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The upsurge in the research of a-graphyne (2-GY) has occurred due to the existence of a Dirac cone,
whereas the absence of band gap impedes its semiconductor applications. Here, the electronic
properties of a-GY on hexagonal boron nitride (h-BN) and a-BNyne (¢-BNy) monolayers are investigated
using first-principles calculations. Through engineering heterostructures, the band gap opening can be

achieved and has different responses to the substrate and stacking sequence. Intriguingly, the band gap
of a-GY/a-BNy with Abl stacking mode is up to 77.5 meV in the HSEO6 functional, which is distinctly
greater than KgT at room temperature. The characteristic Dirac band of a-GY is preserved on the a-BNy
substrate, while it changes into a parabolic band on the h-BN substrate. Additionally, we also find that
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changing the interlayer distance is an alternative strategy to realize the tunable band gap. Our results

show that by selecting a reasonable substrate, the linear band structure and thus the high carrier mobility
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1. Introduction

Two-dimensional (2D) nanomaterials, in which the electrons
are confined in two dimensions, have ignited widespread
attention due to their outstanding properties and promising
applications. The most representative one is graphene exfoli-
ated from graphite in 2004, given that its unusual properties,
such as extremely high carrier mobility,” quantum Hall effect,?
and Klein paradox,* are rooted in the linear band dispersion
characteristic Dirac cone. Inspired by graphene, carbon allo-
tropes and their analogues have attracted extensive interest.
Typically, graphyne (GY), a unique 2D carbon allotrope con-
sisting of sp> and sp hybridized carbon atoms,® is greatly
different from graphene which is only comprised of sp?
hybridized carbon atoms. Especially, the presence of acetylenic
groups in GY can induce versatile structural and electronic
properties.®” According to their distinct arrangement and
percentage, the most fundamental geometrical structures can
be divided into a-GY, B-GY, y-GY, and 6,6,12-GY, in which the
symmetry of the first three is hexagonal while the last one is
rectangular.® They also hold different electronic properties: y-
GY is semiconductor; the other three systems are all semimetals
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as well as the distinct band gap opening could coexist in a-GY. These prominent properties are the key
quantity for application of a-GY in nanoelectronic devices.

with Dirac cone.” Notably, only o-GY is similar to graphene in
both geometrical structure and electronic properties.”® It also
possesses two equivalent Dirac cones at high symmetry points,
K and K in the first Brillouin zone (BZ), rendering the excita-
tions as massless Dirac fermions.® Unfortunately, the zero-
band-gap character restricts the semiconductor applications
in constructing electronic devices. Therefore, it is of great
significance to manipulate the band structure of a-GY.

Some efforts have been made to manipulate the band
structure of a-GY, such as tailoring,*'® substitutional doping,**
chemical absorbing," applying the strain,"»'* and engineering
heterostructure,'*® etc. Notably, unlike other means that the
carrier mobility would reduce more or less, engineering heter-
ostructure can maintain the structural integrity and the novel
properties of materials. Moreover, this means has been exten-
sively applied in previous researches, such as graphene/MoS,,"”
graphene/h-BN,'®** graphyne/MSe,,*® and phosphorene/gra-
phene,”* and so forth. However, the specific explanation for
modulating the electronic properties of a-GY-based hetero-
structures is still scarce in previous researches.'® Therefore, we
constructed the heterostructures of «-GY to manipulate its band
structure, and provided a proposed mechanism.

Generally, for seeking an appropriate substrate, breaking the
inversion symmetry plays a crucial role. It has been reported
that (i) h-BN gets rid of dangling bonds and possess the large
bandgap;*>** (ii) the disparity of boron and nitrogen sublattices
provides a drive to break inversion symmetry for h-BN and a-
BNy; (iii) the lattice mismatch is quite small between h-BN or a-
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BNy and o-GY. Therefore, it is reasonable that h-BN and «-BNy
can serve as ideal substrates for a-GY.

In this work, we investigated the electronic properties of a-
GY/h-BN and a-GY/a-BNy based on the first-principles calcula-
tions. Our results indicate that the band gap is dependent on
the substrate and stacking sequence. Particularly, for Ab1l
stacking mode of a-GY/a-BNy, the band gap is up to 77.5 meV in
the HSE06 functional, while the distinct gap larger than KT at
room temperature combined with the linear band dispersion
indicates its potential applications in nanoelectronic devices.
Furthermore, changing the interlayer distance provides a path
for further manipulating the band gap.

