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Stimulated by the recent experimental synthesis of a new layered carbon allotrope—graphdiyne film, we
provide the first systematic ab initio investigation of the structural and electronic properties of bilayer
and trilayer graphdiyne and explore the possibility of tuning the energy gap via a homogeneous
perpendicular electric field. Our results show that the most stable bilayer and trilayer graphdiyne both
have their hexagonal carbon rings stacked in a Bernal way (AB and ABA style configuration,
respectively). Bilayer graphdiyne with the most and the second most stable stacking arrangements have
direct bandgaps of 0.35 eV and 0.14 eV, respectively; trilayer graphdiyne with stable stacking styles
have bandgaps of 0.18-0.33 eV. The bandgaps of the semiconducting bilayer and trilayer graphdiyne
generally decrease with increasing external vertical electric field, irrespective of the stacking style.
Therefore, the possibility of tuning the electronic structure and optical absorption of bilayer and

trilayer graphdiyne with an external electric field is suggested.

Due to the unique ability of carbon to form a wide range of
structures, tremendous effort has been devoted to the discovery
and study of novel carbon allotropes during the past 20 years.
Numerous new important members such as zero-dimensional
fullerene,' quasi-one-dimensional carbon nanotube® and two-
dimensional graphene® have been synthesized and added to
the carbon family. It is believed that highly conjugated, carbon-
rich organic molecules with its tunable structural and opto-
electronic properties can perform as promising candidates for
applications in the next-generation electronic and optoelectronic
devices.*” Recently, a new carbon allotrope-graphdiyne has
been fabricated as low dimensional nanostructures in forms of
large-area-multilayer film,®° nanotubes,'® and nanowires.'* The
geometrical structure of monolayer graphdiyne is demonstrated
in Fig. 1(a). Since it contains two sp hybridized acetylenic
linkages between neighboring benzoic rings, graphdiyne was
predicted to be one of the “most stable diacetylenic carbon
allotropes” with extreme hardness, high thermal resistance and
conductivity and synthetic approachability.® Density functional
theory (DFT) calculations predicted that monolayer graphdiyne
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is a semiconductor with a direct bandgap of 0.44,% 0.46,'* or
0.53 eV® at the I' point. Remarkably, the calculated electron
mobility of monolayer graphdiyne is up to 10° cm? V-' s7! at
room temperature,’? which is close to the value of graphene,'*
while the measured mobility of synthesized graphdiyne
nanowires is 7.1 x 10> cm® V™! s7!' at room temperature.'* In
addition, the experimental conductivity of multilayer
graphdiyne films and graphdiyne nanowires is 2.516 x 10~* and
1.9 x 10° S m™!, respectively, typical of a semiconductor.
Therefore, the future potential application of graphdiyne in the
realm of nanoelectronics and photoelectronics is highly
anticipated.

With the progress in the study of the monolayer
graphdiyne, it is natural and necessary to turn our attention to
the few-layer systems of this carbon allotrope, especially the
bilayer and trilayer ones. Various stacking manners exist when
two and three monolayer graphdiyne are stacked together, and
the electronic structures of bilayer and trilayer graphdiyne may
depend on the stacking manner. Thus, the most stable stacking
manner of bilayer and trilayer graphdiyne should be clarified.
Since it is well known that the bandgap of few-layer systems,
like bilayer graphene, can be tuned by applying a verti-
cal external electric field," it is interesting to explore the tuning
of the electronic structure of bilayer and trilayer graphdiyne
with a similar method. In this work, we first investigate the
stability of different stacking manners and their relevant elec-
tronic structures (mainly about effective mass, and electron
mobility), and then the possible bandgap engineering via
perpendicular electric field in bilayer graphdiyne by using
a DFT method. Finally these studies are extended to trilayer
graphdiyne.

3990 | Nanoscale, 2012, 4, 3990-3996

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2nr12026g
http://dx.doi.org/10.1039/c2nr12026g
http://dx.doi.org/10.1039/c2nr12026g
http://dx.doi.org/10.1039/c2nr12026g
http://dx.doi.org/10.1039/c2nr12026g
http://dx.doi.org/10.1039/c2nr12026g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR004013

Published on 08 May 2012. Downloaded by South University of Science and Technology of China (SUSTC) on 11/23/2018 3:20:50 AM.

