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Electron, phonon, and thermoelectric transport properties of a-, b-, c-, and 6,6,12-graphyne sheets

are compared and contrasted with those of graphene. a-, b-, and 6,6,12-graphynes, with direction

dependent Dirac dispersions, have higher electronic transmittance than graphene. c-graphyne also

attains better electrical conduction than graphene except at its band gap. Vibrationally, graphene

conducts heat much more efficiently than graphynes, a behavior beyond an atomic density

differences explanation. Seebeck coefficients of the considered Dirac materials are similar but

thermoelectric power factors decrease with increasing effective speeds of light. c-graphyne yields

the highest thermoelectric efficiency with a thermoelectric figure of merit as high as ZT¼ 0.45,

almost an order of magnitude higher than that of graphene. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902920]

Graphene and its functionalized forms have many extra-

ordinary physical properties, such as robustness, stability,

flexibility, very high thermal, and electrical conductiv-

ities,1–8 which inspired numerous studies exploring the pos-

sibilities for adapting them for technological applications in

the fields of not only electronics, photonics, and optoelec-

tronics,9–11 but also thermoelectrics and thermal manage-

ment of nano-devices.8,12–18 Recently, it was shown that

other two-dimensional materials can also be stable and that

they widen the potential of two-dimensional materials for

applications.19–22 Of particular importance are graphene-like

carbon allotropes, called graphyne structures composed of

one-atom-thick sheets of carbon atoms but containing sp car-

bon bonds in addition to sp2 hybridized bonds23–25 (see Fig.

1). Indeed, assembled subunits of several graphyne struc-

tures26–28 and another similar graphene allotrope including

triple-bonded carbon linkages, so-called graphdiyne films

and nanoribbons have already been synthesized.29,30

Theoretical calculations have shown that these low-

dimensional structures have unique mechanical,24,31–33 ther-

mal,34,35 optical,36 and particularly electrical37–42 properties

as peculiar as those of graphene. For instance, 6,6,12-graph-

yne, exhibit direction-dependent conductivity due to its elec-

tronic structure possessing two self-doped nonequivalent

distorted Dirac cones.38 On the other hand, c-graphyne has a

direct energy band gap,43,44 which is appealing for electronic

applications.45 Considering that one of the most important

concerns about graphene is the difficulty to manipulate its

electronic conduction due to absence of a band gap, c-graph-

yne was argued to be more suitable for electronics.46 More

recently, thermoelectric properties of graphynes were

reported to have interesting features.35,47,48 Yet, the potential

of graphynes for applications require further investigations.

In this work, electronic, phononic, and thermoelectric trans-

port properties of four types of graphyne structures, namely, a-,

b-, c-, and 6,6,12-graphynes, are systematically investigated

from first principles calculations, and they are compared with

those of graphene. First principles calculations are performed

using the VASP code49,50 which is based on density functional

theory (DFT).51–53 The projector augmented wave pseudopo-

tentials (PAW)54,55 from the standard distribution are incorpo-

rated in the calculations. For electronic exchange-correlation

functional, the generalized gradient approximation (GGA) in its

PBE parametrization56 is used. The electronic band structure

calculations of all materials are carefully converged by tuning

FIG. 1. Schematic representations of a-, b-, c-, and 6,6,12-graphynes. The red

cells represent the corresponding unit cells for each structure and black tetrag-

onal cells represent the conventional cells used in transport calculations.

a)Electronic mail: haldunsevincli@iyte.edu.tr
b)Electronic mail: csevik@anadolu.edu.tr

0003-6951/2014/105(22)/223108/5/$30.00 VC 2014 AIP Publishing LLC105, 223108-1

APPLIED PHYSICS LETTERS 105, 223108 (2014)

mailto:haldunsevincli@iyte.edu.tr
mailto:csevik@anadolu.edu.tr
http://dx.doi.org/10.1063/1.4902920
http://dx.doi.org/10.1063/1.4902920
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4902920&domain=pdf&date_stamp=2014-12-02


the number of Monkhorst–Pack k-point grids.57 The vibrational

frequencies are obtained by using PHONOPY code,58 which

can directly use the force constants calculated by density func-

tional perturbation theory59 as implemented in the VASP code.

