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of magnitude, the interdependence and coupling between
these properties have made it extremely difficult to increase
In this work, we present a theoretical investigation of the
ZT > 1. In recent years many studies have been conducted
thermal conductivity of hydrogen-passivated graphene antifor employing new materials and technologies to improve
dot lattices. Using a fourth nearest-neighbor force constant
ZT . Progress in nanomaterials synthesis has allowed the
method, we evaluate the phonon dispersion of hydrogenrealization of low-dimensional thermoelectric device strucpassivated graphene antidot lattices with circular, hexagtures such as one-dimensional nanowires, thin films, and
onal, rectangular and triangular shapes. Ballistic transtwo-dimensional superlattices [4–6]. However, the recent
port models are used to evaluate the thermal conductivity.
breakthroughs in materials with ZT > 1 have mainly benThe calculations indicate that the thermal conductivity of
efited from reduced phonon thermal conductivity [6, 7].
hydrogen-passivated graphene antidot lattices can be one
Graphene, a recently discovered form of carbon, has refourth of that of a pristine graphene sheet. This reducceived
much attention over past few years due to its exceltion is stronger for right-triangular and iso-triangular anlent
electrical,
optical, and thermal properties [8]. The electidots among others, all with the same area, due to longer
trical
conductivity
of graphene is as high as that of cooper
boundaries and the smallest distance between the neighbor[9]
and
it
has
a
giant
Seebeck coefficient [10]. In addition,
ing dots.
a large scale method to produce graphene sheets has been
reported [11]. These factors render graphene as a candidate
1. Introduction
for future thermoelectric applications.
Abstract

Today, thermoelectric devices can be used in a very
wide range of applications including energy harvesting,
aerospace and military applications. The thermoelectric figure of merit is defined as:

However, the ability of graphene to conduct heat is an
order of magnitude higher than that of copper [12]. Therefore, it is necessary to reduce its thermal conductivity. The
high thermal conductivity of graphene is mostly due to the
lattice contribution, whereas the electronic contribution to
S 2 σT
ZT =
(1) the thermal conduction can be ignored [12, 13]. Therefore,
(Kel + Kph )
by proper engineering of phonon transport it is possible to
where S, σ, T , Kel and Kph are the Seebeck coefficient, reduce the total thermal conductivity without significant rethe electrical conductivity, temperature, and the electrical duction of the electrical conductivity and the power factor.
Recently many theoretical studies have been performed
and lattice contributions to the thermal conductivity, respectively [1]. The numerator of Z is called power factor. The on the thermal conductivity of graphene-based structures.
figure of merit determines the efficiency of a thermoelectric It has been shown that boundaries and edge roughness can
device and can be improved by increasing the power factor strongly influence the thermal conductivity [14]. Furtherand decreasing the thermal conductivity. Hence, thermo- more, it has been recently shown that the thermal conductivelectric materials must simultaneously have a high Seebeck ity of graphene nanoribbons can be reduced by hydrogencoefficient, a high electrical conductivity and a low thermal passivation of the edges [15].
conductivity.
In this work we investigate the thermal conductivity
Bismuth and its alloys that are commonly used in ther- of graphene-based antidot lattices [16]. We show that
moelectric applications [2], suffer from high cost, as the by introducing hydrogen-passivated (H-passivated) dots in
use of heavy metals in large scale applications is limited. the graphene sheet (Fig. 1) the thermal conductivities of
On the contrary, bulk silicon has a very low ZT ≈ 0.01 [3], graphene antidot lattices (GALs) decrease and the respecbecause of its high thermal conductivity. While each prop- tive ZT values increase.
erty of ZT can individually be changed by several orders
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Table I: Number of edge carbon atoms in a unit cell of different GALs that have been passivated by hydrogen atoms.
Atomic mass of these carbon atoms are considered to be 13
amu.
Structure

(c)

(e)

(d)

Circ(8, 108)

30

Rect(8, 104)

28

Hex(8, 96)

24

IsoTri(8, 90)

30

RTri(8, 95)

33

Table II: Elements of the force constant tensor up to fourth
nearest-neighbors [17]. Φr , Φti and Φto are the radial, inplane transverse, and out-of-plane transverse components
of the force constant tensor, respectively. The unit is N/m.

(f)
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-

Figure 1: The geometry structures of different H-passivated
GALs. (a)-(f) indicate a pristine graphene, Circ(8, 108),
Rect(8, 104), Hex(8, 96), IsoTri(8, 90), and RTri(8, 95),
respectively.

2.

Structures
We investigate GALs with various dot shapes that are
passivated with hydrogen atoms. In Fig.1 Circ, Rect, Hex,
IsoTri, and RTri indicate a circular, rectangular, hexagonal,
iso-triangular, and right-triangular dot in the hexagonal unit
cell, respectively. The unit cell of GALs is specified by
a pair of parameters (L, N ), where L is the side length
of the hexagon in terms of the graphene lattice constant
a = 2.46Å and N is the number of carbon atoms that are removed from the pristine graphene supercell. Fig.1-b shows
a circular GAL that is created by removing 108 carbon
atoms from a hexagonal pristine supercell with a side length
of L = 8. It is therefore, represented by Circ(10,108).
The number of edge carbon atoms in a unit cell of different GALs is also given in Table I. As we will show later the
number of carbon atoms at the boundary plays an important
role on the thermal properties of the structure.
3.

