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Abstract

The thermoelectric properties of graphene and graphene nanostructures have recently attracted
significant attention from the physics and engineering communities. In fundamental physics,
the analysis of Seebeck and Nernst effects is very useful in elucidating some details of the
electronic band structure of graphene that cannot be probed by conductance measurements
alone, due in particular to the ambipolar nature of this gapless material. For applications in
thermoelectric energy conversion, graphene has two major disadvantages. It is gapless, which
leads to a small Seebeck coefficient due to the opposite contributions of electrons and holes,
and it is an excellent thermal conductor. The thermoelectric figure of merit ZT of a
two-dimensional (2D) graphene sheet is thus very limited. However, many works have
demonstrated recently that appropriate nanostructuring and bandgap engineering of graphene
can concomitantly strongly reduce the lattice thermal conductance and enhance the Seebeck
coefficient without dramatically degrading the electronic conductance. Hence, in various
graphene nanostructures, ZT has been predicted to be high enough to make them attractive for
energy conversion. In this article, we review the main results obtained experimentally and
theoretically on the thermoelectric properties of graphene and its nanostructures, emphasizing
the physical effects that govern these properties. Beyond pure graphene structures, we discuss
also the thermoelectric properties of some hybrid graphene structures, as graphane, layered
carbon allotropes such as graphynes and graphdiynes, and graphene / hexagonal boron nitride
heterostructures which offer new opportunities. Finally, we briefly review the recent activities
on other atomically thin 2D semiconductors with finite bandgap, i.e. dichalcogenides and
phosphorene, which have attracted great attention for various kinds of applications, including
thermoelectrics.
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(Some figures may appear in colour only in the online journal)

1. Introduction—why graphene and graphene
nanostructures for thermoelectrics?

it is strongly limited by irreversible losses, i.e. the Joule
heating and the thermal conduction, and by the thermoelectric
properties of the material. The maximum efficiency can be

Thermoelectric effects refer to the direct conversion betweena ~ Written as

temperature difference and an electrical voltage. As for all heat
engines, the efficiency of a thermoelectric system with a hot
end at temperature 7;, and a cold end at temperature 7, should

VI+ZT -1
r’ X = nC X 9
m WS+ ZT + (T Th)
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reach the theoretical Carnot efficiency ncamot = 1 — Tc/Th
if the thermoelectric cycle was fully reversible. Practically,
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where ZT is a dimensionless parameter that measures the
performance of the thermoelectric material. It is called the
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thermoelectric figure of merit and is defined as

o S2T
ZT = , (2)
K

where o is the electrical conductivity, S is the Seebeck
coefficient (or thermoelectric power (TEP)), k = ke + & is
the thermal conductivity including both electron and phonon
contributions, and T is the temperature. It is sometimes
convenient to define ZT in terms of the ratio of electrical and
thermal conductances G and K instead of conductivities o and
k. For the practical viability of thermoelectric applications,
designing materials with high ZT is obviously the main issue
in thermoelectric material research. Unfortunately, in bulk
materials, factors entering the expression of ZT are mutually
coupled in such a way that it is very difficult to control them
independently, and thus to improve Z7T. Indeed, according to
the Wiedemann—Franz law, increasing o leads to an increase
in the electronic contribution to «, and the Mott formula tells
us that an increase in o tends to result in a decrease in S.
Hence, to enhance ZT, the best strategy is often to minimize the
lattice thermal conductivity, e.g. by introducing heavy atoms,
disorder or clusters likely to increase phonon scattering without
degrading drastically the electronic conductivity. However,
increasing the power factor oS> may be a good option too,
in particular in the case of graphene which offers a very high
electrical conductivity.

It is important to have in mind some basic principles
on the choice of materials suitable for thermoelectrics.
A large Seebeck coefficient is usually found in low
carrier concentration semiconductors while a large electrical
conductivity is found in high carrier concentration metals.
To maximize the power factor oS, the best compromise
is to use heavily doped semiconductors. Indeed, in a
semiconductor with a finite bandgap, electrons and holes can
be separated and doping produces a high density of a single
carrier type, so that the Seebeck coefficient is not reduced
by opposite contributions of electrons and holes. Thus, good
thermoelectric materials have a bandgap large enough to have
only a single type of carrier but small enough to make a high
doping level possible, to achieve high electrical conductivity.

Among the materials selected to offer the best
compromise, PbTe, Bi, Te; and their alloys were found in the
1950s to provide high values of ZT [1,2], which motivated
the creation of the thermoelectric industry. However, over
the following three decades, only small gains were achieved
in increasing ZT, to such a point that the thermoelectrics
community tended to consider the value of about 1 as an
upper limit for ZT. If we except the progress made in
skutterudite materials [3,4] and in Half-Heusler alloys [5,
6], the best thermoelectric material was found in the
(Bij—xSby), (Se]_yTey)3 alloy family, with ZT ~ 1 at room
temperature. This class of commercially available materials
currently dominates in temperature control and thermal
management applications. High-temperature materials such
as silicon—germanium (SiGe) alloys are heavily used for space
exploration [7]. Actually, until now the slow growth of
the thermoelectrics industry was based the fact that only
niche applications were developed for which cost and energy

efficiency were not important issues. A value of ZT =~
3 is desirable to broaden the use of thermoelectric solid-
state devices by making them competitive with conventional
mechanical energy conversion systems.

A renewal of thermoelectrics material research came
in the 1990s from the pioneering works of Hicks and
Dresselhaus [8] suggesting that nanostructuring materials into
two-dimensional (2D) systems should provide much higher ZT
(>1) and thermoelectric efficiencies than with bulk materials.
They even predicted still higher ZT in one-dimensional (1D)
nanowires [9]. This trend has been confirmed by many
experiments and further theoretical investigations.  This
enhancement of ZT in low-dimensional systems has two main
origins, i.e. (i) the Seebeck coefficient enhancement resulting
from size-quantization and (ii) the reduction of phonon thermal
conductivity due to interface effects.

The size-quantization effect may be understood as follows.
For a given conductor, an energy-dependent conductivity o (E)
can be associated with the electrons of density n(E) that fill
the energy states between E and E+ dE. It is written as

o(E) =en(E)u(E), 3)

where e is the free electron charge and p(E) is the mobility.
For aconductor of length L and section S, the total conductivity
can be derived as [10]

_~L_ e
U_GS—/G(E)< aE)dE, @)

where f(FE) is the Fermi distribution function. It should
be noted that for very small conductors, it may be more
relevant to consider the conductance G that can be formulated
in the Landauer formalism in terms of energy-dependent

transmission 7 (E) as
<_M) dE. )
oE

In the same formalism as for equation (4), Cutler and Mott
derived the Seebeck coefficient in the form known as the Mott

relation as [11]
ﬁ@(E_ﬁ>(ﬁﬂD>dE ©6)

c= T(E)
T oh

1k
§=-—-2
o e

kg T oE
In degenerately doped systems, equation (6) simplifies into the
well-known form

Sz__kBT[ ™)

dIn (6 (E))
dE 1|E—Ep .

Hence, to enhance the Seebeck coefficient S, it is clear that
any effect likely to enhance the energy-dependence of the
conductivity do (E)/dE can be used, e.g. by enhancing the
energy-dependence of the density n (E), which is directly
dependent on the density of states g(E). Compared to three-
dimensional (3D) systems with typically a square root energy-
dependence of g(E), it is clear that 2D systems and especially
1D and OD systems provide much higher dg(E)/dE that
should be reflected on S. It was even shown that the shape
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of density of states (DOS) that maximizes the power factor
0 8% and ZT is a delta function of energy [12]. Experimentally,
this effect of size quantization on the enhancement of oS>
has been reported first in PbTe/Pb,_,Eu,Te quantum well
structures [13].

