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Introduction

Stabilizing benzene-like planar Ng rings to form a
single atomic honeycomb BeN3 sheet with high
carrier mobility¥

Xiaoyin Li, © P9 Shunhong Zhang, € € Cunzhi Zhang ©° and Qian Wang & *2°¢

It is a longstanding quest to use the planar Ng ring as a structural unit to build stable atomic sheets.
However, unlike CgHg, the neutral Ng ring is unstable due to the strong repulsion of the lone-pair of elec-
trons. Using first-principles calculations and the global structure search method, we show that the Ng unit
can be stabilized by the linkage of Be atoms, forming a h-BeNz honeycomb monolayer, in which the geo-
metry and the t-molecular orbitals of the Ng rings are well kept. This sheet is not only energetically, dyna-
mically and thermally stable, but also can withstand high temperatures up to 1000 K. Band structure cal-
culation combined with a group theory analysis and a tight-binding model uncover that h-BeNs has a
n-band dominated band structure with an indirect band gap of 1.67 eV. While it possesses a direct band
gap of 2.07 eV at the T" point lying in the photon energy region of visual light, its interband dipole tran-
sition is symmetrically allowed so that electrons can be excited by photons free of phonons. Based on
deformation potential theory, a systematic study of the transport properties reveals that the h-BeNs sheet
possesses a high carrier mobility of ~10° cm?VtsT, superior to the extensively studied transition metal
dichalcogenide monolayers. We further demonstrate that this sheet can be rolled up into either zigzag or
armchair nanotubes. These nanotubes are also dynamically stable, and are all direct band gap semi-
conductors with carrier mobility comparable to that of their 2D counterparts, regardless of their chirality
and diameter. The robust stability and novel electronic and transport properties of the h-BeNs sheet and
its tubular derivatives endow them with great potential for applications in nanoelectronic devices.

the photochemical reaction at low temperatures, 77 K,> which
motivates studying N, isomers further.>* However, despite the

Polynitrogen molecules have been extensively studied for their
potential applications as high energy density materials
(HEDMSs). Stabilizing polynitrogen anions in salts is an active
research topic in synthetic inorganic chemistry and materials
science. Recently, a breakthrough was made in the synthesis
and characterization of the pentazolate anion cyclo-Ns~,"
which inspired us to explore other polynitrogen species.
Indeed, another cyclic polynitrogen molecule - hexazine
(a planar hexagon of nitrogen atoms) was also intensively
studied. Vogler et al. claimed that hexazine can be formed in
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isoelectronic nature of hexazine with respect to benzene, the
strong repulsion of the lone-pair of electrons on the N atoms
may destabilize hexazine to decompose into three N, mole-
cules.>® In fact, ab initio calculations have confirmed that hexa-
zine is unstable and nonaromatic even though it has six n elec-
trons which satisfy Hiickel’s (4n + 2) rule.” On the other hand,
previous studies have predicted that the nitrogen atoms in metal
azides, such as LiN;,* NaNj;,” RbN;,'® and so on, may transform
into the benzene-like N ring under high pressure, but the trans-
formation is difficult to realize experimentally because of the
high pressure requirement. Thus, exploring other methods to
stabilize the planar benzene-like Ng ring is highly desirable.
Theoretical calculations indicated that introducing alkaline
earth metal Ca can stabilize the planar Ng ring through the
cation-n interaction formed by electron transfer from the Ca
atom to the Ng ring.11 However, to construct a two dimensional
(2D) single atomic sheet containing the planar Ny units, the
sandwiched Ca,Ng cluster cannot be used. We need to find an
element with Ca’s electron-donating ability but an atomic size
closer to N. Therefore, the element in the same main group
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with Ca but having a smaller atomic size can be expected to
work for this purpose. In this paper, by means of a particle-
swarm optimization (PSO) based global structure search
method, we have verified that Be atoms can be used to link the
planar Ng rings forming a honeycomb BeNj; (A-BeNj;) single
atomic sheet, which is the lowest-energy planar structure. By
analyzing the structural stability from multiple criteria regard-
ing thermodynamics, lattice dynamics, and thermal pertur-
bations, we confirmed that the benzene-like Ny rings can be
stabilized in the 2D h-BeN; sheet under ambient conditions.
We systematically studied the vibrational, mechanical, elec-
tronic and transport properties of A-BeNj via first principles
calculations combined with the tight-binding method. The
corresponding nanotube derivatives of the h-BeN; sheet are
also explored.