View Article Online

r M K r

Fig. 1 (a) Geometrical structure of single graphdiyne sheet where the unit cell is drawn with a dashed line. The lower right corner shows the in-plane
Brillouin zone of graphdiyne with high-symmetry points labeled. It also represents the projection of both the AA and the AAA stacking arrangement
structures of bilayer and trilayer graphdiyne onto the lattice plane. (b) Band structure of monolayer graphdiyne given by DFT-GGA calculation with

dispersion correction.

In this article, all DFT calculations are performed based on
the PW91 form of generalized gradient approximation (GGA)
for exchange-correlation functional from Perdew and Wang'®
with the inclusion of dispersion correction proposed by Ort-
mann, Bechstedt, and Schmidt.'” Considering the significant
role of long-range interlayer interaction in determining the
graphdiyne structure and binding energy, this corrected DFT
method is expected to give more reliable results than pure DFT
method since it provides a dramatic improvement over pure
DFT or pure forcefield methods in terms of the structure
description and energies for molecular crystals.'”® Geometry
optimization is performed by using all-electron triple numerical
basis set plus polarization (TNP) implemented in the DMol?
package'®*® with a force tolerance of 0.001 eV Al per atom. A
12 x 12 x 1 Monkhorst-Pack®' k-point mesh is applied to
sample the Brillouin zone. Our test shows that the optimized
lattice constant and interlayer distance of graphite by this cor-
rected DFT method is 2.457 and 3.340 A, respectively, which
are in good agreement with the experimental values of 2.46 and
3.33 A, respectively.?

The graphdiyne models are simulated within a supercell where
the nearby out-of-plane distance between neighbor supercells is
set to be larger than 40 A to avoid the discontinuity of the applied
potential and the spurious interactions. The electric field in
calculation is characterized as a sawtooth potential along the z
direction with its strength ranging from 0 to 1.03 V A-'. Such
a homogeneous field in the region of the graphdiyne layers will be
referred to as E | . The optimized lattice constant of monolayer
graphdiyne is a = b = 9.45 A, in agreement with the previous
theoretical values of 9.38,% 9.44,2* 9.48,'2 and 9.46 A5 This
lattice parameter is fixed in all the calculations considering that
the relatively weak van der Waals (vdW) interaction does not
influence this value much (the validity is confirmed by our full
geometrical optimization tests for the stable configurations of
bilayer graphdiyne) though it is significant to decide the inter-
layer distance.

To find the stable configurations of bilayer graphdiyne under
zero field, we first investigate the optimal relative in-plane
position by shifting the upper layer in the primitive cell with
a fixed layer distance, and then we relax and optimize the layer
distance with the optimized relative in-plane position. Fig. 2(a)
demonstrates the total energy of bilayer graphdiyne as

a function of the relative in-plane position with a fixed inter-
layer distance of 3.40 A (other values of 3.10, 3.30, and 3.50 A
give similar surfaces). In this figure, the origin corresponds to
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Fig. 2 (a) Energy surface as a function of relative in-plane position
specified according to a rainbow-color contour mapping. It is plotted
with 81 different relative positions of the two layers in % primitive cell as
sampling points, then expanded to the whole area using the lattice
symmetry. These sample points are well distributed in the region with the
distance of two points set as 0.59 A. The yellow and red arrows indicate
the most and second most stable in-plane position, respectively. Opti-
mized configurations of bilayer graphdiyne named (b) AB(81) and (c)
AB(32) from top view.