The second important effect expected from low-
dimensional systems is related to interfaces which scatter
phonons more effectively than charge carriers, and particu-
larly phonons that contribute strongly to the lattice thermal
conductivity. In superlattices (SLs), the impact of interfaces
on thermal conductivity may have various origins, including
bandgap formation, phonon localization [14], specular scat-
tering due to acoustic mismatch [15], and scattering at dis-
locations [16]. This is expected to result in a reduction of
thermal conductivity stronger than the concomitant reduction
of electrical conductivity due to lower mobility. To mini-
mize the latter reduction, choosing materials with very small
band offsets, such as Bi,Te3/Sb,Tes, is a good option. Ac-
tually, in SLs this effect of reduction of lattice thermal con-
ductivity in a cross-plane direction has been shown to yield a
greater contribution to the enhancement of ZT than the effect
of power factor enhancement due to size-quantization. A wide
range of material systems has been explored to assess the ef-
fect of SL structuring on thermoelectric properties, including
PbTe/Te [17], PbTe/PbSe,Te;_, [18,19], Si/Si;_,Ge, [20],
GaAs/Ga;_ Al As[21],Ga;_,In,As/Ga;_,_,Al,In;As [22],
and BiTes/Sb,Tes [23]. Today, it is usually accepted that
the best ZT results were achieved in PbTe/PbSe, Te;_, [18],
with ZT = 1.6 at room temperature and 3.5 at 570K, in
Bi, Tes3/Sb, Tes [23], with ZT = 2.4 at room temperature, and
even in SnSe without nanostructuring [24], with ZT = 2.6 at
T = 923 K. However, it should be mentioned that some ex-
perimental results obtained for the Seebeck coefficient and the
figure of merit are still controversial (see e.g. the discussion
in [25] and [26]).

Further improvements were naturally searched in
nanowire (NW) and quantum dot (QD) structures, in particular
to benefit from higher size-quantization effects, with the
possibility to include SLs and QDs along nanowires [27].
For a long time, it was difficult to demonstrate high values
of ZT in nanowire thermoelectric devices. Indeed, for
practical applications, nanowire arrays are required and should
be embedded in a matrix, with care taken to ensure good
electrical and thermal contact to all nanowires and to minimize
the matrix-induced heat leakage. However, though bulk Si
is a poor thermoelectric material due to its high thermal
conductivity, it has been shown that in rough Si nanowires
ZT can reach the value of 0.6 at room temperature (and
about 1 at 200 K) thanks to a huge reduction of the thermal
conductivity approaching the amorphous limit for Si, while
the Seebeck coefficient and the electrical conductivity are
the same as in bulk-Si [28,29]. Recently, a thermoelectric
generator consisting of a Cu/20 um-Sip §Geg» NW array/bulk-
Si/Cu structure has been shown to increase the output power
by a factor of 20 with respect to its bulk-Si counterpart, thanks
to reduced thermal conductivity and contact resistance [30].
Finally, theoretical investigations based on accurate first-
principles and non-equilibrium Green’s function (NEGF)

simulation have predicted that in Si/Ge SL nanowires, ZT can
be 5 times higher than in Si NWs, reaching 4.7 with n-type
NWs and 2.7 with p-type NWs [31]. It was again attributed to
a strong reduction in lattice thermal conductance that largely
offsets the decrease in power factor.

Many SL systems made of 3D arrays of QDs grown
via Stranski—Krastanov or Volmer-Weber mechanisms have
been also investigated for thermoelectric applications. We
should mention in particular the case of systems based on
traditional Pb—-Se-Te thermoelectric materials [32-35] and
also on Ge dots embedded in an Si matrix [36]. In
PbTe/Pb;_,Sn,Te;_,Se, QD superlattices a value ZT = 2
has been reported at room temperature, which is about four
times higher than ZT of bulk PbTe [32]. This enhancement is
due to both a strong decrease in thermal conductivity and an
increase in the Seebeck coefficient that offsets the reduction in
mobility. Similar effects may be obtained from the inclusion of
nanoprecipitates in bulk PbTe. It was shown that in PbTe with
Pb precipitates, the enhancement of the Seebeck coefficient is
due to an increase in the energy-dependence of the relaxation
time [37].

For in-depth description and discussion of thermoelectrics
at the nanoscale, the reader should refer to some review articles
dedicated to low-dimensional thermoelectric materials e.g. by
Heremans [38], Dresselhaus et al [7], Vineis et al [25] and Liu
et al [39].

Now we come to the specific case of graphene. This
material consists of a single layer of carbon atoms, arranged
in a honeycomb lattice. The covalent bonds between nearest-
neighbour atoms are formed by sp?-hybridized states. These
strong bonds give graphene its extraordinary mechanical
strength, stable enough to make it possible to have freely
suspended graphene monolayers [40]. For the physics of
transport in graphene the two points K and K’, named Dirac
points, at the corners of the hexagonal Brillouin zone (BZ) are
of great importance.

While in conventional semiconductors, charge carriers
have a finite effective mass, and their behaviour can be
well described by the Schrodinger equation, in graphene the
interaction with the honeycomb lattice gives rise to new quasi-
particles described at low energy by the Dirac equation, and
which behave like relativistic massless particles. The linear
energy bands form two symmetric (Dirac) cones that touch at
the Dirac points. In this gapless band structure the (Dirac)
particles travel with an energy-independent Fermi velocity
vp ~ 100 cms™! [41-43].

This specific energy dispersion of graphene gives
rise to very peculiar transport phenomena such as the
unusual quantum Hall effect [44], finite conductivity at zero
density [45] and the Klein tunnelling paradox [46]. The
finite conductivity o, ~ €*/h at the charge neutrality point
(CNP) is a surprising and important result. Several works
have investigated the effect of charge inhomogeneity induced
by charged impurities and the possible role of electron/hole
puddles acting as local p—n junctions to explain and quantify
accurately this result [47-50]. It has been shown that the
minimum of conductivity close to the Dirac point is dependent
on the quality of samples, where electron/hole puddles induced
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by residual charged impurities or corrugations may hinder
the actual value of conductivity at the Dirac point. Beyond
these fundamental effects, the excellent transport properties
of particles in graphene manifest especially through the very
high mobility, not only in suspended graphene sheets [51]
but also in graphene layers deposited on a hexagonal BN
substrate where mobility values of 275000cm? V~!s~! and
125000cm? V=1 s~! have been achieved at 4.2K and room
temperature, respectively [52]. The charge transport properties
of graphene and graphene-based low-dimensional materials
have been reviewed in several articles and textbooks, as e.g. in
[53-55], including the effects of substrates and of different
kinds of defect that strongly affect the electron transport
properties.

However, in spite of the remarkable advantage of high
mobility, graphene has two major drawbacks with a view to
thermoelectric applications. First, this material is a gapless
semimetal. It is thus difficult to separate the opposite
contributions of electrons and holes to the Seebeck coefficient.
However, thanks to the strong energy-dependence of the
conductivity o near the CNP [45], a finite value of S can be
achieved consistently with equation (7). As a result of the
balance between this conductivity behaviour and the gapless
character of graphene, the maximum value of this parameter
has been calculated to be smaller than 100 .V K~! in pristine
graphene [56]. At this point, it is important to remind that
the pioneering works of Hicks and Dresselhaus have predicted
that even semimetals like Bi may be good thermoelectric
materials with high ZT if they are structured in the form of
2D quantum-well SLs [57]. Indeed, thanks to the bandgap
opening resulting from nanostructuring, these authors showed
that ZT can potentially be enhanced to values higher than 5.
Though this optimistic theoretical prediction was done using
an oversimplified model and was not quantitatively reproduced
either experimentally or by more sophisticated models that
consider non-constant relaxation times and the contribution
of high-energy subbands [58], it is legitimate to expect
that appropriate nanostructuring may induce a high Seebeck
coefficient and power factor in graphene, taking advantage of
its high mobility. The second major drawback of graphene lies
in its very high lattice conductivity. Indeed, it has been shown
experimentally that the thermal conductivity of suspended few-
layer graphene (FLG) is strongly dependent on the number
n of graphene layers. Starting from the graphite value of
about 1000 W mK~! for n > 4, this parameter reaches a value
higher than 4000 W mK~! for a single layer [59,60], which
makes graphene one of the best heat conductors. However,
many works have shown that the thermal conductivity of
graphene is very sensitive to the effects of substrate, strain,
defects and isotopes [61-64]. Actually it is even possible
to reduce strongly the thermal conductivity using appropriate
nanostructuring and defect engineering [65].

