
Commun. Theor. Phys. 65 (2016) 99–104 Vol. 65, No. 1, January 1, 2016

Electrical Investigation of Armchair Graphene-Graphdiyne-Graphene Nanoribbons

Heterojunctions

B. Ghanbari Shohany, M.R. Roknabadi,∗ and A. Kompany

Department of Physics, Ferdowsi University of Mashhad, Mashhad, Iran

(Received April 27, 2015; revised manuscript received July 7, 2015)

Abstract In this study, the structural and electronic properties of armchair graphdiyne nanoribbons, which have
different widths are studied using the first principle calculation. The results indicate that all studied AGDYNRs show
semiconducting behavior in which the band gap values decrease with the increase of nanoribbons width. The electronic
and electrical properties of the graphdiyne sandwiched between two graphene nanoribbons are also investigated. The
findings of our study indicate that among 4 investigated n-G-GDY-G-NR structures, the highest current is calculated
for n = 3 (3-G-GDY-G-NR), due to phase transition.
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1 Introduction

Carbon is a unique element in its ability to form the

most allotropes in nature.[1] It has been suggested as a

promising candidate for use in next generation of elec-

tronic and optoelectronic devices. Since, ordinary carbon-

based structures such as diamond, graphite and graphene

are not semiconductors; therefore many efforts have been

devoted to find new carbon-based structures and investi-

gate their electrical properties. Graphdiyne (GDY) was

predicted to be semiconductor, around 20 years ago.[2] It

is believed that graphdiyne with tunable structural and

electronic properties could be applied in fabrication of

transistors and other electronic devices.[3−4] As shown in

Fig. 1, graphdiyne is a two-dimensional structure possess-

ing both sp and sp2-hybridized carbon atoms. The pres-

ence of the diacetylenic linkages introduces a wide variety

of electronic and transport properties.[5]

In order to build graphdiyne-based devices, theoretical

research on the band gap modulation of graphdiyne can be

helpful to the related experimental studies.[3] In compar-

ison with graphene, GDY has numerous interesting prop-

erties, such as high pi-conjunction, uniformly distributed

pores, much smaller density, tunable electronic properties,

extreme hardness, high thermal resistance and electrical

conductivity, which could be attributed to both sp and

sp2-hybridized carbon atoms and its natural holes.[4,6−7]

The electronic structure of graphdiyne has been studied

by researchers using different computational approaches.

It has been concluded that graphdiyne behaves as a semi-

conductor with a direct band gap at Γ point in a range of

0.46 eV to 1.22 eV, depending on the applied method and

the exchange-correlation functional.[7]

After successful synthesis of graphdiyne by Li et al.,[8]

the electrical, mechanical, optical and magnetic proper-

ties of graphdiyne-based nanostructures have been stud-

ied, mostly theoretically.[6,9−11] For example, Li et al.

showed that GDYNRs are stable at room temperature

and the carrier concentration of Au- and Cu-decorated

4-AGDNR with 0.5% doping ratio is close to the car-

rier concentration of the graphene.[3] Pan et al. demon-

strated that the band gaps of graphyne and graphdiyne

nanoribbons decrease as the width of the nanoribbons

increase. Also, they showed that these nanoribbons ex-

hibit semiconducting behaviour with the band gaps in

the range of 0.54 eV–0.97 eV for armchair and 0.7 eV–

1.65 eV for zigzag GDYNRs.[9] Furthermore, the band gap

of graphdiyne nanoribbons can be controlled by either rib-

bon width or electric field.[12] The results of Kang et al.

indicated that the band gap value decreases by increasing

the field strength and a semiconductor-metal transition

would occur below a threshold value.[11] In addition, the

applications of graphdiyne for energy storage,[13−14] and

its use as anode material in batteries[15] have also been

reported. Despite several works already performed, still

more studies on the electrical properties of graphdiyne are

needed.[10]

Up to now, structural,[16−20] electronic,[3,9,21−25] opti-

cal,[26] mechanical[10,27−31] and magnetic[6] properties of

graphdiyne family have been studied. To our knowledge,

very little research has been done to investigate the elec-

trical transport properties of graphdiyne nanoribbons The

electrical properties of graphdiyne are of considerable in-

terest, particularly because of the electron transport prop-

erties, which may be useful in creating higher perfor-

mance transistors than are currently available. There-

fore, this paper investigates electrical properties of arm-
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chair graphene-graphdiyne-graphene nanoribbons hetero-

junctions (G-GDY-G-NRs). In this study, first-principle

calculations are applied to determine the electronic prop-

erties of armchair graphdiyne (AGDYNRs) and armchair

graphene-graphdiyne-graphene nanoribbons (G-GDY-G-

NRs) with different widths. The effect of width on the

electronic and electrical properties is also determined. The

results confirmed that the band gap of graphdiyne is ad-

justable by changing the width of nanoribbons

Fig. 1 Structure of graphdiyne sheet (a) and its unit
cell (b).