This journal is © The Royal Society of Chemistry 2012
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the AA stacking style and has the highest total energy. Two
nonequivalent energy minima with close energy are demon-
strated by the arrows of different colors, corresponding to two
stable stacking arrangements. We refer to the two most stable
stacking manners as AB(81) and AB(82) (the former is only
0.1 meV per atom more stable than the latter) and show their
structures in Fig. 2(b) and (c), respectively. As far as the relative
position of the hexagonal carbon ring in the two carbon layers
is concerned, the AB(31) configuration resembles that of the AB
stacked graphene while in the AB(82) configuration the
hexagonal ring of the top layer moves along the direction that is
perpendicular to the edge of the lower hexagonal ring by 3.93 A
and is located in the triangle region of the diyne chain. Actually,
the AB(62) configuration resembles the stacking manner of bulk
graphyne with the highest stability.'* As shown in Table 1, with
vdW correction included, the relaxed interlayer distances of
bilayer graphdiyne with the AB(G1) and AB(32) configurations
are | = 3.42 and 3.40 A, respectively, which are comparable with
the calculated interlayer distance of graphyne in its most stable
stacking manner (3.20 /O\)26 and the measured interlayer distance
(3.33 A) of graphite.?” The most unstable AA stacking manner
has a significantly larger interlayer distance of 3.65 A because
the repulsion between the electron clouds of different layers is
maximized in this configuration. In bulk graphyne, the AA
stacked structure also has the largest interlayer distance of
3.51 A5 The interlayer binding energies (the total energy
difference between two free monolayers and the optimized
bilayer structure, abbreviated to BE) of the AB(81) and AB(82)
configurations are quite similar with BE = 29.5 and 29.4 meV
per atom, respectively. These values are about 17% larger than
that of the AA one (see Table 1).

As demonstrated in Fig. 3(a)-(c), the electronic structure of
bilayer graphdiyne is highly sensitive to the stacking mode. The
AB(B1) configuration is semiconducting under zero electric
field, with a direct bandgap of 0.35 eV located on the M-I path
(Fig. 3(a)), which is slightly larger than the largest energy gap
(0.25 eV) of bilayer graphene opened by the electric field.'s®
The AB(B2) configuration is also semiconducting but with
a smaller direct bandgap of 0.14 ¢V at the I" point (Fig. 3(b)).
The most unstable AA stacked structure turns out to be metallic
(see Fig. 3(c)) and the underlying mechanism will be discussed
later. For comparison, the energy band of optimized
monolayer graphdiyne is shown in Fig. 1(b). The resulting

Table 1 Calculated optimal interlayer distance (/), binding energy (BE),
bandgap under zero field (A), and minimum bandgap induced by electric
field within the range of 0-1.03 V A~ (A,;,) of bilayer and trilayer
graphdiyne with different stacking styles?

Stacking style / (A) BE (meV/atom) Ay (eV) A (€V)

Bilayer  AB(1) 342 295 0.35(d) 0.10 (d)
AB(82) 340 294 0.14 (d) 0.08 (d)
AA 3.65 252 0 0

Trilayer ABA(y1) 340 416 033 () 0.05(i)
ABC(y2) 342 414 0.18 (d) 0.05 (d)
ABC(v3) 341 412 0.32() 0.0 (i)
AAA 3.64 339 0 0

¢ d: direct band gap; i: indirect band gap.

bandgap of monolayer graphdiyne (046 eV) 1is in
agreement with those reported in previous works using the DFT
method (0.44,* 0.46,"* or 0.53" and 0.52 eV*) and larger
than those of bilayer graphdiyne. We calculated the energy
bands of bilayer graphdiyne with a certain structure stacked in
the AB(G1) manner with and without vdW correction in the
ESIF to examine its influence and the difference turns out to be
totally negligible. The reason lies in that the vdW correction
that we exploit introduces an additional dispersion energy term
of the form f(R)C¢R ¢ in the total energy,'”?*** where R is the
distance between two atoms and f{R) is the empirical damping
function in the total energy which influence the determination of
stable structures. However, for a given optimized structure,
since the material-specific dispersion coefficient Cg and f{R) are
derived from a fixed set of universal parameters and a fixed
damping procedure®-3? based on previous experimental and
theoretical work,3%3335 the total self-consistent electron
density used in the DFT-GGA calculation is intact and thus the
band structure is intact. We also note that not only the two
most stable bilayer graphdiyne have bandgaps comparable with
three-dimensional graphyne at stable stacking arrangements
(ranging from 0.19 to 0.50 eV'®) but also the AA stacked
graphdiyne resembles the situation of graphyne with the same
configuration: the band structures of both are in-plane
metallic.”