Combining all these ingredients regarding the possibility
of controlling electrical and thermal transport in graphene
nanostructures over a large range, one can expect to achieve
high values of ZT. With the main goal of recycling energy, the
possibility to achieve a high power factor oS> may be also
a specific advantage of graphene. Additionally, compared to
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Figure 1. (a) Electrical conductivity and (b) TEP of a graphene
sample as a function of V, for T = 300K (square), 150K (circle),
80K (up triangle), 40 K (down triangle), and 10 K (diamond).
Upper inset: scanning electron microscopy image of a typical
device. The scale bar is 2 um. Lower inset: thermopower values
taken at V, = —30V (square) and —5 V (circle). Dashed lines are
linear fits to the data. Reproduced with permission [66]. Copyright
2009 by the American Physical Society.

most conventional thermoelectric materials, carbon materials
would offer the advantage of being abundant, cheap and non-
toxic. It is the main aim of this article to review the different
approaches that have been investigated experimentally and
theoretically to enhance the thermoelectric performance of
graphene-based materials.

2. Thermoelectric properties of monolayer and
multilayer graphene

2.1. Experiments

The first measurements of the thermoelectric properties of
graphene were published in 2009 [66-68]. Actually, these
works focussed on the Seebeck and Nernst effects to probe
all the components of the thermopower tensor, the diagonal
element of which is nothing but the Seebeck coefficient, or
simply the thermopower. Indeed, their aim was not to evaluate
the potential of graphene for thermoelectric applications
but rather to elucidate some details of the electronic band
structure and of the ambipolar nature of graphene that cannot
be probed by conductance measurements alone. In all
these experiments, the structures consisted of a single-layer
graphene sheet exfoliated onto a 300 nm-thick SiO, layer
grown on degenerately doped Si substrate, with a back gate to
control the carrier density. All measurements have confirmed
that at room temperature the peak value of thermopower
reaches about 80 uV K~! (see figure 1). As expected from
this gapless material, the sign of the Seebeck coefficient
is found to change as the gate voltage crosses the CNP,
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Figure 2. Thermoelectric measurements in bilayer graphene. (a)
Two-terminal resistance R and (b) thermopower as a function of the
backgate voltage Vpg in zero magnetic field and at various
temperatures: 7' = 30, 50, 70, 140, 170, and 250 K. Inset: optical
image of a typical device. Size of the scalebar is 30 nm. Reproduced
with permission [70]. Copyright 2010 by the American Physical
Society.

which indicates the change of sign of the majority charge
carrier. Away from the charge neutral region the density-
dependence of thermopower behaves as 1/./n, where n is
the 2D carrier density, and exhibits a linear temperature-
dependence in agreement with the semiclassical Mott formula.
As the temperature increases, a deviation from the Mott
formula was reported [66, 67], which is not surprising since
this formula, derived mathematically through the Sommerfeld
expansion, is valid only at low temperature. This deviation
has been well explained theoretically as a consequence of the
energy-dependence of electron-impurity scattering [69].
Similar experiments and results were reported in 2010
for massive fermions in bilayer graphene exfoliated onto a
Si0,/Si substrate [70] (see figure 2). Again, at low temperature
the thermopower follows well the Mott formula. At high
carrier density the thermopower shows a linear temperature-

dependence, which is consistent with a weak electron—phonon
interaction, while at low density a deviation from the Mott
formula is observed at high temperature, due to the low Fermi
temperature in bilayer graphene.

The situation is quite different in high mobility single-
layer epitaxial graphene grown on a silicon carbide (SiC)
substrate [71]. In this case, the temperature dependence of the
thermopower shows a strong deviation from the Mott formula.
Actually, a quadratic temperature dependence is observed,
which is attributed to the screening of charge impurities and
its temperature dependence, in agreement with the previous
theoretical work of Hwang et al [69]. This tendency has been
confirmed by analysing the thermopower in graphene devices
with various degrees of disorder [72]. The Mott relation fails in
the vicinity of the Dirac point in high-mobility graphene while
it holds in low-mobility graphene where the charged impurities
induce relatively high residual carrier density.

The enhancement of thermopower in FLG films up
to 700 4VK~! has been obtained after plasma oxygen
treatment, which was attributed to the disorder-induced
bandgap opening [73]. An increase of thermopower has been
also demonstrated in dual-gated bilayer graphene thanks to
the bandgap opening resulting from the vertical electric field
applied between the two gates [74].

Regarding the differences in the thermoelectric effect be-
tween monolayer and bilayer graphene, atomic-scale mapping
of thermopower using scanning tunnelling microscopy (STM)
on epitaxial graphene has revealed that a big change occurs
at the monolayer-bilayer boundaries [75]. Additionally, local
thermopower distortions have been attributed to the modifica-
tion of the electronic structure induced by individual defects
as wrinkles of the graphene sheet on the SiC substrate. It is an-
other way to use the thermoelectric effect as a sensitive probe
of the quality of graphene layers.

Finally, it is worth mentioning that thermopower has been
found to be very sensitive to the gas molecule charge doping
on the surface of graphene grown on Cu foil by chemical
vapour deposition and transferred onto a SiO,/Si substrate [ 76].
The observed p-type behaviour under ambient conditions was
explained by an electrochemical charge transfer mechanism
between graphene and oxygen redox couple, while the n-
type behaviour under degassed conditions was ascribed to the
electron doping caused by the surface states of the Si0,/Si
substrate. These effects make this kind of device a potential
candidate for gas/chemical sensing.

2.2. Theory and simulation

With different levels of approximation in the treatment of
scattering, especially due to charged impurities, the first
theoretical investigations were very useful to give the main
trends of the Seebeck effect in graphene and to discuss the
validity of Mott’s formula [77-79]. An important step toward
quantitative results was taken in 2009 by Hwang er al who
introduced in their approach of diffusive transport different
scattering mechanisms as phonon and charged impurity
scattering and their energy-dependence, in particular the
dependence induced by screening effects [69]. It allows them
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Figure 3. Linear-T dependence coefficient S/T of TEP as a function
of the electron doping concentration §. The present calculations (red
solid line with circles for renormalized © and the blue dashed line
with squares for u = Ef) are compared with the experimental data
in [66] (circles at T = 150 K and squares at 7 = 300 K), [67]
(hexagons at T = 255 K), and [68] (up triangles at 7 = 160 K and
down triangles at 7 = 280 K). Reproduced with permission [80].
Copyright 2009 by the American Physical Society.

to describe correctly the available experimental data, including
the possible deviation to the Mott formula, and to make
some predictions which were experimentally verified later, as
the non-linear temperature dependence of the thermopower
and the saturation of thermopower at low density. Quite
concomitantly, Yan ef al developed a model based on the self-
consistent Born approximation for Dirac fermions including
screened charged impurity scattering [80]. They also obtained
results of thermopower in excellent agreement with available
experimental data even in the low-density regime (see figure 3).
Then they introduced the influence of a magnetic field in
their model to investigate the Nernst effect and transverse
thermopower [81]. These works clearly showed that the
thermoelectric transport in large graphene samples depends
crucially on impurity scattering. Additionally, Zhu et al
have shown that in the presence of a magnetic field the
thermoelectric coefficients are universal functions of the ratio
between the temperature and the disorder-induced broadening
of Landau levels [82]. These coefficients exhibit different
asymptotic behaviours in different temperature regions and a
distinct behaviour in the central landau level has been attributed
to an intrinsic property of the Dirac point where both electron
and hole Landau levels are degenerate, under the protection of
the electron—hole symmetry.