Here, 2� 2� 1 (8� 4� 1), 2� 1� 1 (6� 6� 1), 2� 2� 1

(6� 4� 1), and 2� 2� 1 (6� 8� 1), conventional super cell

structures (C centered k-points grids) are considered for a-, b-,

c-, and 6,6,12-graphyne crystals, respectively. For graphene,

28� 28� 1 k-point mesh is used. As the plane wave energy cut

off and total energy convergence criteria, 650 eV and 10�6eV

are used in all simulations and materials, while the force toler-

ance is set to 10�2eV/Å.

Transport calculations are performed at the ballistic

limit. Vibrational thermal conductance is calculated

from60

jph Tð Þ ¼
ð

dx
2p

�hx
@fB x; Tð Þ

@T
T ph xð Þ; (1)

where x is the vibrational frequency, fB stands for the Bose

function, and T ph is the phonon transmission spectrum. For

electrons, we use the functions61

Ln ¼ �
2

h

ð
dE
@fF E; l; Tð Þ

@E
E� lð ÞnT el Eð Þ; (2)

where n is integer, the integral is taken over energy, l is

the chemical potential, T is temperature, fF is the Fermi func-

tion, and T el is the electronic transmission spectrum.

Using Ln, one can define the electrical conductance as

G¼ e2L0, Seebeck coefficient as S¼ (L1=L0)=eT, and the

electrical contribution to thermal conductance as

jel ¼ ðL2 � L2
1=L0Þ=T. Using these, the power factor is given

as P¼ S2G and the thermoelectric figure of merit is

ZT ¼ S2GT=ðjel þ jphÞ. In the ballistic limit, the transmis-

sion spectra can be obtained from the number of band cross-

ings of a particular energy value. Tetragonal cells depicted

in Fig. 1 are considered for transport calculations. In order to

obtain accurate results, 200 (100) k-points are used in the

transverse direction for obtaining electron (phonon) trans-

mission spectra. The optimized first principles lattice con-

stants of a-, b-, and c-graphyne are predicted as 6.97 Å,

9.47 Å, and 6.89 Å, respectively. For 6,6,12-graphyne, they

are 9.43 Å and 6.91 Å with b0/a0¼ 1.3658, in good agree-

ment with previous works.39,62,63

Electronic band structures for a-, b-, c-, 6,6,12-graphyne,

and graphene are depicted in Figs. 2(a)–2(e), respectively.

Similar to graphene, the highest valence and the lowest con-

duction bands of a, b, and 6,6,12-graphyne structures meet at

single k-points, named as the Dirac point or the charge

FIG. 2. The calculated electronic band

structures of (a) a-, (b) b-, (c) c-, (d)

6,6,12-graphyne, and (e) graphene

structures, and the corresponding elec-

tronic transmissions (f).
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neutrality point (CNP). a-graphyne has two fold symmetric

Dirac points at K and K0 in the Brillouin zone, the same as gra-

phene. However, b-graphyne has six fold symmetric Dirac

points between C$ M in the Brillouin zone despite its hexag-

onal lattice symmetry. On the other hand, 6,6,12-graphyne,

having tetragonal lattice symmetry, has two different Dirac

points with two fold symmetry between C$ X and M $ X0

(pretty close to X
0
). These results are consistent with the previ-

ous first principle calculations reported by Malko et al.38

Unlike these three graphyne structures, the electronic band

structure of c-graphyne exhibit semiconducting nature with

�0.5 eV direct energy band gap at M point.