2. Computational methods

All calculations were based on density functional theory (DFT)
with projector augmented wave (PAW)* method in the VASP
package. The exchange-correlation potential was carried out
using generalized gradient approximation (GGA) with the Per-
dew-Burke-Ernzerhof (PBE).>* The kinetic energy cutoff 600 eV
was adopted for plane wave functions. The vacuum region was
set to be larger than 15 A along the direction perpendicular to
the heterostructures in all of the simulations, to eliminate the
interaction resulting from the periodicity of the lattice struc-
ture. A 7 x 9 x 1 k-point sampling generated by the Monkhorst-
Pack grids*® in the BZ was applied for a-GY/h-BN while 13 x 13
x 1 k-point for a-GY/a-BNy. The geometries were allowed to
relax fully until the forces on each atomic were below 0.02 eV
A", Since the dispersive force is exclusive in DFT calculations,
DFT-D3 (ref. 27) was employed to describe van der Waals (vdW)
interaction. In view of the fact that the PBE method usually
underestimates the energy gap of semiconductor materials, the
Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional®®
was also performed to further calculate the electronic proper-
ties. To elucidate the energetic stability, the binding energies
were also calculated as follows:

Eb = (Eh — Em1 — Emz)/l’[ (1)

where E;, and n denote total energies and the number of atoms
of the heterostructures; E,; and E,,, denote the energies of
isolated o-GY and h-BN(a-BNy) with the identical lattice
constant like the heterostructures, respectively.

3. Results and discussion

To reduce lattice mismatch, the rectangular unit cell of a-GY
and h-BN was chosen during constructing the a-GY/h-BN, as
shown in Fig. 1(a and b). Specifically, the rectangular unit cell of
(3 x 1) a-GY sited on a rectangular unit cell of (5 x 5) h-BN
substrate contains 148 atoms and could successfully match
with the lattice mismatch 3.78%, which is acceptable in
a theoretical investigation. The lattice mismatch more than 4%
for graphene on Cu (111) surface has been researched in
previous work.? Moreover, moiré patterns of graphene
disposed on Ir (111) with the lattice mismatch ~10% were
presented using scanning tunneling microscopy.*® As shown in
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Fig. 1 The supercell of (a) &-GY, (b) h-BN, and (c) a-BNy. The green
and purple dashed lines delineate primitive cell and rectangular unit
cell, respectively. Top and side views of (d) a-GY/h-BN and (e) a-GY/a.-
BNy.

Fig. 1(c), the lattice constant of the relaxed (1 x 1) a-BNy with
the primitive cell, @ = 7.11 A, is quite close to that of (1 x 1) a-
GY, and the comparable value with the previous study demon-
strates the feasibility of our calculations.* The lattice mismatch
is subject to only 2%. Six emblematic configurations were
considered respectively for two kinds of heterostructures. The
detailed structural properties of these configurations were listed
as Tables S1 and S2 in ESLf It can be seen that the lattice
constants of the most stable structure are a = 20.91 A, b = 12.07
A for a-GY/h-BN and a = b = 6.97 A for a-GY/a-BNy, respectively
corresponding to the minimum binding energies of —121.64
and —66.37 meV per atom. The negative binding energies reveal
the heterostructures are more stable than the corresponding
monolayers.>** In the following content, the most stable het-
erostructures will be clarified.

The optimal schematic configurations were represented in
Fig. 1(d and e). As shown in Fig. 1(d), the prominent fluctua-
tions in the top and bottom layers of a-GY/h-BN respectively are
of 1.47 and 3.16 A, which may originate from lattice mismatch.>
To obtain the most stable heterostructure, the lattice constant
of h-BN is compressed by 3.75%, which brings distinct inter-
layer interaction in different positions. Nevertheless, there are
barely vital wrinkles (<0.35 A) in two monolayers of a-GY/a-BNy
(Fig. 1(e)). Such a magnitude of fluctuation has been found in
B;CN,/BN, and it could keep the planar atom framework.**
Given the loose arrangements of the atoms between a-GY and h-
BN monolayers, it is difficult to construct various stacking
modes. However, the structural similarity between a-GY and a-
BNy gives rise to nearly perfect atomic matching in a-GY/a-BNy
and, thus the different stacking modes should be considered.
Due to the difference of sublattices between a-GY and «-BNy,
the atoms were marked as Fig. S1 in ESLT Specifically, six
different stacking modes, AA1, Ab1, Aal, AB1, ab1, and aal,

This journal is © The Royal Society of Chemistry 2019
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were constructed similar to bilayer «-GY,** and labeled as C-B
condition. Obviously, exchanging the position of boron and
nitrogen, the other six stacking modes, AA2, Ab2, Aa2, AB2, ab2,
and aa2, were reconstructed, correspondingly labeled as C-N
condition. It is found that AA1 is identical to AA2 because of the
periodicity of the lattice structure, so they are collectively called
AA stacking mode. Therefore, we considered eleven distinct
stacking modes for a-GY/a-BNy (see Fig. S1 in ESIT). After full
relaxation, all stacking modes have no meaningful bend, and
the most stable stacking modes are Ab1 and Ab2 for two cases.
Furthermore, the binding energies of the different stacking
modes show a very small difference, demonstrating that they
may coexist. Thus, the different stacking modes will be
considered in the following.