The contribution of the phonon-drag effect that is due
to electron—phonon coupling and is known to have an
important role in the thermopower of bulk materials [83]
and conventional 2D gases [84] has been also evaluated in
graphene. By means of balance equation-based simulation, it
has been shown that this effect has a significant contribution

4 T T T T T T T
|(a) bilayer graphene

3k §
@; ?_ _"BT"“’LfO-Ds
&, E: —---kBwaLZOJ

a : k,Thw, =0.2

%) ' meesk TW =05

1 va ]

X
0 p—%v—.——ﬂ'-jl\-ﬂ-——--‘ Mﬁ:

—
0.4 0.6

-0.6 -04 -0.2 0.0 0.2
1.5 ! T T
ol "(b) bilayer graphene: ——K Tw,=0.05
T - 'kBTfWL=O'1
B e
— 05} .‘i‘ : '. kBTJrWLZUZ
-i‘:‘a Y 2y memekTW=05
~ 0.0 \:o-' 2 mw - ar t-\&.—u -y, -
U)ﬁ F : " w
05} i
[ ‘
. ’
.
1.0} |' ]
A5 ' ' '
0.6 -04 -0.2 0.0 02 0.4 0.6
Ev

Figure 4. Thermopower S, and Nernst signal S, as functions of
the Fermi energy in bilayer graphene and at different temperatures.
The system size is taken to be N = 96x 48 x 2, with magnetic flux
¢ = 2m/48, and disorder strength r, = 0.3 (uniformly distributed
positively and negatively charged impurities are considered within
this strength) with W, ,,, = 0.0376. Reproduced with

permission [89]. Copyright 2011 by the American Physical Society.

to the thermopower of graphene only at low temperature T
< 10K [85], while diffusive processes are dominant at higher
temperature. However, it has been calculated recently that in
a high-quality graphene sheet with a large phonon mean free
path, in the 77-300 K range of temperature and at high Fermi
level, the contribution to thermopower due to phonon drag may
dominate over the diffusive contribution and a sharp increase
of the Seebeck coefficient through electron drag by the intrinsic
phonons of graphene is expected [86]. This question is still to
be clarified and tested experimentally.

The thermopower of bilayer and multilayer graphene has
been studied in different works [87-90]. Under a magnetic
field, the disorder-induced broadening of Landau levels has
been shown to have in bilayer graphene an effect similar
to that in monolayer graphene. The Nernst signal shows a
peak at the central Landau level with height of the order of
kg /e, and changes sign at the other Landau levels, while the
thermopower has an opposite behaviour [89] (see figure 4).
These results are found to be in good agreement with the
experimental ones reported in [70]. If a band gap of 288 meV
is induced in a bilayer system by an external vertical field, it
has been calculated that the room temperature thermopower
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is enhanced by a factor of more than 4 compared with that
of monolayer graphene and gapless bilayer graphene [87]. A
quite systematic study of multilayer graphene has shown that
the largest thermopower is actually achieved in biased bilayer
graphene [88].

Regarding the effect of the bandgap, it is worth mentioning
the work of Sharapov et al based on Kubo calculations showing
that in certain conditions, a small bandgap of about 10 meV,
e.g. due to substrate effect, may be accompanied by the
emergence of a new channel of quasiparticle scattering with a
relaxation time strongly dependent on energy, which results in
the appearance of a high bump in thermopower when chemical
potential approaches the gap edge [91]. The authors have
suggested to use this Seebeck signal as a sensitive probe of
the bandgap in the graphene band structure.

Actually, beyond the interesting physics contained in the
thermoelectric coefficients of graphene, the thermoelectric
applications of large graphene sheets are very limited due to
the gapless nature of this material that makes the thermopower
very small compared to that of usual thermoelectric materials.
In spite of attempts to generate a bandgap in bilayer graphene
using a vertical electric field and thus to enhance the Seebeck
coefficient, the high thermal conductivity maintains the
thermoelectric figure of merit at much too low values. It
is actually possible to reduce the thermal conductivity by
substrate engineering [64] but the price to pay is certainly
a concomitant reduction of the electrical conductivity [54].
To the best of our knowledge, the effect of the substrate
on both electron and phonon transport properties have been
until now studied separately and thus their consequences on
the thermoelectric performance of graphene have not been
investigated yet. Today, at the present stage of graphene
research, it is difficult to predict how the substrate-induced
degradation of electrical and thermal conductivities can affect
the thermoelectric factor of merit. Strategies to generate
a bandgap and to degrade at the same time the thermal
conductance have been developed to make graphene a good
thermoelectric material. In particular, different approaches of
nanostructuring have been investigated, mainly theoretically
by means of numerical simulation. We review most of them
in the next section.

3. Nanostructuring graphene to enhance
thermoelectric properties

We now discuss the effect of nanostructuring graphene
on the thermoelectric effects and performance. The first
subsection is dedicated to the only Seebeck effect in graphene
nanostructures, which involves the charge carrier transport
alone. The following sub-sections are dedicated to the
theoretical predictions of the full thermoelectric performance
of different kinds of nanostructures, including the evaluation
of ZT based on the calculation of both electron and phonon
transport.

As an introduction to this section, we would like to
summarize briefly the main numerical methods used to
calculate the electron and phonon transport properties in
graphene nanostructures.

Different semi-classical and quantum approaches have
been developed to describe the phonon transport in
nanostructures such as the Monte Carlo solution of the
Boltzmann equation [92], the molecular dynamics [93,
94], the transfer matrix [95], the order-N real-space Kubo
formalism [96], or the NEGF method to solve either a semi-
empirical [97,98] or a first-principles [99] force constant
matrix.

The NEGF method is also widely used to simulate
the quantum transport of charges in graphene devices by
considering either the continuous Dirac Hamiltonian in large
graphene samples [100-102] or an atomistic tight-binding
Hamiltonian in graphene nanoribbons (GNRs) and other
nanostructures [103—-107]. It has thus been used also to
compute simultaneously electron and phonon transport in
graphene structures, which gives access to their thermoelectric
properties [108—110]. Actually, a majority of the works
presented below are based on this method.

In most of them, a simple nearest-neighbour tight-binding
(NNTB) Hamiltonian without edge relaxation was used for
electrons, while a force constant model (FCM) including the
fourth nearest-neighbours was considered for phonons [108,
110]. It should be noted that a third NNTB model was
sometimes used for electrons [110], while a fifth nearest-
neighbours FCM has been used for phonons [98, 109, 111].
Today, in small structures, the NEGF method for transport
is frequently coupled with first-principles description of the
materials [99].

Given the large electron and phonon mean-free paths of
electrons and phonons in graphene [112, 113], the simulation
of transport is usually done in the ballistic approximation.
Basically, the electron (phonon) transmission function T,
(Tp) is deduced from the Green’s functions of the electron
Schrodinger equation (lattice dynamic equation).  The
Landauer formalism is then applied to calculate the phonon
and electron fluxes and all related quantities. The electronic
conductance G is then deduced as a function of the Fermi
energy [ as

2e
G ) = " Te (1) - ®)
The Seebeck coefficient S and the electronic contribution to the
thermal conductance K, can be derived via the intermediate L,
functions defined as [114, 115]

of (E,pu,T) dE.
oE
©))
where f (E, u, T) is the Fermi—Dirac distribution function at
temperature 7. Finally, S and K, are expressed and computed
as

2
Ly(u,T)= E/Tc (E) (E—w)"

I Li(u,T)

S 3T=_ )
WD = Lo 1)

(10)

and

Ke(u,T) =

1 Ly (u, T)?
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The phonon contribution to the thermal conductance may be
expressed in a Landauer form as

on(w,T) ] hw
K,=| T, — | — do, 12
p / p (@) |: 9T ] o w (12)
where n (w, T) is the Bose—FEinstein distribution function.
This general expression can be conveniently rewritten in the

form [116]

1 T.
Kp(T)=—2/ 2&% w. (13)
8w kT sinh” (hw/2 kg T)
0
Finally, by regrouping (8), (10), (11) and (13), the

thermoelectric figure of merit ZT (2) can be computed.

3.1. Seebeck effect

In 2007, Dragoman and Dragoman suggested that it was
possible to hugely enhance the thermopower in a nanostructure
consisting of metallic electrodes periodically patterned over a
graphene sheet [117]. By using a transfer matrix calculation,
they showed that the ballistic transmission of this SL can be
engineered into a transmission gap surrounded by a series
of delta-like peaks caused by the interference of electron
waves, similar to the case of a multi-layered Bragg reflector
in optics. A simple estimation of the thermopower from
a Mott-like formula then leads to peak values of about
30mV K~!. Using a similar approach, it has been predicted
that by introducing a defect barrier in such a graphene SL, the
maximum value of the thermopower may reach 260 mV K~! at
room temperature [118]. However, in spite of these extremely
high values of thermopower, since the phonon transport is
certainly weakly affected, this kind of nanostructuring is
probably not a good candidate for thermoelectric energy
conversion that requires high ZT.