Computational methods

The ground state structure search is performed using a par-
ticle-swarm optimization (PSO) based global structure search
method implemented in the Crystal structure AnaLYsis by the
Particle Swarm Optimization (CALYPSO) code,'"* which has
been successfully employed to predict many 2D structures at
given chemical compositions."*® In our simulations, unit
cells containing a total of 8, 16, and 20 atoms are considered.
For each simulation, the structure search lasts for 20 gene-
ration loops, and in each loop 20 different structures are opti-
mized. DFT calculations are mainly performed using the
Vienna Ab initio Simulation Package (VASP).'” The Projector
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Augmented Wave (PAW) method'® is adopted with a kinetic
energy cut off of 520 eV. The Perdew-Burke-Ernzerhof (PBE)
functional'® with the Generalized Gradient Approximation®® is
used to treat the electron exchange-correlation interactions
in most calculations, while Heyd-Scuseria-Ernzerhof
(HSE06)*"* which includes the Hartree-Fock exchange energy
and the Coulomb screening effect is also used for more accu-
rate electronic band gaps. The Brillouin zone is represented by
the k point mesh following the Monkhorst-Pack scheme,??
with a grid density of 2n x 0.02 A™". Lattice constants and
atomic positions are relaxed using the conjugated gradient
algorithm without any symmetry-related constraint. The con-
vergence threshold of total energy and atomic force com-
ponents are 10™° eV and 10~ eV A™", respectively. Phonon dis-
persion and density of states (DOS) are calculated using the
finite displacement method** as implemented in the Phonopy
code.”® A (6 x 6) supercell is constructed to calculate the
atomic force under finite displacements and derive the
dynamics matrix. The tight-binding (TB) Hamiltonian is con-
structed based on the maximally localized Wannier functions
(MLWFs) with the hopping parameters calculated using the
Wannier90 package>® interfaced with the Quantum ESPRESSO
code.””

Results and discussion
Structure and stability

The most stable planar structure of BeN; obtained using the
global structure search is shown in Fig. 1(a) (other low-energy
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Fig. 1 (a) Optimized structure of h-BeNs. (b) Slice of the electron localization function of h-BeNs. Yellow and blue spheres represent Be and
N atoms, respectively. The rhombus denotes the unit cell. (c) Calculated cohesive energy of h-BeNs and some other 2D honeycomb compounds.

(d) Phonon spectra and DOS of h-BeNs.
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isomers are shown in Fig. S1t). We term it as #-BeN; because
of its honeycomb lattice. Similar to graphene, #-BeNj is a flat
monolayer with the highest plane symmetry of Pémm (plane
group no. 17). Be and N atoms are located at the 2b (1/3, 2/3)
and 6e (x, —x) 2D Wyckoff positions, respectively, with x =
0.152828. The optimized lattice constants are a = b = 5.14 A.
The N-N and Be-N bond lengths are 1.36 and 1.61 A, respect-
ively. Interestingly, we note that #-BeNj is isostructural to the
experimentally synthesized monolayer 2-BC; *® and #-C3N,*° as
well as the theoretically predicted Ah-SiC;.>°*' However,
different from those 2D compounds, 4-BeN; contains planar
N hexagons rather than C¢ hexagons. It has been demon-
strated that the charge transfer from Ca to the Ng ring in the
Ca,N; cluster contributes to the structure stability."* Thus, we
study the charge transfer and bonding nature of #-BeN; by cal-
culating its electron localization function (ELF). From the ELF
slice, as shown in Fig. 1(b), we see that the N, ring is electron
abundant while the Be atoms are electron deficient. To get
more insight, we perform the Bader charge analysis.** The
results suggest that each Be atom transfers ~1.67 electrons to
the N atoms. Consequently, each Ny ring receives ~3.34 elec-
trons (quite close to that of ~3.3 electrons in the Ca,Ng
cluster'!), which distribute uniformly on the N sites. This indi-
cates that the N, ring is nearly quadruply charged like the Ng
moiety in the Ca,Ng cluster, which is crucial to the structural
stability.