The interlayer distance of two heterostructures presents
a great difference with the corresponding values of 1.69 (see
Table S1 in ESIf) and 2.87-3.35 A (Table 1), respectively. This
implies that it relies not only on the substrate material but also
on the stacking mode. Moreover, the interlayer distance
increases roughly with the increase of overlapping atoms in
these stacking modes, and the slight change suggests the
presence of a substantial repulsive Pauli interaction.* In addi-
tion, the value of the interlayer distance is more than the sum of
the covalent atom radius, beyond the bonding range. Hence,
there exists weak interlayer interaction, such as vdwW
interaction.

The band structures were calculated for the isolated a-GY, h-
BN, and «-BNy monolayer, as well as all heterostructures. For
two unit cells of isolated «-GY monolayers, the valence and
conduction bands touch in a single point around Fermi level
(Fig. 2(a and d)), showing that a-GY is semimetal. Note that the
K point of the isolated a-GY monolayer with the rectangular unit
cell is folded into the I" point because of the BZ folding. For the
isolated h-BN and «-BNy monolayer, the wide gaps respectively
arise with the values of 4.68 and 4.21 eV (Fig. 2(b and e)),
indicating that both h-BN and o-BNy are insulators. These
results are coincident with the results reported,”*****” which
implies that the accuracy of our calculation.

With a view to the possibility of the practical applications,
the most stable stacking modes, Ab1 and Ab2, were illuminated
in detail for a-GY/a-BNy. The band structures of the hetero-
structures were shown in Fig. 2(c, f and g). It can be seen that
the band structures seem to be a simple superimposed of each
constituent apart from an apparent downward movement of the
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whole o-BNy. The trend of the corresponding band of a-GY is
retained near Fermi level, while that of h-BN and a-BNy is far
away from Fermi level. This is in accord with the weak interlayer
interaction as mentioned above. Interestingly, the valence and
conduction bands repulse each other, forming the significant
band gaps of 10.6, 27.5, and 16.0 meV for a-GY/h-BN, Ab1-, and
Ab2-stacking of o-GY/a-BNy (insets of Fig. 2(c, f and g)),
respectively. It indicates that all these heterostructures realize
the transformation from semimetal to semiconductor. The
band gap opening shows the sublattice symmetry has been
broken. Meanwhile, the characteristic Dirac band around K
point and thus its high carrier mobility of a-GY is retained on a-
BNy substrate. In contrast, its band structure changes into the
parabolic around I' point on h-BN substrate. In view of the
meaningfulness of the tunable band gap for the applications in
nanoelectronics and nanophotonics, we calculated the band
gaps as a function of the interlayer distance (shown in Fig. 3). It
is obvious that the band gap gradually decreases with the
increasing interlayer distance for two heterostructures, which is
similar to graphene on hexagonal boron nitride.* The distinct
variation indicates that changing the interlayer distance can
pave a path for manipulating the band gap.

Considering the fact that the PBE method generally under-
estimates the energy gap, we adopted the hybrid functional
calculations based on the HSE06 functional to calculate the gap
values. Due to the high computational cost and long compu-
tational time, this method was just carried out to correct the
band gap of a-GY on a-BNy substrate, whereas the PBE method
was used to forecast the trends of the band structures of a-GY
on h-BN substrate on account of the larger geometric
construction. It is found that the energy gaps respectively
increase to 77.5 and 20.9 meV for Ab1-and Ab2-stacking modes,
both of which are larger than the corresponding values of 27.5
and 16.0 meV in PBE method. Note that the gap of the Ab1
stacking mode is well above KgT at room temperature and thus
could resist the thermal fluctuations of the excitations,*® while
the linear band dispersion is still unchanged. The band gap
opening of a-GY is larger and more significant for Ab1 stacking
mode, comparing to that of Ab stacked bilayer a-GY with 29
meV in previous research.* Clearly, the significant great band
gap combined with the high carrier mobility is favorable to its
potential applications in nanoelectronic devices.