By means of the NEGF method to solve a NNTB
Hamiltonian, Xing et al have calculated the thermoelectric
(Nernst and Seebeck) coefficients in quite large (W =~ 15—
34nm) ballistic GNRs [119]. In a zero magnetic field, the
Seebeck effect was shown to be strongly dependent on the
chirality of the ribbon. For the zigzag edge ribbons, the
peaks of Seebeck coefficient are equidistant while they are
irregularly distributed for armchair edge ribbons. Interestingly,
in semiconducting armchair GNRs (AGNRs), the Seebeck
coefficient can be quite large near the Dirac point due to the
energy gap. When increasing the magnetic field the behaviour
of the thermopower becomes independent of the chirality.
For large and nearly gapless GNRs, Divari and Kliros used
the linear response theory to examine the validity of Mott’s
relation [120]. As expected, they observed that the Mott’s
formula gives good results at low temperature only. As the
temperature increases, a nonlinear temperature dependence of
thermopower appears and is more pronounced at low electron
density. It should be noted that in short GNRs, Fabry—Perot
oscillations are visible at low temperature in the evolution
of the thermopower as a function of chemical potential.
The period of oscillations is well predicted by geometrical
considerations of propagating modes.

The case of narrow and long AGNRs has been studied
by Nissimagoudar and Sankeshwar by including in their
calculation the effects of scattering by edge roughness,
impurities and both acoustic and optical phonons [121].
They found again that Mott’s formula overestimates the
thermopower for temperatures 7 > 75 K. At room temperature,
the thermopower reaches 42 £V K~! for a width W = 5um
and 60uVK~! for W = 3nm. However, it has been
shown that for short and narrow GNRs in the ballistic regime,
much higher values of thermopower may be achieved, with a
maximum value that is a linear function of the energy gap [98].
For instance, a maximum value of 1.2mV K~! for a bandgap
of 350 meV (W = 1.84 nm) has been predicted.

Though other works have shown that very high values
of thermopower (1 mV K~!) may be achieved in narrow
GNRs and other graphene nanostructures, to make these
nanomaterials suitable for thermoelectric energy conversion
with high enough ZT, it is necessary to reduce concomitantly
the thermal conductance without degrading strongly the
electronic conductance. Many works have been dedicated to
taking up this challenge. The rest of this section is an overview
of this research area.

3.2. Nanoribbons

The first attempt to investigate the full thermoelectric
properties of short ballistic GNRs was reported by Ouyang
and Guo in 2009 [56]. Actually, this work did not suggest that
nanostructuring graphene into narrow ribbons may improve
significantly the thermoelectric performance of graphene in
spite of the enhancement in thermopower. It even showed that
edge roughness and lattice vacancies increase the thermopower
but decrease the thermoelectric figure of merit ZT because
the decrease in the electronic conductance outweighs the
decrease in the thermal conductance and the increase in the
thermopower. However, this work and the approach used
has inspired many further investigations which finally showed
that a large ZT enhancement is possible using graphene
nanostructures. Zigzag GNRs (ZGNRs) do not exhibit any
significant thermoelectric figure of merit because they are
gapless. In narrow AGNRs with finite bandgap, Z7T is typically
of the order of only 0.1 at room temperature [98]. Higher ZT
values were predicted in large ribbons [122] but the phonon
contribution to the thermal conductance was not included in
this calculation. In some cases, uniaxial tensile strain applied
along the main axis of AGNRs may enhance the figure of
merit, which is due either to an increase in the electronic
transmission around the conduction and valence band edges,
or to an increase in the bandgap that reduces the unfavourable
bipolar transport [123].

To enhance further the figure of merit Z7, it is necessary
to design more sophisticated narrow ribbons likely to degrade
strongly the phonon contribution to the thermal conductance
while retaining high electron conduction properties. Several
works have suggested to use multi-junction GNRs with
alternate sections of different width, different chirality, or
different chirality and width [98, 109, 124—-126]. Let’s
consider the case of a mixed GNR (MGNR) consisting of a
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Figure 5. (@) MGNR consisting of alternating 8-AGNR and 20-ZGNR sections, and local DOS at energy E = 0.05eV. Red and blue areas
correspond to high and low DOS, respectively. (b) Phonon contribution to the thermal conductance as a function of temperature in MGNR
and 8-AGNR. (c¢) Electronic conductance and (d) figure of merit ZT as a function of chemical potential in both GNRs at room temperature.

Further details in [98].

SL of alternate sections of 8-AGNR and 20-ZGNR, where
n = 8 and m = 20 are the number of dimer atoms in the
unit cell defining the width of the ribbons, as schematized in
figure 5(a). The behaviour of this MGNR is compared with
that of a perfect 8-AGNR in figures 5(b)—(d), for a device
length, i.e. the distance between two leads, smaller than
100 nm. First, the phonon thermal conductance K, ina MGNR
is drastically reduced compared to that of an AGNR, which is a
consequence of the mismatch of phonon modes in the different
sections of the MGNR. Second, the thermopower is not
only significantly increased in the MGNR but presents strong
oscillations between negative and positive values from —0.3
to 0.3mV K~! [98], which is a typical behaviour of a multi-
barrier system in a resonant tunnelling regime [127]. This
resonant effect appears also on figure 5(c) where the electronic
conductance of the MGNR, though reduced compared to
that of the AGNR, exhibits high peak values that correspond
to resonant transport within the minibands of the SL. As
illustrated on figure 5(a) in the map of the local DOS at
energy £ = 0.05eV (in the first conductance peak), the
resonant tunnelling takes place between states localized at
the edges of the zigzag sections. However, the resonant
states may be localized differently at other energies [98].
The combined effect of the thermopower enhancement and
reduced thermal conductance finally boosts ZT that exceeds
unity for the MGNR structure at room temperature, as shown
in figure 5(d). These results were obtained from a fifth
nearest-neighbour FCM and a NNTB electron Hamiltonian

including armchair edge relaxation, both solved within the
NEGF formalism [98, 109, 128].

Very promising results were also obtained in kinked
(or chevron-type) GNRs or graphene nanowiggles (GNWs).
This shape of ribbons was suggested by the bottom-up
chemical synthesis of such ribbons with atomic precision
reported by Cai et al [129]. This method has been recently
further improved, which makes it possible to envision the
fabrication of perfectly controlled graphene nanostructures
with sophisticated design [130]. The first investigation
of thermoelectric properties of this type of ribbon showed
a significant reduction in thermal conductance compared
to its straight counterpart and the value ZT = 0.6 was
obtained at room temperature [124]. Additionally, it has
been shown that the thermoelectric properties of kinked GNRs
are less sensitive to the edge chirality than that of straight
GNRs [131]. By combining density functional theory (DFT)
with NEGF formalism, Liang ef al investigated several kink
configurations and demonstrated that the phonon contribution
to the thermal conductance may be dramatically degraded
while the electronic conduction is preserved [132]. In
particular, the resonant tunnelling effect between alternate
parallel and oblique sectors contributes to maintaining good
electronic transport properties, as already demonstrated in
other types of ribbons consisting of alternate zigzag and
armchair sections [98]. Liang et al obtained a maximum ZT =
0.79 at room temperature and demonstrated that the value ZT
= 1 may be reached if the kinked-GNR undergoes a structural
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straight and chevron type GNRss, s-GNR and c-GNR. (b) Heavy isotopes can be distributed at the atomic or precursor level. Grey, 12C;
black, 14C; white H. Reproduced with permission [134]. Copyright 2013, Nature Publishing Group.

dislocation that further reduces the thermal conductance by a
factor of about 2 [133]. Recently, Sevingli et al have shown
that by combining this chevron-type geometry with '#C and >C
isotope cluster engineering (figure 6), it is possible to further
increase the figure of merit Z7 [134]. A detailed investigation
of the length dependence at different temperatures led to the
conclusion that ZT > 0.79 is achievable at room temperature
in the range of length 100 nm~! xm and ZT > 2 was predicted
for T = 800K and L ~ 75 nm (figure 7).

Different suggestions of defect engineering were also
investigated to enhance the thermoelectric properties of GNRs
[108, 109, 135]. Sevingli and Cuniberti have shown that in
edge-disordered ZGNRs with a length greater than a few
hundred nanometres, the phonon thermal conductance can
be strongly suppressed while electronic transport stays intact
within the first conduction plateau. They predicted that thanks
to a sharp peak in the transmission spectrum, a high value ZT
= 4 can be achieved at room temperature in 20-ZGNRs of
length 4 um, but at energies higher than 0.5eV, i.e. difficult
to reach [108]. By considering the presence of extended
line defects, Karamitaheri et al demonstrated that the value
ZT > 2 is achievable at low energy in ZGNRs of 2 um-
length [135]. However, it should be mentioned that in both
cases, the calculation was made by neglecting the effect of
electron—phonon scattering though it may be significant in such
long GNRs.