We then carefully examine the structural stability of 4-BeN;
from the perspectives of both energetics and dynamics. First
of all, we calculate the cohesive energy of i-BeNj, which is
defined as E. = [E(Be) + 3E(N) — E(h-BeNj3)]/4. The calculated
cohesive energy is 4.72 eV per atom. For comparison, we calcu-
late the cohesive energy of some other experimentally syn-
thesized or theoretically predicted 2D honeycomb compounds
using the same method and criteria of accuracy. The results
are listed in Fig. 1(c). Our calculated cohesive energies of gra-
phene, silicene, germanene, stanene, phosphorene, and
arsenene are 7.97, 3.97, 3.26, 2.76, 3.48 and 2.96 eV per atom,
respectively, in excellent agreement with previous studies.**
The cohesive energy of 4-BeNj; is larger than that of experi-
mentally synthesized 2D materials, such as silicene and phos-
phorene, implying the possibility of realizing such a 2D sheet.

We also calculate the formation energy of 4-BeN; by using
the following formula:

E¢(h-BeN3) = (1/4)u(Be) + (3/4)u(N) — Ec(h-BeNs), (1)

where E. (h-BeNj) is the cohesive energy of h-BeNs, and u(Be)
and y(N) are the chemical potentials of Be and N, which are
taken from the cohesive energies of hexagonal-close-packed
(hep) Be and N,, respectively. The calculated formation energy
of h-BeNj; is 107 meV per atom. Although its formation energy
is higher than that of the three-dimensional (3D) Be;N, struc-
ture, it is smaller than that of the experimentally synthesized
2D g-C3N,*°%® (349 meV per atom, using graphene and N, as
references). Moreover, it has been verified by many known 2D
materials that 2D atomic sheets with a formation energy lower

This journal is © The Royal Society of Chemistry 2018
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than 200 meV per atom are likely to exist in the freestanding
form.*® Besides, when using hcp Be and Ng molecules as refer-
ences, the formation energy of 2-BeN; becomes —787 meV per
atom. The negative value indicates that the reaction is exother-
mic. In this sense, it is possible to synthesize h-BeNj
experimentally.

Since lattice dynamics also plays an important role in the
stability of crystals, we calculate the phonon spectra of #-BeNj.
The results, plotted in Fig. 1(d), show that there are no imagin-
ary modes in the entire Brillouin zone, confirming that #-BeN,
is dynamically stable. For future experimental characterization,
we calculate the infrared (IR) and Raman spectra corres-
ponding to the vibration modes at the first Brillouin zone
center. The calculated results in Fig. S2 (ESI}) indicate that
there are two (four) peaks in the IR (Raman) spectra corres-
ponding to four (seven) vibration modes with E;, (Ajz or Eyg)
symmetry.

We also perform ab initio molecular dynamics (AIMD) simu-
lations to examine the thermal stability of 4-BeN;. A (5 x 5)
hexagonal supercell (containing 200 atoms) and a (3\/3 X 4)
rectangle supercell (containing 192 atoms) are constructed,
respectively, to perform individual AIMD simulations. After
being heated at 300 K for 10 ps, the structure retains its integ-
rity without any visible distortions, and the total potential
energy fluctuates closely around the norm (see Fig. S37),
suggesting that #-BeNj is thermally stable at room temperature
with the planar Ny rings unaffected. Furthermore, our calcu-
lations show that the #-BeNj; sheet can withstand temperatures
as high as 1000 K (see Fig. S4f), implying the high thermal
stability of the 2D structure.

