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ABSTRACT

2D materials have attracted broad attention from researchers for their unique electronic properties,
which may be been further enhanced by combining 2D layers into vertically stacked van der Waals
heterostructures. Among the superlative properties of 2D systems, thermoelectric energy (TE) con-
version promises to enable targeted energy conversion, localized thermal management, and thermal
sensing. However, TE conversion efficiency remains limited by the inherent tradeoff between con-
ductivity and thermopower. In this paper, we use first-principles calculation to study graphene-based
van der Waals heterostructures (vdWHs) composed of graphene layers and hexagonal boron nitride
(h-BN). We compute the electronic band structures of heterostructured systems using Quantum Es-
presso and their thermoelectric (TE) properties using BoltzTrap2. Our results have shown that stack-
ing layers of these 2D materials opens a bandgap, increasing it with the number of h-BN interlayers,
which significantly improves the power factor (PF). We predict a PF of ~1.0x10'" W/K?.m.s for the
vdWHs, nearly double compared to 5x10'® W/K%.m.s that we obtained for single-layer graphene.
This study gives important information on the effect of stacking layers of 2D materials and points

toward new avenues to optimize the TE properties of vd WHs.
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1 INTRODUCTION

Van der Waals heterostructures (vdWHs) are a new class of materials that comprise vertical stacks of
different atomically thin, two-dimensional materials. Their properties exhibit new quantum phenom-
ena with potential applications in nano-electronics [1, 2]. For instance, vdWHs are a promising can-
didate for use in thermoelectric (TE) energy conversion [3—5], energy storage [6], sensors [7], solar
cells [8], flexible electronics [2], transistors [1, 2], and optoelectronic devices, such as light-emitting
devices, photovoltaics, and photodetectors [1, 2]. TE materials can be used for electricity generation

from waste heat via the Seebeck effect or temperature modulation through the Peltier effect.



However, TE performance of currently designed materials is still comparatively low, limiting their
application in temperature modulation and power generation. This limitation stems from the fact that
the efficiency of TE conversion requires high electrical conductivity and a high Seebeck coefficient
simultaneously with low thermal conductivity. These properties are often interdependent and limit
our ability to optimize them independently. Therefore, there is an ongoing need for better TE mate-

rials.

Low-dimensional materials are potential candidates for designing high-performance TE devices as
quantum confinement alters the density of electronic states and shifts the trade-off between conduc-
tivity and the Seebeck coefficient by increasing average carrier energy. The potential of these mate-
rials was predicted for the first time by Hicks and Dresselhaus in 1993 [9, 10]. Combining layers of
different 2D materials provides means of utilizing the signature properties of individual materials and
open new pathways for creating heterostructures with unique properties. Many researchers have fo-
cused on enhancing the TE performance of materials through reductions in lattice thermal conduc-

tivity [11, 12] and improvements in the power factor (S%c) [13-15].

Generally, pure graphene shows a modest TE figure-of-merit, despite its high carrier mobility [16]
and power factor [17]. This is mainly attributed to two factors: graphene record-high thermal con-
ductivity [18] and its lack of a bandgap. However, previous studies have shown that the low-en-
ergy electronic structure of graphene/h-BN hybrid systems consists of chiral pseudospin dou-
blets [19, 20], which leads to a bandgap opening in graphene sheets [21]. It has been observed
that graphene sheets with vertically stacked junctions show increased TE performance [22]. Besides,
stacking graphene with other materials, like h-BN, can result in a better TE material [5, 23, 24]. Chen
et al., (2014) have experimentally studied the TE performance across graphene/h-BN heterostructure
through a gradient of temperature induced between the top and bottom graphene layers and taking
measurements corresponding with the open circuit voltage (AV) across the heterostructure. A poten-
tial difference of 4mV and 39K gradient of temperature (AT) were observed, which gives about 99.3
nVK-1 Seebeck coefficient, a 1.51x107SW/K? power factor (PF), and a dimensionless figure-of-
merit of 1.05x107% for the heterostructure [25]. Twisted bilayers of graphene have also demonstrated
potential for high PF [13]. However, systematic knowledge of the impact of the number of h-BN
layers in the vdWHs is lacking.