As widely applied in previous studies,"”** the band structure
can be approximatively comprehended by tight-binding

Table 1 Structural properties of a-GY/a-BNy with different stacking modes in C-B and C-N conditions

C-B AA1 Ab1 Aal AB1 ab1 aal
Binding energy (meV per atom) —66.36 —69.75 —69.60 —69.56 —69.16 —69.10
Interlayer distance (A) 3.35 3.34 2.98 2.91 2.98 2.91
C-N AA2 Ab2 Aa2 AB2 ab2 aa2
Binding energy (meV per atom) —66.36 —70.01 —69.35 —69.54 —69.10 —69.16
Interlayer distance (A) 3.35 3.20 3.05 2.87 2.91 2.94

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Band structures of (a) the isolated a-GY monolayer with the rectangular unit cell, (b) the isolated h-BN monolayer, (c) a-GY/h-BN, (d) the
isolated a-GY monolayer with the primitive cell, (e) the isolated «-BNy monolayer, (f) Abl stacking mode of a«-GY/a-BNy, and (g) Ab2 stacking
mode of a-GY/a-BNy. The insets are band structures around the Fermi level. The horizontal dashed lines represent that the Fermi level is shifted

to zero.

approximation and the electronic dispersion relation can be
approximately represented via

E(k) = £(4*/4+(hvek)*)'? (2)
where A, vg, and k respectively are Planck constant, Fermi
velocity, and wave vector, and 4 is onsite energy difference
between two sublattices, regardless of small anisotropy.***° For
original a-GY, the two sublattices offer identical onsite energies,
namely 4 = 0, leading to gapless band spectrum. However, in
the heterostructures, the charge redistribution breaks sub-
lattice symmetry, and thus the onsite energies are no longer
equivalent, namely 4 # 0, which induces a finite gap.

Furthermore, the loose arrangements indicate that no corre-
sponding atoms exist in a-GY and h-BN monolayers, which
leads to the weak interlayer interaction. On the contrary, the
corresponding atoms reside in «-GY and o-BNy monolayers
implying relatively strong interlayer interaction.** Nevertheless,
taking into account the distinction of B and N atoms and the
arrangement of two monolayers, the o-BNy substrate would
introduce disparate chemical environments for a-GY monolayer
in two different stacking modes. As known that disparate
chemical environments would result in different interlayer
interactions and thus the divergence of the opening band
gaps.*” Specifically, the electronegativities of N, C and B atoms
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Fig.3 The band gaps as a function of the interlayer distance of (a) a-GY/h-BN, (b) Ab1 stacking mode of a-GY/a-BNy, and (c) Ab2 stacking mode

of a-GY/a-BNy.
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are with the trend of N > C > B. Therefore, due to the C atoms of
the upper layer are just on top of major N or B atoms for Ab1- or
Ab2-stacking modes, the relatively stronger interaction would
arise in Ab1 stacking mode compared with Ab2 stacking mode.
Consequently, the opening band gap of Ab1 stacking mode is
larger than that of Ab2 stacking mode. The trend of opening
band gap is Ab1 stacking mode > Ab2 stacking mode > a-GY/h-
BN. These results reflect the fact that the response of the band
structures is substrate- and stacking sequence-dependent.

Projected density of states (PDOS) offers an effective way to
comprehend the nature of the band structure. As shown in
Fig. 4, the conduction band minimum (CBM) and valence band
maximum (VBM) are contributed by the 2p, orbitals of C atoms,
whereas the 2p,,, of C atoms, B and N atoms are barely
contributions for two heterostructures. In contrast, the valence
bands mainly root in the N atoms, while the conduction bands
are mainly due to B atoms and 2p,,, orbitals of C atoms. To
further analyze the band structure, the band-decomposed
charge density of CBM and VBM at I" point for h-BN substrate
and K point for a-BNy substrate was plotted in insets of Fig. 4. It
is clear that both the CBM and the VBM wave functions locate in
the a-GY monolayer. These results coincide with the conclu-
sions mentioned above, which is revealed by the electronic
band spectrum.