Because the lattice is fixed during the AIMD simulations,
we also calculate the elastic constants to study the mechanical
stability of 2-BeN; under small lattice distortion. Through the
finite distortion approach,*® we obtain Cy; = C5, = 199 N m™,
C1,=52Nm™*, and Cgs = 74 N m™*, which satisfy the Born cri-
teria, Cy; > |Cyp| > 0 and Cg > 0. Due to the hexagonal sym-
metry, the in-plane mechanical properties of h-BeNj; are iso-
tropic. From the elastic constants, we derive the Young’s
modulus and the Poisson’s ratio to be 186 N m™ and 0.26,
respectively. The Young’s modulus is half of that of graphene
(345 N m™)*" but is larger than that of other known honey-
comb sheets like H-MoS, (120 N m™).** The high in-plane
stiffness of h-BeN; implies the strong bonding in the com-
pound which is beneficial for its stability.

Electronic properties

We then explore the electronic property of 4-BeN; by calculat-
ing its electronic band structure. As shown in Fig. 2(a), #-BeN;
is an indirect band gap semiconductor with the valence band
maximum (VBM) and conduction band minimum (CBM)
located at the M and I'" points, respectively. The band gap size
predicted by using the PBE functional and HSE06 hybrid func-
tional is 1.10 eV and 1.67 eV, respectively. Moreover, the band
gap at the Brillouin zone center (I’ point) is 2.07 eV at the
HSE06 level, which is slightly larger than its fundamental
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Fig. 2 (a) Electronic band structure of h-BeNs. The orange solid (blue dashed) lines represent the HSEO6 (PBE) results. (b) Orbital decomposed

band structure of h-BeNs. The size of the dots is proportional to the orbital contribution to the bands. (c) Band structure of h-BeNs derived from the

TB model.

band gap (1.67 €V) but close to that of H-MoS, (2.13 eV)** and
within the photon energy range of visual light.

To identify the possibility of direct optical excitation at the
I" point, we examine its dipole transition allowance. The wave-
function symmetry of the highest occupied state and the
lowest unoccupied state at the I" point are E,, and By, respect-
ively. The point group of the I" point is Dep,, according to group
theory, and the dipole moment operator is A, @Eq,.
Accordingly, the dipole transition can be described by the fol-
lowing formula:

Eyu ® (A2u S2] Elu) ® Blg = Alg 5] A2g 52 Elg S2] Elg- (2)

We see that A, is included in the right-hand term, indicat-
ing that dipole transition is symmetry allowed at the I" point so
that electrons can be excited by photons without the assistance
of phonons.

To determine the orbital composition of the energy bands,
we calculate the orbital decomposed band structure of 4-BeN;
which is shown in Fig. 2(b). This demonstrates that the high-
lying occupied bands are mainly derived from the p orbitals
while the occupied bands originating from the s orbitals are
deep-lying. More importantly, it shows that near the Fermi
level there are six bands which are only from p, orbitals.
Therefore, it is possible and reasonable to model these elec-
tronic states using a simple TB Hamiltonian of N-p, orbitals:

H= UZ citei+ Z (tyci "¢+ hc.). (3)
i

i#]

Here, ¢, and c; represent the creation and annihilation
operators of an electron in the ith N-p, orbital, U is the onsite
energy and ¢t; is the hopping integral parameter between the
ith and jth N-p, orbitals. For simplicity, we only consider the
nearest-neighbor intra-ring and inter-ring (the hexagonal Ng
ring) hoppings between the N-p, orbitals, as illustrated in
Fig. S5.1 By fitting the DFT band structure using the MLWFs
as the basis, the onsite energy U, and the intra- and inter-ring
hopping integral parameters ¢; and ¢, are determined to be
—3.09, —2.60 and —0.41 eV, respectively. By diagonalizing the

952 | Nanoscale, 2018, 10, 949-957

TB model Hamiltonian, we obtain the electronic bands of
h-BeN; (shown in Fig. 2(c)), which reproduce well the band
alignment and dispersion features from the DFT band struc-
ture. In this sense, we have designed a n-band dominated 2D
semiconductor with an intermediate band gap size between
gapless graphene and wide-gap #-BN monolayer.

