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In this work we investigate the thermal conductivity of graphene-based
antidot lattices. A third nearest-neighbor tight-binding model and a
forth nearest-neighbor force constant model are employed to study the
electronic and phononic band structures of graphene-based antidot lat-
tices. Ballistic transport models are used to evaluate the electronic and
the thermal conductivities. Methods to reduce the thermal conductiv-
ity and to increase the thermoelectric figure of merit of such structures
are studied. Our results indicate that triangular antidot lattices have
the smallest thermal conductivity due to longer boundaries and the
smallest distance between the neighboring dots.

Introduction

Progress in nanomaterials synthesis has allowed the realization of low-dimensional ther-
moelectric device structures such as one-dimensional nanowires, thin films, and two-
dimensional superlattices (1-4). The efficiency of thermoelectric devices for converting
waste heat into useful electrical energy depends on the figure of merit Z7T'. This figure
is defined as ZT = S%*0T/(Kq + Kpn), with the Seebeck coefficients S, the electrical
conductivity o, temperature T, and the electrical and lattice contributions to the ther-
mal conductivity K and Ky, respectively (5). The numerator of Z is called power
factor. The figure of merit determines the efficiency of a thermoelectric device and can
be improved by increasing the power factor and decreasing the thermal conductivity.

Bismuth and its alloys have been studied and used as thermoelectric materials for
many years (6) due to their low thermal conductivity. Nevertheless, the use of heavy
metals in large scale applications is limited. On the contrary, bulk Silicon that benefits
from the availability of large scale manufacturing processes, has a very low ZT = 0.01 (7).
Large improvements in Z7T have been reported in Silicon nanowires (27 ~ 1) (1,2,8).
In addition, very recent studies show that by introducing holes into bulk Silicon the
thermal conductivity can be strongly suppressed and ZT' can be enhanced by two orders
of magnitude (9).

Many studies have been conducted to investigate mechanisms that affect the thermal
conductivity, such as the effects of boundaries (10), isotope doping (11, 12), defects (13)
and the Hydrogen termination (10). These studies indicate that the thermal conductivity
can be significantly reduced by the creation of defects and isotope doping, specially in the
low doping regime (11). The role of boundaries and edge states has been studied (14, 15).
The results indicate that in the presence of edge disorder the thermoelectric figure of
merit can significantly increase.
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Graphene, a recently discovered form of carbon that consists of only one layer of
atoms arranged in a honeycomb lattice (16), has received much attention in the last few
years for its interesting electrical (17, 18), optical (18-20), and thermal (21-23) properties.
Recently a large scale method to produce graphene sheets has been reported (24). The
electrical conductivity of a graphene sheet is as high as that of copper (25). A giant
Seebeck coefficient has been reported for graphene (26). These factors render graphene as
a candidate for future energy harvesting applications. However, the ability of graphene
to conduct heat is an order of magnitude higher than that of copper (21). 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
the thermal conduction can be ignored (21,27,28). Therefore, by proper engineering of
phonon transport it is possible to reduce the total thermal conductivity without significant
reduction of the electrical conductivity and the power factor. In this work we investigate
the thermal conductivity of graphene-based antidot lattices (29) (GALs). We show that
by introducing dots in the graphene sheet (Fig. 1) the thermal conductivities of GALs
decrease and the respective ZT values increase.

Graphene Antidot Lattices

The electrical and optical properties of GALs have been theoretically studied in Refs. (19,
30,31). The results indicate that by introducing regular dots in a graphene sheet, it is
possible to achieve a direct band gap semiconductor from a semi-metal pristine graphene
sheet. Bai and co-workers reported the first field-effect-transistor based on GALs (29).
In this paper we investigate the effect of the dot geometry on the thermal conductivity
of GALs. The unit cell of a GAL can be described by two parameters L and N, where
L is the side length of the hexagon in terms of the graphene lattice constant a = 2.46A,
and N is the number of carbon atoms that are removed from the pristine supercell. In
Fig. 1 Circ, Rect, Hex, IsoTri, and Right'Tri indicate a circular, rectangular, hexagonal,
iso-triangular, and right-triangular dot in the hexagonal unit cell, respectively. Fig. 1-b
shows a circular antidot which is formed by removing 108 carbon atoms from a cell with
L = 10. Therefore, it is represented by Circ(10,108). For a fair comparison, we keep
the area of different dots within 15%. Therefore, the number of carbon atoms that are
removed from the pristine unit cell is nearly equal for different unit cells.

The Electronic and Phononic Band Structure

To describe the electronic band structure of GALSs, a three nearest-neighbor tight-binding
approximation is employed (32). The hopping parameter for the first and third nearest-
neighbor are assumed to be —3.2eV and —0.3eV, respectively, and for the second nearest-
neighbor a zero hopping parameter is considered (32).