Number of boundary atoms

NN

Φr

Φti

Φto

1

365.0

245.0

98.2

2

88.0

-32.3

-4.0

3

30.0

-52.5

1.5

4

-19.2

22.9

-5.8

3.1.

Phonon Dispersion
To evaluate the Phonon dispersion of H-passivated
GALs, a fourth nearest-neighbor force constant method is
employed. The dynamical matrix defined by
ij

D (k) =

X

il

2

K − Mi ω (k)I

l

−

X

!

δij
(2)

il ik·∆Ril

K e

l

where Mi is the atomic mass of the ith atoms, ∆Rij =
Ri − Rj is the distance between the ith atom and the jth
atom, and K ij is a 3 × 3 force constant tensor with values
given in Table II [17]. The phonon thermal conductivity
is dominated by low frequency phonons. Therefore, high
frequency motion of hydrogen atoms can be neglected by
considering a higher atomic mass for edge carbon atoms
[15]. Therefore, the atomic mass of edge carbon atoms are
assumed to be 13 amu per atom, which is equal to the sum
of the atomic mass of a hydrogen and a carbon atom.

Calculation Methods
We performed a numerical study of the thermal properties of H-passivated GALs. The phonon dispersion is evaluated using a fourth nearest-neighbor force constant method.
Using the dispersion, the ballistic transmission that is equal 3.2. Thermal Conductivity
to the density of modes M (E) is evaluated [18]. Finally,
The lattice contribution to the thermal conductance can
the thermal conductance is calculated by employing ballis- be evaluated from the phonon transmission probability T ph
[19] as:
tic transport models.
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Figure 2: Comparison between (a) phonon density of states Figure 3: Comparison between the transmission probabiland (b) transmission probability of pristine graphene and ity of (a) Circ(8,10) and IsoTri(8,90), (b) Hex(8,96) and
circular H-passivated GALs with different dot areas.
RTri(8,95), and (c) Hex(8,96) and IsoTri(8,90).

Kph

1
=
h

Z

+∞

T ph (ω)h̄ω



∂n(ω)
∂T



d(h̄ω)

(3) and different shapes, including Circ(8,108), Rect(8,104),
Hex(8,96), IsoTri(8,90) and RTri(8,95). Among them,
where h̄ is the reduced Planck constant and n(ω) denotes triangular GALs have the highest number of edge carthe Bose-Einstein distribution function. In the ballistic bon atoms and Circ(8,108) has the largest dot size,
regime, the transmission coefficient of each phonon mode and it has also a high number of edge atoms. In
is assumed to be one. Therefore, the transmission proba- Fig. 3 the phonon transmission probabilities of Circ(8,108),
bility can be extracted from the density of modes [11, 18]. Hex(8,96), IsoTri(8,90) and RTri(8,95) are compared. Although the dot size in Circ(8,108) is 15% larger than that of
a IsoTri(8,90), the transmission probabilities of these GALs
4. Results and Discussion
are quite similar (see Fig. 3-a). On the other hand, the transIn the first step, we compare the thermal conductivity mission probabilities of IsoTri(8,90) and RTri(8,95) are sigof circular GALs with L = 8 and different radii, includ- nificantly lower than that of Hex(8,96) (see Fig. 3-a and
ing Circ(8,24), Circ(8,108) and Circ(8,258). The phonon Fig. 3-b).
density of states (DOS) and phonon transmission probabilThe normalized thermal conductivity of different Hity of these GALs are shown in Fig. 2. By increasing the passivated GALs with respect to graphene lattice thermal
size of the dot, the phonon DOS, the phonon transmission conductivity are summarized in Table III. Triangular GALs
probability, and the thermal conductivity are significantly have the minimum thermal conductivity, although they have
reduced (see Table III).
the minimum area of all dot shapes. This behavior can be
0

By increasing the radius, both the area and the circum- explained by considering the fact that triangular dots have
ference of dot are increased. To investigate the effect of cir- the highest circumference of all dots with the same area.
cumference, we compare GALs with nearly the same area This indicates that circumference of the dot has a stronger
effect on thermal conductivity rather than its area.
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Table III: The comparison of the thermal conductivities of
different GALs. The results are normalized to the thermal
conductivity of a pristine graphene.
Structure
Pristine Graphene
Circ(8, 24)
Circ(8, 108)
Circ(8, 258)
Rect(8, 104)
Hex(8, 96)
IsoTri(8, 90)
RTri(8, 95)

5.

Normalized thermal
conductance
1
0.5527
0.2618
0.1016
0.3054
0.3817
0.2402
0.2101

Conclusion

We numerically analyzed the the role of the dot size, the
circumference of the dots, and the distance between dots
on the thermal properties of H-passivated GALs. We show
that by appropriate selection of the geometrical parameters one can significantly reduce the thermal conductivity
of graphene antidot lattices and improve their thermoelectric figure of merit. This helps us to design and improve
the efficiency of graphene based thermoelectric devices for
future energy harvesting and other thermoelectric applications.
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