Based on the analysis of the TB model, we study the elec-
tronic structure of the N moiety in #-BeNj; to further under-
stand these n-bands. Due to the high symmetry of the 4-BeNj
structure, the Ny moiety maintains D, sSymmetry, the same as
that of a freestanding Ny cluster. Thus, we study the electronic
structure of the hypothetical N¢ cluster first.

We apply the procedure of directed valence representation
to illustrate how to construct n-character molecular orbitals for
the hypothetical Ng cluster. The atomic model is plotted in
Fig. 3(a). From the character table presented in Table 1, the
equivalence representation I'* for the six nitrogen atoms in
Dgp, symmetry can be written as A;o@E,.@®B;,@E . For the p,
orbitals which transform as A,, in D, symmetry, we have the
direct product represented as follows:

IS @ Agy = Agy ®Epy @ Bzg D Elg' (4)

The results indicate that there are three bonding orbitals
with the symmetry of A,, and Eyg, and three antibonding orbi-
tals with the symmetry of E,, and B,,. The energy rank of the
six orbitals is By > E;y > Eqg > Ay,. Since each Ng moiety in
h-BeN; receives ~3.34 electrons from Be atoms, there are
almost ten w-electrons. As illustrated in Fig. 3(b), the ten
n-electrons populate five © molecular orbitals: four of them
occupy the two degenerate antibonding orbitals, and the other
six m-electrons fill up the three bonding orbitals, consistent
with the occupation of the n-bands in 4-BeNj.

For the case of 4-BeN3, we calculate the band decomposed
charge density of these mn-bands at the first Brillouin zone
center. The results are plotted in Fig. 3(c). It shows that, for
the five n-character occupied bands, the electron clouds are all
mainly distributed on the Ny rings and the band symmetries
are the same with those of the occupied © molecular orbitals
of the hypothetical Ni cluster. For the unoccupied = band, the

This journal is © The Royal Society of Chemistry 2018
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cular orbitals derived from the p, orbitals of N atoms. (c) The first
Brillouin zone center band decomposed charge density of h-BeNs,
corresponding to the six & bands. The isovalue is 0.03 e A=3.

electron clouds locate both on the N atoms and Be atoms,
resulting in the band symmetry differing from that of the
unoccupied © molecular orbital of the hypothetical N cluster.
It demonstrates the well-maintained integrity of = molecular
orbitals of Ng in 4-BeN3, even in the presence of adjacent Be
atoms.

Transport properties

Because of the moderate band gap size and the dipole allowed
transition at the Brillouin zone center, we further explore the
transport properties of #-BeNj for its potential electronic appli-
cations. To this end, we calculate the carrier mobility in
h-BeN; using the deformation potential (DP) theory proposed
by Bardeen and Shockley.** The analytical expression for
carrier mobility (4) of 2D semiconducting materials can be
written as:

_ 2en’C
A kT B2

(5)
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Table 2 Deformation potential constant Ej, elastic modulus C, effective

mass m* and mobility i for electron and hole along the zigzag and arm-
chair directions in the h-BeN3 sheet at 300 K

o} m* i (x10° em?
Carrier type E;(eV) (Nm™) (m) V'sh
Electron Zigzag —2.25 199 0.24 9.72
Armchair -2.23 199 0.24 9.89
Hole Zigzag -2.93 199 0.51 1.27
Armchair -3.95 199 1.78 0.06