Electronic transmission spectra T el per cross section area

are also given in Figs. 2(a)–2(e). Note that we use the inter-

layer spacing of graphite (3.35 Å) for all structures. In

Fig. 2(f), we compare the electronic transmission spectra,

where jel of 6,6,12-graphyne is plotted in two inequivalent

directions. Even though the electronic transmittance of gra-

phene is larger than those of graphynes in most of the spec-

trum, the transmission of a-, b, and 6,6,12-graphynes are

larger than graphene’s around the CNP. This is basically due

to the slower Fermi velocities, or equivalently higher den-

sities of states around the CNPs of these structures. A com-

parison of T el around CNP with the slopes of the Dirac cones

(see Ref. 38) yield a good agreement in the sense that slower

Dirac fermions give rise to more rapid rise in transmission

values when moving away from the Dirac point. c-graphyne,

having 0.5 eV band gap and finite effective mass, has consid-

erably large dT el=dE value close to the valence and conduc-

tion band edges, which is important for thermoelectrics

because the Seebeck coefficient is proportional to the loga-

rithmic derivative of T el with respect to energy.

Phonon dispersions and phonon transmission spectra of

graphynes are plotted in Figs. 3(a)–3(d) and those of graphene

in Fig. 3(e). The sp bonds present in graphynes manifest

themselves with the appearance of high frequency modes

between 60 and 70 THz, which are absent in graphene. As is

the case for electrons, phonon transmission spectra are slightly

different in x- and y-directions for 6,6,12-graphyne. When

compared to graphene, graphynes’ transmission is higher at

low frequencies, but graphene has higher transmittance other-

wise. An important feature of all graphynes considered in this

work is that they have gaps in their phonon bands. These fea-

tures in phonon dispersions lead to lower thermal conductance

of graphynes, compared to graphene for T � 60 K (Fig. 3(f)).

One can argue that one of the reasons for jph=A of gra-

phene being significantly larger than those of graphynes’ at

room temperature is the fact that graphene atoms are closely

packed as opposed to graphynes. We observe that a-graphyne

(the one with smallest atomic density, d) has a higher

jph=A=d value than the other graphynes, but graphene still

has larger values for T> 200 K. That is, the atomic density is

FIG. 3. Phonon dispersions and trans-

mission spectra along x-direction. (a)

a-, (b) b-, (c) c-, (d) 6,6,12-graphyne,

and (e) graphene. (f) The correspond-

ing thermal conductance values.
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a key factor affecting phononic heat transport but it is not de-

cisive by itself.

Thermoelectric properties of graphynes display interesting

features. In Figs. 4(a)–4(e), Seebeck coefficient, power factor,

electronic and total thermal conductances, and ZT are plotted

as functions of l for T¼ 300 K. S of a-, b-, and 6,6,12-graph-

ynes have similar values and are close to that of graphene

(Fig. 4(a)). It is evident from Eq. (2) that the contribution of a

Dirac cone to S is independent of the effective speed of light.

In the presence of multiple Dirac cones with different slopes

and curvatures, if we assume a simple power law dependence

of T el on E, then S should be independent of the power and

the prefactor, while P should scale with the same prefactor as

T el. Indeed, at room temperature, the power factors of these

structures satisfy Pb > P6;6;12 > Pa > Pgraphene, as it can be

inferred from the transmission spectra at Fig. 2(f). On the other

hand, c-graphyne has considerably higher S, but one should

note that its highest values are inside the band gap. In

Fig. 4(b), one observes that the maximum P values at room

temperature attained for c- and b-graphynes are at the same

order (1.1 and 0.8 pW nm�2 K�2, respectively), while 6,6,12-

graphyne can yield approximately 0.4, a-graphyne and gra-

phene have <0.2 pW nm�2 K�2.

The detrimental role of thermal conductance on thermo-

electric efficiency is apparent in graphynes and graphene

based structures.16,64 Electronic and total heat conductances

at 300 K are shown in Figs. 4(c) and 4(d), respectively. In

the 60.5 eV energy window, b- and 6,6,12-graphynes have

higher jel than the other structures, and c- graphyne yields

higher jel than a-graphyne and graphene except at its energy

band gap. This order remains the same for jtot except for gra-

phene. An important feature we observe is that graphene has

the lowest jel in jlj < 0:75 eV range among the Dirac mate-

rials studied (namely, a-, b-, 6; 6; 12� graphynes, and

graphene). But jtot of graphene is the highest at all l values,

because of its substantially high jph (see Fig. 3).