2 Computational Method

Investigation of the atomic structure and electronic

properties of graphdiyne nanoribbons were performed

using density functional theory (DFT) calculations via

SIESTA package, based on localized linear combination

of numerical atomic-orbital (LCAO). The generalized gra-

dient approximation (GGA) of Perdew–Burke–Ernzerhof

(PBE) for the exchange-correlation functional was used for

the electron–electron interactions. The k-grid sampling of

1× 1× 5 for the graphdiyne nanoribbons, together with a

mesh cutoff of 200 Ry were used in the calculation. A vac-

uum layer of 20 Å was used for structure optimization and

for energy band calculation. Only the armchair nanorib-

bons (n = 1, 2, 3, 4) with diacetylene terminations were

investigated. The dangling bonds at the edges were sat-

urated with hydrogen. Then, all these armchair nanorib-

bons with different widths were optimized until the total

atomic forces were converged to less than 0.01 eV/Å.

For electrical properties, calculations were carried out

via the non-equilibrium Green’s function method [NEGF]

as implemented in the TranMain code of OpenMX pack-

age. For a bias voltage applied on the system, the current

was calculated from the corresponding Green’s function

and the self-energy by Landauer–Buttiker formula:[32]

I(V ) =
e

~

∫ +∞

−∞

{T (E, V )[fL(E, V ) − fR(E, V )]}dE ,

where T (E, V ) is the transmission coefficient at energy

E and under bias voltage V . fL and fR are the Fermi–

Dirac distribution functions of the left and right elec-

trodes, respectively.[3,33]

3 Results and Discussion

3.1 Structural and Electronic Properties

Figure 2 shows the configurations of 1–4 armchair

graphdiyne nanoribbons used in this study. The results

reveal that the lattice constant is a = 9.49 Å, which is

consistent with the previous studies.[7,17−21] C-C bond

lengths in hexagons (C6) and in diacetylenic linkages are

not equal, implying that C–C hybridization in C links

of graphdiyne are different. This difference leads to the

greater structural flexibility of GDYs in comparison with

graphene.[7] The optimized bond lengths of AGDYNRs

are given in Table 1.

Table 1 The optimized bond lengths of armchair
graphdiyne nanoribbons.

Bonds type Optimized lengths/Å

= C = C = 1.43

= C − C = 1.40

−C ≡ C− 1.24

≡ C − C ≡ 1.35

Fig. 2 (Color online) Structure of armchair graphdiyne
nanoribbons (blue color) saturated via hydrogen (pink
color) after optimization.

The energy band gap of 1-4-AGDYNRs and the total

density of states (DOS) are plotted in Fig. 3. It can be

seen that Fermi level is chosen as zero point. AGDYNRs

are semiconductors with direct transition at the Γ and X

points of the first Brillouin zone. The obtained band gaps
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of 1-4-AGDYNRs are 1.2 eV, 0.9 eV, 0.75 eV, 0.7 eV, re-
spectively. The gap of AGDYNRs occurs at Γ point in
the first Brillouin zone, so this gap is mainly affected by
the states adjacent to Γ point, which are not located close
to the boundary states in the Brillouin zone. The local-
ized states are appeared in 1-AGDYNR due to quantum
confinement and edge effect. As it can be observed in
Fig. 3, the band structure and DOS curves match with
each other. Also the density of states (DOS) at the Fermi
level is zero, showing the semiconducting behavior of the
nanoribbons. DFT calculations reveal that the density
of electronic states around the Fermi level increases with
increasing the width of the nanoribbon.

Fig. 3 The energy bands and total density of states
(DOS) of armchair graphdiyne nanoribbons.

As shown in Fig. 4, due to the quantum confinement
effect, the band gap of AGDNRs is clearly width depen-
dent and decreases as the width of graphdiyne increases.
This result is consistent with some other reports.[9]

Fig. 4 Variation of band gap energy (eV) versus n-index
for armchair graphdiyne nanoribbons.