Fig. 3(a) and (b) show the band structures of the two most
stable bilayer graphdiyne under £, = 0.500 eV Al It is found
that their bandgaps are significantly reduced by the external
electric field because of the degeneracy lift near the I" point (the
cause will be discussed later). The bandgap variations of these
two structures as a function of the vertical electric field ranging
from 0-1.03 V A" are plotted in Fig. 4 with the smallest induced
bandgaps given in Table 1. The bandgap of AB(81) mono-
tonically decreases from 0.35 to 0.10 eV while that of AB(52)
decreases from 0.14 to 0.08 eV. The nonmonotonic change of
AB(B2) bandgap curve at £, = 0411 V A is due to the
movement of the bandgap position from the I' point to the M-I’
path. We also consider a configuration with the acetylenic bond
of the top layer stacked over the benzoic ring of the bottom layer.
This configuration is a saddle in the potential surface and it is 0.6
meV per atom less stable than the AB(G1) stacked bilayer
graphdiyne. The band structures of this configuration in different
electric fields are provided in the ESI.¥ The bandgaps are 0.16,
0.12, and 0.11 eV when the external vertical electric fields are 0,
0.500, and 1.000 V A", respectively. Therefore, we reach
a conclusion that regardless of the stacking style, a vertical
electrical field generally reduces the bandgap of a semiconducting
bilayer graphdiyne.

With the parabolic approximation for the band structure of
bilayer graphdiyne near the gap, one can get the effective mass
expression m” = (h/2w)’[0%(k)/0k?]~" at the k point of conduc-
tance band minimum (CBM) and valence band maximum
(VBM). The effective masses under zero field are m", = 0.179m,
and m", = 0.162m, in monolayer graphdiyne, which agree well
with those calculated in previous work reported by Li ef al. (m",,
= 0.172my and m", = 0.162m,),"? m", = 0.240my and m", =
0.148my in bilayer graphdiyne with AB(81) configuration, and
m"y = 0.095mg and m”. = 0.093m, in the AB(82) configuration in
the I'-K direction, where my is the electron mass. As
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Fig. 3 Band structure of bilayer graphdiyne: (a) AB(81) configuration at £, =0 (left)and £, =0.5V A (right), (b) AB(82) configuration at £, =
O(leftyand £, =0.5V A (right) and (c) AA configuration at zero field. The valence band top of the semiconductor and the Fermi level of the metal are
set to zero. The two red boxes in (a) and (b) indicate the two groups of bilayer graphdiyne bands whose energy difference (between the medium energy
value of each group at the I' point) stems from the monolayer LUMO and LUMO+1 interaction.

demonstrated in Fig. 4, with increasing electric field, the effective
masses initially increase and form a sharp peak at low field
strength, and then decrease significantly. The minimum values of
effective mass are found at the field strength which also leads to
the minimum bandgaps, with m", = 0.071mg, m". = 0.060m,
for the AB(B1) configuration, and m", = 0.064m, m". = 0.060m,
for the AB(82) configuration, which are less than half of the
value for monolayer graphdiyne.'> Based on the effective mass
approximation, i.e. carrier mobility u = et/m*, with scattering
relaxation time 7 taken from the value in monolayer graphdiyne
calculated by Li et al. (1.91 ps for hole and 17.49 ps for electron
on average), we estimate the carrier mobilities of monolayer
graphdiyne to be u;, = 1.8 x 10*cm?> V-!'s~'and u. = 1.9 x 10°
cm? V! s7! If we assume that 7 in bilayer graphdiyne is similar
with that in monolayer graphdiyne, the zero-field carrier
mobilities of bilayer graphdiyne are estimated to be u, = 1.3 x
10*cm?> V' s7'and u. = 2.1 x 10° cm? V! s7! for the AB(31)
configuration and u, = 3.5 x 10*cm? V-'s 'and . = 3.3 x 10°
cm? V! s7! for the AB(82) configuration. Given an unchanged ,
the carrier mobilities at the electric-field-induced minimum
effective mass point are approximately w, = 4.7 x 10* cm? V!
s7'and p. ~ 5.1 x 10° cm? V~' s! for the AB(81) configuration
and u, ~ 5.2 x 10*cm?V-'s'and y. = 5.1 x 10°cm? V-!s~! for
the AB(32) configuration.