Besides, it is found that different substrates also have some
unique phenomena. In the case of a-GY/h-BN, the bands are
split due to the interlayer coupling. In addition, the Fermi level
shifts upwardly to the conduction band, showing slight n-type
self-doping phenomenon. Specifically, there exist charge
carries in the neutral state, which renders an advantage for its
application in nanoelectronic devices. Utilizing the Bader
charge analysis**** (see Table S3 in ESI}), the slight negative
electron resides in the a-GY layer, which leads to the n-type self-
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Fig. 4 Total DOS and PDOS of (a) a-GY/h-BN, (b) Abl stacking mode
of a-GY/a-BNy, and (c) Ab2 stacking mode of a-GY/a-BNy. The insets
represent the corresponding band-decomposed charge densities for
the VBM (left) and CBM (right). The blue, pink, and gray balls are N, B,
and C atoms, respectively.
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doping phenomenon and verifies the weak interlayer interac-
tion. For different stacking modes of a-GY/a-BNy, their band
structures represent linear dispersion relation except that AA
stacking mode shows the parabolic band structure (see Fig. S2
and S3 in ESIf). As reported that the asymmetric quantum
confinement effect induced by the disparate coupling strengths
in the different stacking modes could be the cause of discrepant
electronic dispersions.*® Among all these modes, the band gap
reaches 64 meV for AA stacking mode, whereas it is only 2.9 and
3.9 meV for AB1 and AB2 stacking modes, respectively. It can be
concluded that the stacking method plays a vital role in the
band gap. If the stability of AA stacking mode can be confirmed,
this is beneficial to its electronic applications.

To understand the mechanism of the charge transfer, plane-
averaged electron density difference along the direction
perpendicular to the heterostructures is investigated. It can be
gained by

Ap = pn — Pm1 — Pm>2 (3)

where pn, pmi1, and pn, denote total electron density for the
heterostructures, the isolated a-GY, and the isolated h-BN(a-
BNy), respectively. As shown in Fig. 5(a—c), the electron density
around o-GY is no longer equivalent due to the charge redis-
tribution. For a-GY/h-BN, the obvious charge accumulation
emerges in the peak of the wrinkled h-BN, while there exists the
obvious charge accumulation in the peak and charge depletion
in the valley for the wrinkled o-GY (Fig. 5(a)). Moreover, the
notable electron accumulation even exists in the interlayer
region for a-GY/a-BNy (Fig. 5(b and c)). These results imply that
although the vdW interaction is relatively weak, it still induces
the efficient charge transfer between o-GY and h-BN or a-BNy.
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Fig. 5 Plane-average electron density difference plot of the hetero-
structures along the Z axis. (a) a-GY/h-BN. (b) Abl stacking of a-GY/a.-
BNy. (c) Ab2 stacking of a-GY/a-BNy. The vertical dashed lines indicate
the position of the C atoms in a-GY monolayer, and the B and N atoms
in h-BN or a-BNy monolayer, respectively. The yellow and cyan areas
represent electron accumulation and depletion, respectively. The blue,
pink, and gray balls are N, B, and C atoms, respectively.
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Hence, the inhomogeneous charge distribution and the charge
transfer in two monolayers contribute to the nonuniform onsite
energy and, thus the gap is opened in the heterostructures.'”*°

4. Conclusions

In conclusion, using first-principle calculations based on DFT
with the PAW method, we investigated the electronic properties
of a-GY/h-BN and a-GY/a-BNy heterostructures. Owing to the
negative binding energy and the acceptable lattice mismatch,
the stability of the heterostructures were demonstrated. The
results imply that Ab1- and Ab2-stacking modes are the most
stable structures for a-GY sited on o-BNy substrate. Obvious
band gaps have been respectively opened with 10.6, 27.5, and
16.0 meV for «-GY/h-BN, Ab1-, and Ab2-stacking mode of a-GY/
a-BNy, the difference of which is contributed to the distinct
arrangements of structures and electronegativities of elements
in the heterostructures. It is found that the band gap of a-GY
respectively increases to 77.5 and 20.9 meV for Ab1- and Ab2-
stacking mode of a-GY/a-BNy by utilizing the more accurate
HSEO06 functional calculations. Moreover, the characteristic
Dirac band of «-GY is retained in a-GY/a-BNy, while changes
into the parabolic band in «-GY/h-BN. Particularly, for Ab1
stacking mode of a-GY/a-BNy, the band gap significantly greater
than KpT at room temperature and the linear band dispersion
signify its potential applications in nanoelectronic devices.
These results indicate that the electronic properties of o-GY are
sensitive to the substrates and stacking orders. In addition, the
band gap can be modulated by changing the interlayer distance,
which is an alternative strategy in the applications. The varia-
tion of the band structure origins from the symmetry breaking
in the two sublattices of a-GY, which is driven by the charge
redistribution. Our results can offer a significant theoretical
foundation for the potential applications of a-GY in nano-
electronic devices where the finite band gap and high carrier
mobility are required.
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