which has been successfully employed to study the charge
transport in many 2D semiconductors, such as phosphorene,*’
monolayer MoS,,*® TiS;,"” and GeP;.*® Here C is the elastic
modulus of the 2D sheet, T is the temperature, which is taken
to be 300 K in our calculations, and m* = R*[0E(k)/0k’] ™" is the
effective mass of the band edge carrier along the transport
direction. E; is the DP constant defined as the energy shift of
the band edge with respect to lattice dilation and compression,
and kg and % are Boltzmann and reduced Planck constants,
respectively. Here we use an orthogonal supercell to study
carrier mobilities along the zigzag and armchair directions.
The atomic structure of the supercell and corresponding elec-
tronic band structure are presented in Fig. S6.T All the calcu-
lated results (m*, E;, C, ) are summarized in Table 2. One can
see that the electron has higher mobility than the hole in both
transport directions. Thus #-BeN; can be considered an n-type
semiconductor. The smaller hole mobility is primarily attribu-
ted to its larger effective mass, which can be deduced from the
electronic band structure (see Fig. S61). Remarkably, the
carrier mobility in #-BeN; can be as high as 9.89 x 10> em* V" s
for an electron transporting along the armchair direction,
which is comparable to that of phosphorene,” TiS;*” and
GeP3,*® and much higher than that of monolayer MoS,,*® and
other monolayer transition metal dichalcogenide materials,*’
indicating potential applications of #-BeNj; in nanoelectronics.

Nanotube derivatives

As an extension of the current study, we investigate an impor-
tant derivative of the honeycomb #-BeN; sheet, namely, the
h-BeN; nanotube. We study the two main types of nanotubes,
the zigzag (n, 0) and armchair (n, n) nanotubes, as illustrated
in Fig. 4(a). A series of zigzag (n, 0) (4 < n < 13), and armchair
(n, n) (2 < n < 8) nanotubes are systematically studied to
explore their electronic properties.

First of all, we calculate the strain energies of the nano-
tubes, which are obtained by subtracting the total energy of
the ~-BeNj; sheet from that of the optimized #-BeN; nanotubes.

Table 1 Characters for the I'** representation of six nitrogen atoms in the hypothetic Ng cluster, and transformation representation of p, orbitals

(Dgn symmetry)

E 2Cs 20, Cs 3¢, 3c", I 28, 286 on 364 36,
[ (No) (A1g@DE,®B1BE 1) 6 0 0 0 2 0 0 0 0 6 0 2
I'(p.) (Asu) 1 1 1 1 -1 -1 -1 -1 -1 -1 1 1

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Illustration of the chiral vectors of two typical h-BeNs nanotubes: (n, 0) and (n, n) represent the zigzag and armchair, respectively. The red
arrows are the lattice axes, and the cyan arrows represent the chiral vectors. (b) Strain energy versus D of zigzag and armchair h-BeN3z nanotubes.
(c) Phonon spectra and optimized structures of (4, 0) and (2, 2) h-BeNs nanotubes. (d) Variation of the band gap with diameter of zigzag and
armchair h-BeN3z nanotubes, respectively. (e) and (f) are the electronic band structures of zigzag (left panel: (4, 0), right panel: (13, 0)) and armchair

(left panel: (2, 2), right panel: (8, 8)) h-BeNs nanotubes.

Thus, the strain energy is the energy required to roll a sheet
into the corresponding nanotube, and the nanotube with
smaller strain energy would have a more stable structure. The
strain energies of zigzag and armchair #-BeN; nanotubes chan-
ging with diameters are plotted in Fig. 4(b), where D is the
nanotube diameter. One can see that the strain energy
decreases as the diameter increases, indicating that the nano-
tube with the larger diameter is more stable. Therefore, to
confirm the stability, we only need to calculate the phonon
spectra of the smallest nanotube, namely, the zigzag-type (4,
0)-nanotube, and the armchair-type (2, 2)-nanotube. The
results are presented in Fig. 4(c). No imaginary modes exist in
the entire Brillouin zone for both of the nanotubes, confirm-
ing that the studied #-BeN; nanotubes are dynamically stable.

We then study the electronic properties of #-BeN; nano-
tubes by calculating their electronic band structures at the PBE
level. As shown in Fig. 4(d-f), with the diameter of the nano-
tube increasing, the band gap size gradually increases reaching
that of the #-BeNj; sheet (1.10 eV at the PBE level), but the gap
size change is rather small. This is in contrast to other nano-
tubes such as phosphorene®® or MoS,.>" Moreover, as opposed
to the h-BeN; sheet, the nanotubes are all direct band gap
semiconductors regardless of their diameters and chirality, as
shown in Fig. 4(e) and (f).