In our work, trilayer graphdiyne is constructed based on the
assumption that the Bernal stacking mode of the hexagonal rings
is optimal between two adjacent layers. In this sense, three
possible stacking styles labeled as ABA(y1l), ABC(y2), and
ABC(y3) are available and shown in Fig. 5(a)-(c). In the
ABA(y1) configuration, the third and first layer coincide (from
top view), in the ABC(y2) configuration, the hexagonal rings of
the three layers are aligned, and in the ABC(y3) configuration,
the hexagonal ring of the third layer shares the same edge with
that of the first layer. As shown in Table 1, the relaxed interlayer
distances in the ABA(y1), ABC(y2), and ABC(y3) configura-
tions are close with d = 3.40, 3.42 and 3.41 A, respectively, while
the AAA stacked structure gives dramatically larger interlayer
distance of 3.64 A, like AA stacked bilayer graphdiyne. The first
three configurations have quite close binding energy of BE =
41.6, 41.4 and 41.2 meV per atom for the ABA(y1), ABC(vy2),
and ABC(vy3) configuration, respectively. By contrast, the AAA
stacked graphdiyne has a much lower BE of 33.9 meV per atom.

The band structure of trilayer graphdiyne is also stacking-
dependent, as shown in Fig. 6(a)-(d). In zero field, the
ABA(y1), ABC(y2) and ABC(y3) configurations remain
semiconducting. Their main properties are summarized in
Table 1 too. It is found that bandgaps under zero field (Ag) of
the ABA(yl) and the ABA(y3) configurations are quite
close (0.33 and 0.32 eV, respectively) while that of the ABA(y1)
configuration is almost only half (0.18 eV). Like the situation
in bilayer graphdiyne, the most unstable trilayer AAA config-
uration also shows a metallic band structure. In addition, sin-
ce the bandgap of trilayer graphdiyne with the ABA(y1)
configuration is smaller than that (0.35 eV) of the
bilayer structure with AB(G1) stacking style due to the
influence of the added layer, there is a high possibility that
the bandgap will further decrease with more layers stacked in
such a way.

The bandgaps of the three semiconducting trilayer graphdiyne
versus the external electric field are shown in Fig. 6(e). In all three
structures, the bandgaps initially drop significantly with the
increasing field strength as E | is less than 0.308 V A~ and then
change quite slowly. The minimum bandgaps (A;,) differ for
different configurations: A.;, of the ABA(y1) and ABC(y2)
configurations converges to 0.05 eV despite a difference of
0.15 eV in Ag; Api, of the ABC(v3) configuration converges to
a smaller value of 0.01 eV.

In order to explain the changes of the band structure in
different configurations and the effect of the external electric
field, we calculate the molecular orbitals in monolayer graph-
diyne and investigate the influence of the two factors on them.
We demonstrate the electronic structure of monolayer graph-
diyne in Fig. 1(b), where both the CBM and VBM are doubly
degenerate at the I' point. Fig. 7(a) and (b) shows the wave-
functions of the two degenerate levels at the bottom of the
conduction band and we distinguish them by LUMO and
LUMO+1, where LUMO is the abbreviation of the lowest
unoccupied molecule orbital while LUMO+1 means the adjacent
orbital above it. The principle factor responsible for the change
of the bandgaps of different configurations in bilayer and trilayer
graphdiyne is the interlayer mixing of 7t orbitals, which removes
the degeneracy near the I' point. Different overlapping degrees
lead to different distortions of the bands and different opening
up of the bandgap.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Bandgap (by the left scale) and effective mass of carriers (m, and
my, by the right scale) of AB(81) (a) and AB(82) (b) configuration of
bilayer graphdiyne as a function of perpendicular electrical field strength.
Filled squares and circles indicate the calculated m", and m",. In the
AB(B1) configuration, the conductance band minimum (CBM) and
valence band maximum (VBM) are located on the M-I" path while in
AB(B2) configuration, they emerge exactly at the I' point under field
strength of 0.411 V A~! but move to the M—T path when field strength
surpasses this. The latter fact accounts for the sudden increase of its
bandgap shown in the figure.