In this study, we compute the electronic structure and in-plane TE performance of vertically stacked
2D materials composed of atomic layers of graphene and hexagonal boron nitrate (h-BN) using DFT
and the Boltzmann transport theory (BTE). We investigate the impact of changing the number of h-
BN layers on the electronic and TE performance of the heterostructures and show that the PF of

graphene can be doubled by vertically stacking graphene layers with h-BN layers.

2 METHODOLOGY

2.1Computation details
The first-principles calculation based on DFT as implemented in Quantum Espresso [26—28] has been
employed choosing Perdew-Burke-Ernzerhof (PBE) [29] functional, and projector augmented wave
(PAW) pseudopotentials. Five materials have been studied; single-layer graphene (G), double-layers
graphene (2G), and vdWHs composed of h-BN layers sandwiched between two graphene layers
(G/xBN/G, x=1, 2 and 3). The k-grid and cut-off energies used are presented in Table 1, while in

Figure 1, we show images of the crystal structures.

Material k-point grid ecutwfc(Ry) ecutrho(Ry)
1 layer G 150x150x1 60 300
2 layer G 152x152x1 34 155
G/BN/G 140x140x1 60 300
G/2BN/G 125x125x1 45 270
G/3BN/G 115x115x1 80 560

Table 1. The k-grid, kinetic energy cutoff (Ry) for wave functions (ecutwfc), and for charge density and
potential (ecutrho) used in this study.



Figure 1. Crystal structures as seen in VESTA software for (a) Image of single-layer graphene showing the
primitive cell. (b) double-layer graphene that is AA-stacked in the z-direction. (c), (d), and (e) images of
graphene and h-BN heterostructures (G/xBN/G, x=1, 2 and 3) where graphene layers and h-BN layers are
AB stacked.

Our samples have been modeled with sufficiently large vacuum space between 13.3 and 17A in the
c-direction. This is to separate them from their images in the c-direction. For the Graphene/BN het-
erostructures, graphene layers and h-BN layers have been AB stacked where one carbon atom is
located in the middle of an h-BN hexagon and one on top of a boron atom. This has been observed

to be the most energetically favourable configuration for vdWHs composed of atomic layers of gra-

phene and h-BN [4, 30-34].

To determine TE transport parameters, the semi-classical BTE, as enforced in the BoltzTraP2 code
[35], has been applied. The BTE enables us to determine TE transport parameters along two perpen-
dicular principal-axes in the plane of the 2D materials. The TE transport tensors can be defined using

the group velocity vq(i,k), which directly employs the band structure data from DFT calculation.

de(i,k)
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Here o refers to the o component of the velocity and “i” to the i energy band. In the relaxation

time approximation (RTA), the electrical conductivity tensor can be expressed as
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Where Q is the volume of the unit cell, &ris the fermi energy, e is the electronic charge, and 7 is the

relaxation time of electrons that consists of interactions between electrons and phonons and



impurities in a material’s structure. In this study, the value of 7 has not been determined; instead, RTA

has been adopted.
Here f, ;= —egls the Fermi-Dirac distribution function and kg is the Boltzmann constant.
kpT
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The thermal conductivity tensor (electronic part) in the RTA is expressed as,
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and the Seebeck coefficient tensor can be written as,
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The PF is the product of the square of the Seebeck coefficient and electrical conductivity and can be

written as,
PF = S25(T, & )oup(T.¢f) . 5

Using the BoltzTraP2 program, we have solved equations 2-5 to give as output the S, o, k¢, and PF

transport tensors at different energy levels, temperatures, and charge carrier concentrations.

3 RESULTS AND DISCUSSION
3.1Band structure and DOS

The calculated band structures and DOS for the five materials are presented in Figures 2 and 3. We
show that the valence band maximum (VBM) and the conduction band minimum (CBM) occur at
the Dirac points K and K’ in the k-space. Single-layer graphene is a zero band-gap material with

linear energy dispersion.
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Figure 2. Electronic band-structure along the high symrizltry path and DOS for (a) band-structure and
DOS of single-layer graphene, (b) band-structure and DOS of double-layer graphene, (c) band-structure
and DOS of G/BN/G, (d) band-structure and DOS of G/2BN/G (e) band-structure and DOS of G/3BN/G.
For all the materials, the valence band maximum (VBM) and the conduction band minimum (CBM) occur
at the Dirac points K and K’ in the k-space.