By applying the zone-folding approximation,®® we explain
why all the zigzag and armchair A-BeN; nanotubes possess
direct band gaps. It is known that due to the periodic bound-
ary conditions along the circumferential direction of the nano-
tube, the allowed wave vectors for a given nanotube are parallel
lines in the Brillouin zone of the corresponding sheet. We
term these lines as the allowed k lines. The basic idea of the
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zone-folding approximation is the electronic band structure of
a specific nanotube is given by the superposition of the corres-
ponding sheet’s electronic energy bands along the allowed k
lines. Fig. 5 shows the band-folding scheme of the zigzag-type
(5, 0)-nanotube and the armchair-type (5, 5)-nanotube. As illus-
trated in Fig. 5(a) and (c), hexagons represent the first
Brillouin zone of the primitive cell of the #-BeN; sheet, while
the centered rectangles are the Brillouin zone associated with
the twelve-atom rectangle supercell with lattice vectors
Cn/n=dand T = G — 2b for a zigzag tube, C, /n = d+ b and
T =d— b for an armchair tube, respectively. The thick black
lines are the allowed k lines. Fold the corners onto the rec-
tangular cell (cyan triangles onto the yellow ones, purple trape-
zoids onto the green ones) and superimpose the sheet energy
bands calculated along the allowed k lines of length 2x/|T,
the corresponding nanotube band structure in the zone-
folding approximation is then derived. One can see that,
regardless of the chirality and diameter of the nanotube, the
M point in the Brillouin zone of the primitive cell is folded
onto the I' point, leading to the superposition of the electronic
states of the two points. From the electronic band structure of
the A-BeN; sheet (Fig. 2), the VBM is located at the M point
while the CBM is at the I' point. The superposition of the two
points results in the corresponding nanotube to be a direct
band gap semiconductor with both the VBM and CBM located
at the I" point. This not only explains the direct band gap for-
mation but also accounts for the minor change of band gap
size when the nanotube diameter varies. Fig. 5(b)/(d) plot the
calculated band structure and the zone-folding approximation
derived band structure of the zigzag-type (5, 0)-nanotube/arm-
chair-type (5, 5)-nanotube. This shows that the direct band gap

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) and (c) illustrate the zone-folding of the zigzag and armchair
h-BeN3z nanotubes, respectively. The thick black lines represent the
allowed k lines for the zigzag-type (5, 0)-nanotube and the armchair-
type (5, 5)-nanotube. (b) and (d) Band structures of the zigzag-type
(5, 0)-nanotube and armchair-type (5, 5)-nanotube, respectively. The
left panels are the derived results while the right panels are the
calculated results.

characteristic of the #-BeN; nanotube is predicted accurately
but the derived band structure is slightly different from that of
the calculated result, which is caused by the strain introduced
when the nanotube is rolled up from the 2D sheet. We can see
from Fig. 5(b) and (d) that the difference between the calcu-
lated band structure and the derived result of the (5, 0)-nano-
tube is more obvious than that of the (5, 5)-nanotube, because
the former has a larger curvature than the latter.
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The carrier mobilities of the A-BeN; nanotubes are also
investigated. Based on the DP theory, 4 in one dimensional

(1D) materials has been extensively studied by using the fol-

lowing formula:**>*-°

eh’C
H= (6)

(2mksT) Y2 |m*|*?E,2

where T, m* and E, are the same as those in eqn (5), while C in
1D materials is defined as C = z,"' x 0°E/d¢* and z, is the
lattice constant. From the calculated results listed in Table 3,
one can see that, the electron mobility is higher than that of
the hole in all studied 4-BeN; nanotubes regardless of their
chirality and diameters, indicating that 4-BeN; nanotubes are
also n-type semiconductors. The carrier mobilities in armchair
h-BeN; nanotubes are all ~10° cm? V™! s7* for both the elec-
tron and hole, comparable to those of the 2D sheet, which is
an appealing feature for applications in nanoscale electronics.
The electron mobilities in zigzag type nanotubes are ~10°
em? V' s as well, but the hole mobilities are one order smaller
due to the large effective mass and DP constant. The signifi-
cant difference between electron and hole mobility could be
utilized for electron and hole separation in nanoelectronics.