Finally, ZT as a function of the chemical potential at

300 K and the maximum ZT values at different temperatures

(ZTmax) are plotted in Figs. 4(e) and 4(f), respectively. First,

we should note that electron-hole symmetry is preserved for

ZT at low energies for all structures we study. At 300 K, b-,

6,6,12-, and a-graphynes have their peak ZT values close to

their Dirac points with ZT ’ 0.12 for b-graphyne, 0.05

(0.04) for 6,6,12-graphyne in x–(y-)direction, and 0.03 for a-

graphyne. c-graphyne, the only material with a finite band

gap in this study, gives rise to the highest ZT value close to

its valence and conduction band edges with a maximum

value of 0.17 at room temperature. Graphene can support a

maximum ZT value of 0.01 at room temperature, lower than

all graphynes. This is rooted in the details of both the elec-

tronic and the phononic structures. Electronically, even

though S of graphene has similar values with those of a-, b-,

and 6,6,12-graphynes, P of b- and 6, 6, 12-graphynes are sig-

nificantly larger than that of a-graphyne and graphene,

because of their lower electrical conductance around the

CNP. a-graphyne and graphene have similar P and jel but

the superior phonon thermal conductance of graphene is the

main reason for its peak ZT value at room temperature being

3 times lower than that of a-graphene. ZTmax increases

monotonically with temperature for all structures except b-

graphyne, which achieves its peak value at around 500 K.

This is mainly because its S and P also change non-

monotonically with temperature. The kink at 800 K is due to

a sudden change of the chemical potential where the maxi-

mum takes place, namely, a jump from one band edge to

another. c-graphyne has the highest values for all tempera-

tures, and the increase is mostly linear with temperature,

reaching values as high as 0.45 in the given temperature

FIG. 4. Thermoelectric coefficients of graphynes and graphene. The Seebeck coefficient S (a), the power factor P¼ S2G (b), electronic thermal conductance

jel=A (c), total thermal conductance j/A (d), and ZT (e) are plotted at T¼ 300 K as functions of the chemical potential l. The maximum values of ZT at differ-

ent temperatures are also shown (f).
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range. a- and 6,6,12-graphynes are the least efficient graph-

ynes thermoelectrically. A note about the band gap of c-

graphyne is in order here. It was reported that the band gap

of c-graphyne is 0.5 eV larger when computed using HSE06

functional instead of PBE, while the effective masses of

electrons and holes are not changed significantly by the

choice of the functional.36 Our analysis shows that such an

increase of the band gap does not change the thermoelectric

efficiency at the valence and conduction band edges.

In conclusion, low energy electronic properties of a-, b-,

and 6,6,12-graphynes resemble massless Dirac fermions,

while c-graphyne has a �0.5 eV band gap. Interestingly, gra-

phene has the lower electrical transmittance than graphynes

(it is higher than that of c-graphyne only inside its gap). On

the other hand, phononic thermal conductance of graphene is

larger than that of the graphynes at temperatures higher than

60 K. At 300 K, jph=A of graphene is about three times larger

than graphynes. One of the reasons for superior jph=A of gra-

phene is the close packing, i.e., high areal density of bonds

responsible for vibrational heat conduction. All Dirac materi-

als studied in this work yield similar S values at room tem-

perature with a peak value of 0.09 mV/K close the CNP, but

c-graphyne, having a band gap, yields extremely high S
inside its gap and it is 0.15 mV/K at the band edges.

Consequently, c-graphyne is the most efficient thermoelectri-

cally with ZT values as high as 0.45 in the given temperature

range, where graphene achieves less than 0.05.
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