3.3. Single molecule and QD nanojunctions

Ultra-scale structures were also suggested by Nikoli¢ et al
to optimize the thermoelectric performance, and investigated
by means of NEGF-DFT simulation [99, 136]. They consist
of two semi-infinite metallic ZGNR leads attached to a

3.5 . .

34

107"
Length (um)

Figure 7. Maximum ZT7 as a function of length at different
temperatures in structures schematized in figure 6. Maximum ZT
achievable when Anderson type disorder is introduced in the
electronic Hamiltonian. The variation of onsite energies are set
equal to the temperature, o = kg7'. Solid lines represent hole-like
transport while the dashed lines are for electron-like particles. The
Z Tmax values shown are realized inside the band gap, i.e.

|| < 0.75 eV with respect to the mid-gap, except for the dotted
curve (T = 300K) when || > 1. Reproduced with

permission [134]. Copyright 2013, Nature Publishing Group.

single organic molecule that is either a 18-annulene (a ring
of 18 carbon atoms) or a 10-chain (a chain of 10 carbon
atoms) (see figure 8). It has been shown in particular that,
first, the highly transparent GNR-molecule contact allows for
evanescent wavefunctions to penetrate from the ZGNR leads
into the HOMO-LUMO gap of the small molecule, which
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Figure 8. Schematic view of (¢) ZGNR|18-annulene| ZGNR and
(b) ZGNR|C10|ZGNR single-molecule nanojunctions. The contact
between the source and the drain 8-ZGNR (consisting of eight
zigzag chains) metallic electrodes and molecules is made via
five-membered rings of carbon atoms (dark blue). The hydrogen
atoms (light yellow) are included to passivate the edge carbon atoms
in the nanoribbon or dangling bonds in the molecules. The distance
between ZGNR electrodes is d = 1.29 nm for the device in panel
(a) and d = 1.59 nm for the device in panel (b). Reproduced with
permission [99]. Copyright 2012, Springer.

generates a transmission resonance known as a favourable
ingredient to optimize the thermopower. Second, the mismatch
in vibrational properties of the semi-infinite ZGNR lead
and the molecule contributes to reduce the phonon thermal
conductance across the junction by a factor of about three
when compared to infinite ZGNRs. It results in figures of merit
ZT ~ 0.4 at room temperature and Z7 ~ 3 at T = 10K.

In the same spirit, thermoelectric performance of graphene
QDs consisting of GNRs with narrow constrictions has been
investigated using standard TB-FCM-NEGF simulation [137].
The authors have shown that, when decreasing the width
of the constrictions, the thermal conductance of GNRs can
be strongly reduced while the power factor remains high
as compared with that obtained for the pristine nanoribbon
counterpart. As a result, the thermoelectric figure of merit can
be enhanced to ZT ~ 0.8 at room temperature.

3.4. Nanomeshes (anti-dot lattices)

It is worth mentioning the idea to use GNRs containing a
periodic array of vacancies in the centre [109] or perforated by
an array of nanopores (or anti-dots) in the interior [138, 139].
In the latter case, it was shown that due to the fact that local
charge current density is peaked around their edges, nanopores
do not impede such ‘edge currents’ while drastically reducing
the phonon conduction in sufficiently long zigzag or chiral
GNRs [139]. The authors arrived at the conclusion that if the
pore diameter takes a random value within some interval and
the distance between the pores is varied, it is possible to achieve
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Figure 9. A typical H-passivated GNM system. Here the big cyan
(small blue) spheres represent C (H) atoms, and W denotes the neck
width along the zigzag and armchair directions. Reproduced with
permission [147]. Copyright 2012 by the American Physical
Society.

a very high figure of merit ZT = 5 at both 7 = 77 and 300 K
for a ZGNR of 1 um-length.

Recently, Chang et al studied the behaviour of 6 nm-wide
ZGNRs with nanopores and heavy adatoms [140]. They have
shown that the adatoms locally enhance spin—orbit coupling
in graphene, which converts it into a 2D topological insulator
with a band gap in the bulk and robust helical edge states.
These edge states have the property to carry electrical current
and generate a high power factor per helical conducting
channel. Additionally, the array of nanopores suppresses the
lattice thermal conduction through the centre of the ribbon.
Numerical simulations combining DFT and NEGF methods
demonstrated a thermoelectric figure of merit reaching its
maximum Z 7 =~ 3 at low temperature 7 = 36 K.

The idea to punch a periodic array of nanopores can
be of course extended to 2D graphene sheets to form a
graphene nanomesh (GNM), which offers a promising way
of bandgap nano-engineering suitable for large graphene
areas (see figure 9). This type of nanostructuring has been
demonstrated experimentally by different methods [141-144]
and investigated theoretically [145—-149]. It opens new routes
of band structure engineering for graphene applications [150],
including tunnel diodes with high peak-to-valley ratio [107],
electron waveguides [151], plasmonics in microwave and
THz regions [152] or transistors with high on-off ratio and
maximum oscillation frequency fm.x [153]. It offers also
some opportunities for thermoelectric devices designed on
large graphene sheets likely to deliver higher output power
than GNR devices, which has been investigated theoretically
by some groups [110, 154].

Gunst et al have shown that both electronic and thermal
transport properties converge rapidly toward the bulk limit with
increasing the length of the lattice [154]. Only six repetitions of
the fundamental unit cell are required to recover the electronic
band gap of the infinite lattice as a transport gap for the finite
lattice.

Further improvements may be expected by considering
hydrogen passivation of dangling bonds likely to suppress the
thermal conductance [110] or by including isotope scattering
and anharmonic interactions [154].
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3.5. Vertical junctions in multilayer graphene

The vertical transport across bilayer or multilayer graphene
systems has been recently investigated in terms of
thermoelectric effects [155]. In the case of junctions consisting
of two partially overlapped graphene sheets, it was shown
that because of the weak van-der Waals interactions between
graphene layers, the phonon conductance in these junctions is
strongly reduced compared to that of a single graphene layer,
while the electrical conduction is weakly affected. Depending
on the length of the overlap region, the phonon conductance
can be reduced by about 92% at room temperature. Since a
finite energy gap is required to get a significant thermopower
and figure of merit Z7, the concept has been applied to
ID 12-AGNRs. The resulting vertical junction exhibits a
Seebeck coefficient S as high as 0.9 MV K~! and a maximum
figure of merit ZT = 1 and ZT = 1.7 at T = 300K and
T = 600K, respectively. Finally, this idea has been applied
to junctions of 2D GNM lattices. A square GNM lattice
has been considered with periodic nanoholes obtained by the
removal of 26 carbon atoms in a super-cell of 140 atoms. The
phonon thermal conductance is reduced by a factor greater
than 10 compared to a single GNM lattice structure, while
the maximum thermopower reaches 1 mV K~!. It results in a
maximum figure of merit ZT > 1 and ZT =3.2at T = 300K
and T = 600K, respectively, which are probably the highest
values reported for a 2D graphene device.

3.6. Spin caloritronics in graphene

Another promising field of research in thermoelectrics has
recently emerged under the terminology of spin caloritronics,
combining both spintronics and thermoelectrics to control
thermally induced spin-polarized currents. The relevant effects
in this field are classified into ‘independent-electron effects’,
as the spin-dependent Seebeck effect, if two parallel spin-
transport channels are formed with different thermoelectric
properties, and ‘collective effects’, as the spin Seebeck effect,
caused by spin waves. The latter effect, that converts a
heat current into a spin current, occurs in a paramagnetic
contact to a ferromagnet with a temperature bias. It is
described in terms of a spin current injected into the normal
metal by the ferromagnet that is transformed into an electric
voltage by the inverse spin Hall effect [156, 157]. It has
been first demonstrated in permalloys [158] and later in the
magnetic insulator LaY,FesO1; [159] and in the ferromagnetic
semiconductor GaMnAs [160]. Recently, the opportunity to
easily tune the electronic properties of graphene has been used
to investigate theoretically the spin caloritronics properties of
this material.

