nanotube
walls and the influence of these changes on the electronic
structure and transport properties are negligible.*'

The electronic structures of large-diameter carbon nanotubes
were calculated analytically by a first-nearest-neighbor tight-
binding model of the 7-bands*? using a transfer integral, over-
lap integral, and graphene lattice constant of t, = —3.033 eV,
s,=0,and a =246 A, respectively.

The conductance profile, G(E), is calculated for zero bias by
assuming transparent contacts to electrodes (no contact
resistance). It is obtained from the corresponding band structure
as the number of electronic bands for particular energy multi-
plied by 2 (for two spin channels) and the conductance quantum
Go. The current along the nanotube (for zero temperature) is
calculated within the Landauer—Biittiker formalism3>3° as

s+ Ay
| = e”/
Usi + Apty
where e is the electron charge, us; is the chemical potential of
the silicon contact, and Au; =0eV, Au, =UforU>0; Auq, = U,
Auy = 0 eV for U < 0, and U is the bias voltage. For this
calculation the chemical potential of the silicon contact is
taken as the reference (zero bias) and is kept fixed (grounded

contact) while varying the chemical potential at the other
contact (the tungsten tip). To find the relative position of Fermi

dE G(E)
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levels of silicon and large-diameter BNTs and CNTs, the work
functions of the corresponding two-dimensional sheets were
used. The work function of silicon is 4.60 eV.**
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