In moving from single to two-layer graphene, a band gap does not open yet, but the bands become
parabolic near the Fermi level. Adding one layer of h-BN (forming G/BN/G) also doesn't open a band
gap. However, the addition of more h-BN layers opens a gap that increases with the number of h-BN
layers, which is consistent with previous studies [21, 33]. This has been attributed to the pseudospin
interactions [19-21]. We observe a band-gap of 0.089¢V and 0.131eV for G/2BN/G and G/3BN/G,

respectively.
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Figure 3. The band structures near the fermi level (a) the band structure of single-layer graphene and two-
layer graphene. Single-layer graphene has a linear structure, while the band structure of double-layer gra-
Phene is parabolic near the Fermi level. (b) the band structure of G/BN/G with no band-gap, G/2BN/G with
a band-gap of 0.089¢V; and G/3BN/G with a band-gap of 0.131eV showing increasing band-gap with an
increase in h-BN layers.

The velocity of carriers which is determined from the slope of the electronic structure, decreases with
the addition of h-BN layers, thus, reducing the electrical conductivity of the material. Besides, a sharp

feature is created in the DOS curve, which leads to an increase in the Seebeck coefficient.

3.2Thermoelectric Properties
3.21 Seebeck coefficient
In this study, the Seebeck coefficient has been presented as a function of energy and absolute tem-
perature T. In Figure 4, S at 300K has been plotted as a function of energy. Since h-BN has a large
band-gap relative to graphene, the electric conduction of graphene/h-BN heterostructure is mainly
determined by the two graphene sheets on the heterostructure film. Consequently, the observed S for

the vdWHs has features that are very similar to that of the graphene sheet.
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Figure 4. Seebeck coefficient at 300K (a) in the x-direction (zigzag direction) and (b) in the y-direction
(armchair direction). The peak values of the Seebeck coefficient in the positive and negative values of E-
EF and in the x and y are within the same values.

In Table 2, the peak values of S and PF for all the materials are presented. Peak values of the Seebeck
coefficient for the n-type (negative) and p-type (positive) are about the same values. Our values for
the Seebeck coefficient are within the range of previously reported values. D’Souza and Mukherjee
have predicted (using BoltzTraP2) a Seebeck coefficient of 180-250uV/K and 100-150 pV/K for
single and bi-layer graphene, respectively [5]. We observe PF of ~ 1x10'! (W/K?.m.s) for the vdWHs,
which is double that of single-layer graphene of 5x10'° (W/K?.m.s).

MATERIAL Sxx (WV/K) syyviky | TF (Tvav‘;f({jfﬁ.:)w" PE/ (Tvav‘;f({f ryi:)w"
1 layer G 226 226 0.47236 0.53244
2 layer G 125 137 117484 2.092930
G/BN/G 180 179 0.89278 1079900
G/2BN/G 241 241 0.74631 0.909622
G/3BN/G 317 311 0.88904 1100140

Table 2: Peak values of S and PF at room temperature for all our materials. It is observed that the PF
values of graphene/h-BN vdWHs are 50% greater compared to single-layer graphene.
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Figure 5. Seebeck Coefficient as a function of temperature in (a) x- direction (zigzag direction) and (b) y-
direction (armchair direction)(c) Seebeck coefficients for different samples at 300K. Seebeck decreases with
increasing temperature but increases with increasing number of h-BN layers.

As shown in Figure 5, the in-plane Seebeck coefficient in the x- and y-directions decreases with an
increase in temperature. We have observed that S increases with increasing number of h-BN layers.
This can be related to the increasing bandgap with the number of h-BN layers, which creates a sharper
feature in the DOS, leading to an increase in S. We have also observed that single-layer graphene has

a higher S than bi-layer graphene which is in good agreement with previous studies [4, 5].

We observe that the temperature-dependence of the Seebeck coefficient is more pronounced in
vdWHs with more h-BN layers, with the system consisting of three layers of h-BN being the most
affected. The Seebeck coefficient for G/BN/G, G/2BN/G, and G/3BN/G decrease by 19%, 46%, and
62% when the temperature is increased from 200 to 800 K. This is attributed to the electronic struc-
ture of the materials at the K point; the temperature dependence is stronger when there is a band-gap
and a sharp feature of the DOS which ensures a high increase rate of carriers with increasing temper-

ature.