Basic studies were first focused on the spin-polarized
transport through a magnetic ZGNR under temperature bias
[161-163]. First-principles calculations have shown that the
spin Seebeck effect in this type of GNR can be attributed to
the asymmetric electron—hole transmission spectra of spin-up
and spin-down electrons, and can be modulated by tuning
the gate voltage [161]. Additionally, in terms of thermal
magnetoresistance, high performance has been predicted in
a ZGNR heterojunction with appropriate design of hydrogen

passivation [164] and in ZGNR with Mn adatoms at single
vacancies [165].

Similar effects have been studied also in 2D nor-
mal/ferromagnetic/normal graphene (NG/FG/NG) structures,
where the local ferromagnetism is assumed to be resulting from
the proximity effect induced by a magnetic insulator while a
finite bandgap is assumed to be generated by the substrate ef-
fect [166]. It was predicted that (i) the thermally induced
spin-up and spin-down currents flow in opposite directions,
which results in a pure spin current, (ii) the spin-polarized cur-
rent can be tuned by the gate voltage and (iii) a large thermal
magnetoresistance can be achieved in a NG/FG/NG/FG/NG
structure.

More detailed investigations including the evaluation of
the thermoelectric figure of merit were recently reported in
ZGNR-based spin valves [167] and in ZGNRs with antidots
(nanopores) [168]. In the latter case, it has been shown that
high values of charge Z T, and spin Z T figures of merit can
be achieved, i.e. higher than 0.6 at room temperature and even
much higher (>5) at low temperature 7 = 100 K.

Actually, further theoretical investigations and experimen-
tal demonstrations are still needed to assess the relevance of
the concept of spin caloritronics in graphene.

4. Beyond graphene: thermoelectrics in other 2D
materials

Since the discovery of graphene and of the ‘wonderful
world” of 2D Ilayered materials, plenty of new 2D
materials were proposed and unveiled, such as graphene
oxide, hybrid hydrogenated graphene (in the form of
graphane or graphone), hexagonal boron nitride (BN)
monolayers, hybrid graphene/BN monolayers, thallium nitride
monolayers, aluminium nitride monolayers, germanium
carbide monolayers, gallium nitride monolayers, silicene,
phosphorene, molybdenum disulfide, and other transition
metal dichalcogenides. New forms of non-natural carbon
allotropes related to graphite/graphene, graphyne and
graphdiyne have also been the subjects of interest due to their
unique structures and intriguing properties. Here, we review
some of the most promising of them in terms of thermoelectric
properties.

4.1. Hybrid graphene structures and other layered carbon
allotropes

The properties of graphene can be tuned via various chemical
functionalization methods. In particular, graphene can react
with atomic hydrogen, which transforms this highly conductive
gapless semimetal into a semiconductor or an insulator [169,
170]. There are two typical forms of graphene hydrogenation.
One form leads to graphane (GA), a fully double-side
hydrogenated graphene sheet with hydrogen atoms bonded to
carbon atoms on both sides alternatively, where all the sp?
bonds are transformed into sp3 ones [169,171]. The second
one, called graphone (GO), is a single-side hydrogenated
graphene sheet, obtained by utilizing the reversibility of the
hydrogenation process, i.e., by removing all the hydrogen



J. Phys.: Condens. Matter 27 (2015) 133204

Topical Review

atoms at one side of GA, in which half of the sp3 bonds are
transformed back into sp? bonds [172, 173]. It may result in
the change of the magnetic property from antiferromagnetic
to ferromagnetic [172]. Since hydrogenation is reversible and
controllable [174, 175], it may be used to tune the bandgap of
the material and its electronic properties on a wide range.

By using molecular dynamic simulation, it has been shown
that, depending on the hydrogenation form and coverage
fraction, periodic ripples and buckling may appear and the
thermal conductivity of hydrogenated graphene sheets can be
30-75% less than that of the pure graphene sheets [176].
From DFT-NEGF simulation, Ni et al have found that the
thermoelectric properties of armchair graphane nanoribbons
(AGANRs) are higher than those of AGNRs and further
enhanced in the presence of disorder [177]. By introducing
disorder in the form of imperfect saturation of the hydrogen—
carbon bonds, the authors have shown that the lattice thermal
conductance is reduced without drastically affecting the
electric conductance, which results in the high figure of merit
ZT =2.1 atroom temperature and ZT'>3 at T = 700 K. Higher
value ZT = 5.8 was even predicted for 5 nm-wide ribbons under
appropriate disorder conditions.

Two other forms of layered carbon allotropes are called
graphyne and graphdiyne, respectively. Graphyne is a one
carbon atom thick planar sheet arranged in a crystal lattice
containing both sp and sp? hybridized states [178]. Actually,
there may be a large number of possible graphynes, each with
the double and triple bonds in slightly different arrangements.
Though the synthesis of graphyne molecules is not strongly
developed yet and only trace amounts have been fabricated
in the laboratory, many theoretical works have predicted
fascinating physical properties for this material, including
high electron mobility and strong mechanical properties [179].
Graphdiyne is a variant of graphyne that contains two
acetylenic linkages in each unit cell rather than the one
linkage as in graphyne [180]. Graphdiyne is a material softer
than graphyne but its electronic properties are predicted to
be exceptional [181], with a bandgap in the semiconductor
range and an electron effective mass of the order of 0.08 my,
where my is the electron rest mass [182]. Graphdiyne films
were successfully synthesized on copper substrates [183] and
Graphdiyne nanotube arrays were fabricated by the same
group [184]. Different synthesis strategies are currently under
development [185,186]. A recent review of the synthesis,
properties and applications of graphyne, graphdiyne, graphane
and graphone may be found in [187].

Theoretical investigations of the thermoelectric perfor-
mance of graphyne have been reported recently. In 2D gra-
phyne sheets, the thermal conductance has been found to be
greatly reduced compared to that of graphene in most tem-
perature regions but larger than that of graphene at low tem-
perature [188]. Additionally, due to the semiconductor nature
of graphyne, the TEP is one order of magnitude larger than
that of graphene, which results in a thermoelectric figure of
merit ZT reaching 0.157 at room temperature, i.e. much larger
than in graphene [188]. In graphyne nanoribbons (GYNRs),
it has been shown that the thermal conductance is about 40%
that of graphene nanoribbons [189]. Additionally, the study

of the graphyne family reveals that the thermal conductance
is quite insensitive to the acetylenic linkages, but depends on
the number of benzene rings. The analysis of thermoelectric
performance of GYNRs and graphyne nanojunctions consist-
ing of sections of different widths has shown that the ther-
moelectric figure of merit is 3—13 times larger than that in
GNRs [190]. This improvement is mainly originated from
the fact that the enhanced thermopower and degraded ther-
mal conductance outweigh the reduction of electronic conduc-
tance. ZT values greater than 0.6 at room temperature and 1.0
at T = 700K have been predicted, which makes graphyne
another potential candidate for thermoelectric applications.

4.2. Graphene/hexagonal BN heterostructures

Hexagonal BN (h-BN) is a wide bandgap insulator with a
layered structure very similar to that of graphene but the two
atoms in the unit cell are chemically non-equivalent and the
lattice constant is 1.8% higher [191]. It has been shown that
graphene supported on a h-BN substrate has higher mobility
than on any other substrate, thanks to its flat and defect-free
interface [192-194]. A mobility of 275000 cm? V! s~! atlow
temperatures and 125000 cm? V~!s~! at room temperature,
i.e. as high as that of suspended graphene, has even been
reported [52]. Recently, the possibility to grow hybrid
monolayers consisting of a mixture of BN and carbon
nanodomains has been demonstrated [195-198] with the
possibility to form heterostructures, which motivated new
strategies of bandgap engineering and proposal of devices
[197,199-201]. In particular, it has been suggested to
introduce a finite-gap hybrid boron-nitride-carbon (BNC)
region below the gate of a transistor to improve significantly
the Ion/lor ratio [197], which may be also achieved thanks
to a side-gated graphene/BN ribbon with electrically tunable
bandgap [201]. A double-BN barrier may be used also to
design a resonant tunnelling device [199, 200].