Based on the above study, several hallmarks of the #-BeNj;
nanotubes are revealed: (1) the strain energy of 4-BeN; nano-
tubes is rather small as compared to nanotubes rolled from
puckered nanosheets such as phosphorene,” implying its syn-
thetic viability; (2) all zigzag and armchair #-BeN; nanotubes
are semiconducting with a direct band gap, and the band gap
size changed mildly with respect to the tube diameter,
enabling their direct application to nanoelectronics without
involving chirality control or separation process that is essen-
tial for carbon nanotubes; (3) the carrier mobilities of #-BeNj
nanotubes are of the order of 10> em® V™' s7" and exhibit elec-
tron-hole asymmetry, suitable for n-type transport in practical
electronic devices.

Table 3 Deformation potential constant E;, elastic modulus C, effective mass m* and mobility i for electron and hole in zigzag and armchair

h-BeNs nanotubes at 300 K

Ey (eV) m* (me) u(x10° em?vts™
Nanotube type Electron Hole C(eVA™ Electron Hole Electron Hole
Armchair (4, 4) -1.59 -1.56 205.19 0.35 0.57 3.11 1.55
(5,5) -1.95 -1.99 256.68 0.31 0.55 3.10 1.26
(6, 6) -2.11 —2.22 308.75 0.28 0.53 3.71 1.29
(7,7) —2.40 —-2.59 360.16 0.27 0.53 3.53 1.10
(8, 8) —-2.20 —-2.35 411.99 0.26 0.52 5.09 1.58
Zigzag (7,0) -1.18 -3.35 200.98 0.38 1.80 4.89 0.06
(8,0) -1.30 -3.41 231.55 0.34 1.80 5.48 0.07
(9,0) -1.50 -3.52 261.72 0.32 1.79 5.10 0.07
(10, 0) -1.79 -3.65 291.63 0.30 1.79 4.39 0.07
(11, 0) —-2.07 -3.91 321.52 0.29 1.76 3.81 0.07
(12, 0) -2.19 —4.00 351.57 0.28 1.75 3.92 0.08
(13,0) -1.86 -3.71 381.74 0.27 1.78 6.24 0.09
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Conclusions

In summary, we demonstrate, using the PSO based global
structure search method combined with DFT and the tight-
binding method, that Be atoms can be used to stabilize the
planar Ng ring resulting in a nitrogen-rich honeycomb sheet,
the #-BeN; monolayer, which is energetically, dynamically, and
thermally stable. In this structure, the benzene-like Ny ring
can stably exist under ambient conditions. The in-plane
mechanical properties of #-BeN; are isotropic with Young’s
modulus and Poisson’s ratio of 186 N m™' and 0.26, respect-
ively. #-BeNj; is an indirect band gap semiconductor with a
band gap of 1.67 eV and a direct band gap of 2.07 eV at the
I' point, and its interband dipole transition at the I" point is
symmetrically allowed according to our group theory analysis.
The I" point band gap size and the dipole transition allowance
imply the possible applications of #2-BeN; in nanoelectronics.
In addition, the investigation of zigzag and armchair /#-BeN;
nanotubes shows that the tubular derivatives are all direct
band gap semiconductors. The mechanism of the indirect to
direct band gap transition when going from a sheet to a nano-
tube is explained by applying the zone-folding approximation.
More importantly, the #-BeN; sheet and the nanotubes all
possess high carrier mobilities of ~10° em® V™' s7', notably
higher than those of the MoS, monolayer and nanotubes.
Electrons are found to move much faster than holes in both
the sheet and nanotubes, showing the typical feature of n-type
semiconductors. This work provides a strategy for the stabiliz-
ation of the planar single atomic sheet composed of benzene-
like N rings. The robust structural stability and novel elec-
tronic and transport properties of the 4-BeN; sheet and its
tubular derivatives would stimulate experimental efforts for its
synthesis.
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