ABC(Y3)

(a) ABA(V1) (b) ABC(V2) (c)
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Fig. 5 (a)-(c) Three possible configurations of the trilayer graphdiyne
from top view: (a) ABA(y1), (b) ABC(vy2), and (c) ABC(y3) configura-
tions. Three different colors are used to distinguish different layers.

When the AA stacked structure is constructed from two
monolayer graphdiyne, both the LUMOs between the two
layers and the highest occupied orbitals (HOMOs) between
the two layers have the largest overlap of either antibonding (i.e.
the 1 electron wavefunctions of different layers involved in
interaction along their normal direction have different signs),
or bonding (wavefunctions have the same sign), styles exclu-
sively compared with other configurations. This leads to the
strongest interlayer m—m interactions and thus the largest
energy splitting at the I' point for both the VBM and CBM and
consequently causes the metallization of the AA
configuration (Fig. 3(c)). As demonstrated in Fig. 7(c) and (d),
the LUMO-LUMO+1 overlap of two layers at the I' point is
larger in the AB(82) configuration than in the AB(B1)
configuration. More importantly, in the AB(#1) configuration,
half of the overlap is antibonding and half of it is bonding
while the AB(#2) configuration constitutes either mostly
bonding or mostly antibonding. These two factors cause the
coefficient of interaction energy of the I' point orbitals in the
AB(B2) configuration to be larger than that in the AB(B1)
configuration in terms of the linear combination of
atomic orbitals theory (such as the Hiickel molecular orbital
method). Therefore, the energy splitting at the I point
between the LUMO and LUMO+1 groups in the AB(32)
configuration is larger than that in the AB(G1) configuration as
demonstrated in Fig. 3(a) and (b) within the red boxes. Such
a difference leads to a lower energy of the CBM in the AB(32)
configuration and to a large extent accounts for the smaller
bandgap of the AB(62) configuration compared with that of the
AB(B1) configuration.

The tuning of bandgap in bilayer graphdiyne by a vertical
electric field can also be understood with the model of
molecule orbitals. Fig. 8 schematically demonstrates how the
energy gap of bilayer graphdiyne as a result of interaction
between relevant monolayer states is reduced by a vertical elec-
tric field. In the first place, the splitting of the LUMO as well
as HOMO leads to a reduced band gap of bilayer compared
with the monolayer. When the bilayer graphdiyne is subject to
the perpendicular external field directing from the bottom to
top layer (£, > 0 in our model), both the HOMO and LUMO of
the top layer atoms are raised (see Fig. 8(b)). Thus, the
energy difference between the LUMO of the bottom layer
and the HOMO of the top layer is reduced with an
applied electric field. Besides, the splitting of the monolayer
HOMO and LUMO also becomes larger. Consequently, the
bandgap of bilayer structure is lowered under an electric
field. This model can be expanded to a general semiconducting
bilayer. Therefore, it appears that the bandgap of a semi-
conducting bilayer material can always be reduced via a vertical
electric field.

The shapes of the energy bands near the Fermi level in trilayer
graphdiyne generally resemble those of bilayer graphdiyne but
with additional bands (see Fig. 3(a) and (b) and 6(a)—(c)) since
the newly added top layer graphdiyne has a symmetrical envi-
ronment as that of the bottom layer. The mechanism of how their
zero-field bandgaps are formed is similar to the situation in the
bilayer case as shown in Fig. 8(a). But with more monolayer
orbitals involved, the interlayer interactions in the three sampling
trilayer systems are stronger (compared with that in bilayer
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Fig. 6 (a)-(d) Band structure of trilayer graphdiyne configurations of the (a) ABA(y1), (b) ABC(y2), (c) ABC(y3), and (d) AAA configurations under
zero field. (e) Bandgap of these three possible trilayer configuration versus perpendicular electrical field strength.