For further investigation of the bonding types, the
density of states was projected onto the atomic orbitals
(Px, Py, Pz). Figure 5 depicts the PDOS of armchair
graphdiyne nanoribbons. The electronic states near the
Fermi level are contributed by Pz orbital, therefore the
bonding is mainly π type. The spectra of graphdiyne in-
cludes deeply located σ-type bands, while the low-energy
π(π*) bands form the edges of the gap. These results are
in agreement with the previous calculations.[3,7,9]

Fig. 5 Projected density of states (PDOS) of armchair
graphdiyne nanoribbons.

The heterojunctions of armchair graphene-graphdiyne-
graphene nanoribbons, as shown for 1-G-GDY-G-NR in
Fig. 6, were constructed and relaxed. The electronic band
structures of 1-4 armchair graphene-graphdiyne-graphene
nanoribbons are plotted in Fig. 7. The Fermi energy is
taken as zero point. For 1-4-G-GDY-G nanoribbons, band
gap oscillations are found as a function of the nanoribbon
width, similar to graphene nanoribbons.[34] The gap value
becomes smaller as the ribbon width increases until the
valence and conduction bands overlap at the Fermi level
in 3-G-GDY-G ribbon, and then with increasing the width
to n = 4, the gap appears again.

As a result, band gaps in n-AGDYNRs would be larger
than those in n-G-GDY-G-NRs with similar n.
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Fig. 6 Structure of n = 1 armchair graphene-graphdiyne-graphene heterojunctions (a) before (b) after optimiza-
tion.

Fig. 7 The electronic band structures of armchair graphene-graphdiyne-graphene nanoribbons.

3.2 Electrical Properties

For manufacturing electronic devices such as field

effect transistor (FET), the electrical investigation of

armchair graphene-graphdiyne-graphene nanoribbons is

needed. A study of the conductance through a pristine

nanoribbon within the framework of the Landauer for-

malism is presented in this section. The transport prop-

erties are obtained using the NEGF method, where the

Hamiltonian matrix is generated through DFT. For the

electron transport, the TranMain code of Open MX pack-

age is used. As shown in Fig. 6, the system is divided in

three parts: left electrode, central region, and right elec-

trode. It is assumed that the electrodes coupled only with

the central region.

Figure 8 illustrates the calculated current of G-GDY-

G-NRs at bias voltages in the range of zero to 2 V. As

the Fig. 8 shows, below a threshold voltage the current

is almost zero and for higher voltages it remarkably in-

creases. The obtained results indicate that the current

decreases by increasing the width of the nanoribbons, due

to the increase of electron scattering. But 3-G-GDY-G-

NR shows the highest current because of phase transition.

This result is in agreement with the oscillation of band

gap.

Fig. 8 I-V curve of armchair graphene-graphdiyne-
graphene heterojunctions.

For better understanding the behavior of I–V charac-

teristic, the transmission curves are presented for the 1-G-
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GDY-G-NRs at V = 0 V, 1 V, 2 V in Fig. 9. By increas-

ing the applied voltage, the bias window [−eV/2, +eV/2]

is opened and different transmission peaks contribute in

the transport of 1-G-GDY-G-NRs. With an increase in

the applied voltage, the valence band (π band) in the left

electrode overlaps with the conduction band (π* band) in

the right electrode within the bias window. So the elec-

trons in the valence band of the left electrode are allowed

to be transmitted to the conduction band of the right one.

Thus transmission peaks arise around the Fermi level, as

can be seen in Fig. 9. The transmission coefficient in the

bias window increases by increasing the bias voltage. As

a result, the current, that is determined by the integral of

T (E, V ) over the bias window, increases.[35−36]

Fig. 9 Transmission spectra of 1-G-GDY-G-NR at different bias voltages.

4 Conclusion

In summary, via ab initio study, it is shown that arm-

chair graphdiyne nanoribbons possess notable structural,
electronic and electrical properties. The lengths of C-C

bonds are not equal; therefore graphdiyne has greater
structural flexibility in comparison with graphene. Re-
garding the electronic properties, all studied graphdiyne

nanoribbons are semiconductors with the tunable direct
band gap at Γ point. Due to the quantum confinement

and edge effect, the band gap of studied AGDNRs de-
creases as the width of graphdiyne increases. The pro-

jected density of state shows that the electronic states

near the Fermi level are contributed by Pz orbital and

therefore the bonding is mainly π type. In addition, the

results showed that the electrical transport properties of

the armchair graphene-graphdiyne-graphene nanoribbons

are affected by the width of nanoribbons. By increasing

the width, the current decreases because of increase of

electron scattering, but the G-GDY-G-NR with n = 3 has

the highest current, in comparison with n = 1, 2, 4, due to

phase transition.
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