A dynamical matrix can be used to describe the dispersion relation of phonons:

D(k) = (Z Kt — MZ-(,L)Q(/C)]) Gy — »  K'elARa [1]

l l

where M; is the atomic mass of the i** carbon atoms, AR;; = R; — R; is the relative
coordinate of the i** atom with respect to the j atom, and K% is a 3 x 3 force constant
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Figure 1: Geometrical structrues of different GALs. (a)-(f) indicate a pristine graphene,
Circ(10, 108), Rect(10,120), Hex(10,120), IsoTri(10,126), and RightTri(10,126), respectively.

tensor describing the coupling between the it and j** carbon atoms, which are the N N*
nearest-neighbor of each other:

NN 0
K@) = -1 0o oM ¢ Un, 2]
0 0o oWV

to

®,., d;; and &y, are the radial, in-plane transverse, and out-of-plane transverse components
of the force constant tensor, respectively, and their values are given in Table I (33). U,
is a unitary matrix defined as:

cos©;; sin®;; 0
Upn=| —sin®;; cos®©;; 0 (3]
0 0 1

Here, we assume that the graphene sheet is located in the z — y plane and ©;; represents
the angle between the x-axes and the bond of the i and j** carbon atoms.
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Table I: Elements of the force constant tensor (33). The unit is N/m.

NN q)r (I)ti (I)to
365.0 | 245.0 | 98.2
88.0 | -32.3 | 4.0
30.0 | -52.5 | 1.5
-19.2 | 229 | -5.8

= W DN =

Transport Coefficients

The ballistic transport coefficients for GALs can be evaluated using the Landauer for-
mula (34, 35):

G = 2—22 /_ :o Tu(E) (-S—é) dE 7

T5G — —%q _:O Tu(E) (E — Er) <—§—£) dE B
Ky = th /_:o Ta(E) (E — Eg)? (_S_JJ;) dE (6]
K= [ Tt (Z2) ) g

Ta(E) and Tp,(w) are the electron and phonon transmission probabilities, respectively.
One can find the Seebeck coefficient and the electronic contribution to the thermal con-
ductance using S = SG/G and K, = K, — TS*G, respectively. In the ballistic limit,
Ta(E) and Tpy(w) can be extracted from the density of modes (34).

Results and Discussion

The phonon density of states (DOS) of different GALs are shown in Fig. 2. The DOS
of GALs are quite similar and they are slightly smaller than that of a pristine graphene
sheet. This can be explained by the fact that the total number of atoms in the unit cell
of GALs is nearly the same.

Although the DOS of the GALs have the same order as that of a pristine graphene
sheet, the transmission probabilities can be very different. Fig. 3 shows that the phonon
transmissions of Circ(10,108) and Rect(1,120) are quite different from that of a pris-
tine graphene. However, Circ(10,108), Rect(10,120), and Hex(10,120) have nearly the
same transmission probabilities, whereas IsoTri(10, 126) and Right(10,126) have similar
transmissions but different from the first group, see Fig. 4.

The transmission probabilities of Circ(10, 108), Rect(10, 120) and Hex(10, 120) are sim-
ilar because they have similar circumference and, therefore, the same number of boundary
carbon atoms. Furthermore, the nearest-neighbor dots in these GALs have nearly the
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Figure 2: The comparison between the phonon DOS of graphene and GALs. Due to nearly
the same of number of atoms in the unit cell of GALs, they have similar DOS.
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Figure 3: The comparison between the phonon transmission of a pristine graphene,
Circ(10,108), and Rect(10, 120).

same distance. On the other hand, IsoTri(10,126) and RightTri(10,126) have the same
circumference, but different from the first group. The calculated lattice thermal conduc-
tivities of different GALs are presented in Table II. Although the areas of the unit cells
of IsoTri(10,126) and RightTri(10,126) are nearly the same as that of Hex(10,120) and
Rect (10, 120), their thermal conductivities are 30% smaller. This can be explained by the
25% larger circumference and the smaller distance between nearest dots of IsoTri(10, 126)
and RightTri(10, 126).

The figures of merit of different GALSs as a function of the Fermi energy are compared
in Fig. 5. IsoTri has the highest ZT', because it has the lowest lattice thermal conductivity
and largest Seebeck coefficient. At room temperature, the factor 0f/0FE is approximately
non-zero only in the range of 0.2eV around the Fermi level. Under the condition that
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Figure 4: The comparison between the phonon transmission of Circ(10,108), IsoTri(10, 126),
and RightTri(10,126). IsoTri(10,126) and RightTri(10,126) have similar transmission probabil-
ity, but smaller than that of the Circ(10,108). This can be explained by a larger circumference
and lower distance between the nearest-neighbor dots of these two GALs.

Table II: The comparison of the thermal conductivities of different GALs. The results are
normalized to the thermal conductivity of a pristine graphene.

Structure Normalized thermal conductance
Pristine Graphene 1

Circ(10, 108) 0.2694

Rect (10, 120) 0.2462

Hex(10, 120) 0.2696

IsoTri(10, 126) 0.1916

RightTri(10, 126) 0.1834

Eq > 0.2eV, holes have no contribution to the total electrical current. A large value of
Seebeck coefficient is therefore obtained.

In our work we did not consider the passivation of dangling bonds at the edges. How-
ever, it has been shown that Hydrogen passivation of dangling bonds results in the further
reduction of the thermal conductivity (10). Therefore, a higher ZT for GALs can be ob-
tained by edge passivation.

Conclusions

Our results indicate that the size of the dots, the circumference of the dots, and the
distance between dots can strongly influence the thermal properties of graphene antidot
lattices. 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.
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Figure 5: The figure of merit of different GALs as a function of the Fermi energy.
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