3.2.2 Electrical conductivity
The electrical conductivity (o) as a function of energy, which has been determined using Boltzmann
transport theory from equation 2, is presented in Figure 6(a & b). Generally, for semiconductors, as
we move from the intrinsic Fermi energy, we have increasing DOS hence increasing electrical con-
ductivity. This has been clearly observed in this study, as shown in Figure 6. We have extracted data
for o/t at E-Ef=0.0025 Ry (0.03401 eV), the energy around which we have the peak values of the
Seebeck coefficient, and shown it in Figure 6 over a temperature range from 100 to 800K. Increasing
temperature leads to more thermally excited electrons hence increasing the electrical conductivity of

the materials. It has been observed that the electrical conductivity of our vdWHs decreases with



increasing h-BN layers. The electronic thermal conductivity shows the same behavior as the electri-

cal conductivity, as expected.
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Figure 6. The electrical conductivity in the (a) x- direction zigzag direction) and (b) y- directions (armchair

direction) at 300K. The electrical conductivity in the (c) x- and (d) y- directions as a function of temperature.
Electrical conductivity decreased with an increasing number of h-BN layers and temperature.

3.2.3 Power factor (PF)
We have observed a PF of 1.1x10'! W/K2.m.s for G/3BN/G at room temperature. From Figure 7, it
can be observed that the PF increases with temperature. Graphene/h-BN heterostructure shows a
higher PF than single-layer graphene. However, PF for double-layer graphene is the highest, which
can be attributed to its high electrical conductivity, as seen in Figure 6. Besides, for heterostructures

with h-BN, increases in the Seebeck are cancelled by decreases in the electrical conductivity; hence

there is little impact on the PF when adding h-BN layers.
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Figure 7. The PF as a function of temperature in the (a) x-direction (zZigzag direction) and (b) y-directions
(armchair direction). For all samples, the PF increases with increasing temperature. Graphene/h-BN
shows higher PF compared to single-layer graphene.

The thermal conductivity of single-layer h-BN is ~ 751+ 340 W/m.K near room temperature
[36], significantly lower than that of graphene (about 3400 W/m.K [37]); therefore, adding h-
BN layers will lower the thermal conductivity of the combined system relative to that of gra-
phene. In addition, interlayer interactions between phonons in graphene with phonons in h-BN
can lower thermal conductivity, analogous to how adding graphene layers to form graphite
lower thermal conductivity to about 2000 W/m.K in graphite [38, 39]. Besides, it has been
demonstrated that increasing the number of h-BN layers lowers the material's thermal conduc-
tivity [36]. This decrease in thermal conductivity is expected to improve the ZT value of the

heterostructure.

It is worth noting that as the number of h-BN layers increases, eventually, the h-BN stack be-
comes too thick for the graphene layers to interact. We expect a limit at about ten layers of h-
BN [40], beyond which h-BN will show bulk characteristics, and adding more h-BN layers will
deteriorate the thermoelectric properties of the heterostructure. We can think of this limit as
two graphene monolayers separated by bulk h-BN so that each graphene layer act akin to a
monolayer on h-BN substrate. Besides, thick h-BN will have a large band-gap and act as an in-
sulator. Therefore, the Seebeck coefficient of the vdWHs will be high (since the Fermi level is in
the band-gap); however, electrical conductivity will be minuscule, leading to alow PF and hence

a tiny ZT value.
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4 CONCLUSION
In conclusion, this paper has discussed the TE properties of G/xBN/G vdWHs and compared them
with that of isolated single- and double-layer graphene. We observe that h-BN layers sandwiched
between graphene layers lower electrical conductivity and electronic thermal conductivity but in-
crease the Seebeck coefficient and PF. The Seebeck coefficient of double-layer graphene increase by
a factor of 2.5 when three layers of h-BN are sandwiched between them. We find that adding three
layers of h-BN doubles the PF of the graphene sheet. A bandgap is introduced that increases with the
number of h-BN layers. It has been observed that the impact of change in temperature on the Seebeck
coefficient (S) of samples increases with the number of h-BN layers, with the sample composed of
three h-BN layers being the most affected where S decreases by 62% for a temperature change from
200K to 800K. This work shows that band structure modifications arising from vertically stacking
layers of 2D materials can be used to achieve increases in TE performance not seen in constituent 2D

materials.
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