In terms of thermal transport, numerical simulations have
shown that different types of graphene/BN heterostructures,
as SLs and embedded nanodomains, offer the possibility to
tune and reduce strongly the phonon thermal conductivity
[202-204], which is a very favourable feature to enhance
the thermoelectric properties. Indeed, a very high Seebeck
coefficient has been predicted in zigzag ribbons consisting
of a graphene/BN SL, with an enhancement by a factor of
20 compared to graphene [205]. A more complete study of
graphene/BN nanoribbons has shown that compared to pristine
GNRs, the ZT for armchair BNC ribbons is enhanced 10—
20 times and can reach ZT = 0.7 in some configurations
at room temperature [206]. As expected, it is due to the
combined effects of the increase in the Seebeck coefficient
and the reduction in the thermal conductance outweighing the
decrease in the electrical conductance.

4.3. Dichalcogenides

Apart from graphene, monolayers of dichalcogenides (MXj,
compounds with M = Mo, W, and X =S, Se, or Te), atomically
thin 2D semiconductors with a finite bandgap, have been the
recent focus of extensive research activity [207,208]. Due
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to their semiconducting nature, monolayers of MX, materials
have some advantages over gapless graphene and are suitable
for many electronic and photonic applications. Among this
family of materials, MoS, has been the most studied, both
experimentally [209, 210] and theoretically [211,212].

Within the MoS; monolayer, each Mo atom is linked to
six S atoms, and each S atom is linked to three Mo atoms,
forming a trigonal prismatic coordination configuration. It
is a two-valley direct-gap (1.8 eV) semiconductor where the
conduction band and valence band edges are both located
at the K point. In addition, compared with the nearly
vanishing spin—orbit coupling in graphene, MoS, has a
stronger spin—orbit coupling interaction, which, along with
the inversion symmetry breaking, leads to coupled spin
and valley physics. Magnetic properties of MoS, have
been exploited to modulate the spin-dependent tunnelling
in vertical graphene/MoS, heterostructures [213]. Several
demonstrations of single- and multilayer MoS, and MoSe;
transistors on SiO2 substrates have been reported [214-217].
Thanks to the finite bandgap of MoS,, a large I,/ ratio
and good current saturation can be achieved, which is a strong
advantage over graphene transistors. In spite of relatively low
carrier mobility, it has even been shown that MoS, transistors
can operate with cutoff frequencies reaching 6 GHz [218].
Additionally, integrated circuits based on MoS, transistors
were reported, demonstrating basic digital gates as an inverter,
a NAND gate, a static random access memory and a five-
stage ring oscillator [219]. These promising results make the
investigation of MoS, thermoelectric performance all the more
stimulating.

By means of non-equilibrium molecular dynamics
simulation, Liu et al have shown that the thermal conductivity
of monolayer MoS, is only 1.35 W mK~! at room temperature,
which is three orders of magnitude lower than that of
graphene [220]. In contrast to the case of GNRs, the
thermal conductivity of monolayer MoS; nanoribbons (NRs)
is insensitive to width and edge-type, indicating that the
phonons Umklapp scattering process dominates the thermal
transport in MoS; NRs.  Experimentally, by scanning
photocurrent spectroscopy of MoS, transistors, it has been
shown that the Seebeck coefficient of single-layer MoS, can
be tuned by an external electric field between —4 x 107
and —1 x 103 xVK~! [221]. Combining this high value of
thermopower with the low thermal conductivity mentioned
above, one may expect good thermoelectric performance.
From first-principles DFT calculation, Huang et al have
investigated the thermoelectric performance of different kinds
of dichalcogenide monolayers, including MoS,, MoSe,, WS,
and WSe; [222]. They found that among these materials,
p-type monolayer MoS, has the highest first peak value of
ZT at room temperature, with ZT > 0.5. As temperature
increases, the first peak values of ZT increase linearly except
for monolayer n-type WSe,/MoSe;, and p-type WS,. At high
temperature, n-type WSe, shows an exceptional increasing
rate compared to other cases, due to the electron transport
contribution of an additional valley, leading to ZT > 1 at
T = 500K. The same authors have shown that ZT = 2.1 is
achievable in bilayer WSe, at room temperature [223]. Hence,

we can expect that by appropriate nanostructuring, this type of
materials may achieve large values of thermoelectric figure of
merit over a wide range of temperature.

4.4. Phosphorene

In the new trend toward the investigation of atomistically
thin 2D materials, phosphorene, has recently emerged as
a very promising one. Phosphorene is a single layer
of black phosphorous arranged in a puckered honeycomb
structure formed by sp® hybridization of the atomic orbitals
of phosporous atoms. It can be mechanically exfoliated
and is stable at room temperature [224]. A single layer
of phosphorene is a direct bandgap material with a strongly
anisotropic dispersion in the vicinity of the gap [225].
Experimentally, it has been shown that the transport gap of
multi-layer phosphorene can be tuned from 0.3 to 1.0eV by
scaling down the thickness from bulk to a single layer, which
makes the on/off current ratio of field-effect transistors strongly
dependent on the layer thickness [226]. Another experimental
demonstration of phosphorene transistors has shown that the
charge-carrier mobility is also thickness-dependent, with the
highest value of about 1000 cm? V= s~! for a layer thickness
of ~10nm [227], which is significantly higher than the
mobilities reached in dichalcogenide materials.

Some theoretical investigations of phosphorene thermo-
electric performance have been reported recently. From first-
principles calculation, Fei ef al have found that the electrical
and thermal conductances exhibit strong spatial anisotropies
such that their respective preferred directions of conductance
are orthogonal to one another, resulting in an anisotropic ther-
moelectric figure of merit that is large along the armchair direc-
tion [228]. By considering a phonon relaxation time of 60 ps,
ZThas been predicted to reach more than 1 at room temperature
and 2.5 at T = 500 K. Lv ef al have shown that strain-induced
band convergence in phosphorene can significantly enhance
simultaneously the Seebeck coefficient and electrical conduc-
tivity, which leads to ZT = 2.1 at room temperature in the arm-
chair direction [229]. Zhang et al have investigated the ther-
moelectric properties of phosphorene nanoribbons (PNRs) of
different widths and edge configurations [230]. They demon-
strated that semiconducting armchair PNRs exhibit large val-
ues of thermopower that can be further enhanced by hydrogen
passivation of edge atoms. Additionally, the thermal conduc-
tivity is found to be strongly reduced depending on the ribbon
width, which results in optimized values of ZT as high as 6.4
at room temperature in armchair PNRs with nine dimer lines
along the ribbon width. All these results suggest that phos-
phorene has a strong potential for thermoelectric applications,
though experimental confirmations are still needed.

5. Conclusions

We have reviewed experimental and theoretical results relevant
to thermoelectric properties and performance of graphene,
graphene nanostructures and hybrid graphene structures.
Beyond the fundamental experiments on the Seebeck and
Nernst effects which have allowed us to understand better
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some specific features of the band structure and ambipolar
transport in graphene, it is remarkable to observe how,
starting from the poor thermoelectric performance of a 2D
gapless semimetal, it is possible to tune on a wide range
both the electronic and thermal conduction properties by
using different strategies of nanostructuring and bandgap
engineering, to such a point that high thermoelectric figures
of merit become achievable. Though most of these results
and predictions still need to be confirmed at the experimental
level, they show clearly that graphene and other atomically thin
layered materials as dichalcogenides and phophorene are very
promising for future development of thermoelectric energy
conversion at the nanoscale. Due to the high sensitivity of
most physical properties of these materials to atomic defects
and to the environment, a significant obstacle is obviously
the fabrication of well-controlled nanostructures. However,
the recent progress achieved in the bottom-up synthesis of
GNRs with atomically precise edges [130] makes it realistic
to envision in the near future the experimental demonstration
of some fascinating results recently predicted by numerical
simulations. Another important point, not addressed in this
review, is the processing of good thermal contacts at the
nanoscale, likely not to degrade drastically the good intrinsic
performance of thermoelectric nanodevices. It is known
as a crucial issue to optimize the working conditions of
thermoelectric generators [231,232] and we can anticipate
this problem to be a critical step for the transfer of graphene
thermoelectrics at the application level. Actually, this research
topic of graphene and 2D materials thermoelectrics is in its
infancy and we have no doubts that it will be the subject of
intense activity and development in the next few years.
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