AB(1) configuration), leading to a larger splitting of the HOMO
and LUMO at the I' point. As a result, the Ag values of the three
sampling trilayer graphdiyne are smaller than that of bilayer
AB(61) configuration.

In addition, the model of the electric effect in semiconducting
bilayer systems can also explain the bandgap reduction of
the semiconducting trilayer. However, the energy
difference between the LUMO of the bottom layer and the
HOMO of the top layer is smaller than that in bilayer because
the distance between the top and bottom layers is larger in the
trilayer than in the bilayer and the energy shift by a vertical
electric field is larger from the U = E x [ relation, where U
is static electric potential and E is the homogeneous electric
field strength. As a result, the bandgap is generally smaller in
a semiconducting trilayer than a bilayer under the same electric
field.

It should be noted that the bandgaps of bilayer and
trilayer graphdiyne provided by DFT are underestimated to
a large extent since the strong electron—electron correlation is not
taken into account. The recent calculations demonstrate that
the band gap of monolayer graphdiyne is corrected from 0.44 to
1.10 eV upon the inclusion of electron—electron correlation.?¢
However, we Dbelieve that the dependence of the
electronic properties on the stacking manner and tunability of

the band gap of bilayer and trilayer graphdiyne with vertical
electric field are robust against the inclusion of electron—electron
correlation though the band gap is subject to a large
enhancement.

In summary, the optimized geometry and electronic band
structures of bilayer and trilayer graphdiyne are calculated
using DFT-GGA method with dispersion correction. We find
that the stacking arrangements showing highest and the
second highest stability for bilayer system are the AB(81) and
AB(f2) configuration, respectively, and among several sampling
trilayer structures the ABA(yl) configuration is the most
stable one. All of these relatively stable structures are semi-
conductor: Dbilayer AB(B1) and AB(82) configurations
possess bandgaps of 0.35 and 0.14 eV, respectively; trilayer
ABA(v1), ABC(v3), and ABC(v2) configurations have bandg-
aps of 0.32, 0.33 and 0.18 eV, respectively. By contrast, the AA
and AAA stacked graphdiyne have the lowest stability in their
categories and are metallic. Under a vertical electric field, the
bandgaps of all the semiconducting configurations generally
decrease with increasing field strength. Such properties if sup-
ported by further experimental evidence will make few-layer
graphdiyne important candidates in the fabrication of tunable
nano-scale high performance FET (Field Effect Transistor) and
optical devices.

This journal is © The Royal Society of Chemistry 2012
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(b) Monolayer LUMO+1

¢) Wavefunction overlap in

(d) Wavefunction overlap in
the AB(B1) configuration

the AB(32) configuration

Fig. 7 Wavefunctions of the (a) LUMO, and (b) LUMO+1 in mono-
layer graphdiyne at the I' point with red and green isosurfaces denoting
different signs of the wave function. Overlap of the LUMO and
LUMO+I electron wavefunctions of the two monolayer graphdiyne with
(c) AB(81) and (d) AB(2) stacking styles. The two yellow boxes indicate
the main overlapped parts (darkened color) within a unit cell.

a) E£=0 b) E£>0
( ) L ( ) + Top layer
LUMO
Bottom layer Top layer Bottom layer
LUMO LUMO LUMO
CBM CBM
E, __________________
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HOMO VBM HOMO HOMO

Fig. 8 Schematic energy diagram for bilayer graphdiyne (a) in zero field
and (b) a small electric field from bottom to top. The energy levels of
monolayers states labeled with “HOMO” and “LUMO” before interac-
tion actually indicate those states at the k points of the bilayer CBM and
VBM.
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