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Strongly enhanced thermoelectric properties are predicted for graphene nanoribbons (GNRs) with optimized
pattern. By means of nonequilibrium Green’s function atomistic simulation of electron and phonon transport, we
analyze the thermal and electrical properties of perfect GNRs as a function of their width and their edge orientation
to identify a strategy likely to degrade the thermal conductance while retaining high electronic conductance and
thermopower. An effect of resonant tunneling of electrons is detected in mixed GNRs consisting of alternate
zigzag and armchair sections. To fully benefit from this effect and from strongly reduced phonon thermal
conductance, a structure with armchair and zigzag sections of different widths is proposed. It is shown to provide
a high thermoelectric factor of merit ZT exceeding unity at room temperature.
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I. INTRODUCTION

The discovery of two-dimensional graphene and quasi-
one-dimensional graphene nanoribbons (GNRs) has led to a
renewed interest in carbon-based materials to take advantage
of remarkable physical properties with high potential for inno-
vative applications in nanoelectronics, spintronics, photonics,
and optoelectronics.1–7 Recently, much attention has been fo-
cused on thermal8 and thermoelectric9 properties of graphene
structures. For a two-dimensional graphene sheet, a giant
Seebeck coefficient has been predicted,10 and an extremely
high thermal conductivity of about 5 kW·m−1·K−1 has been
measured.11 Additionally, the phonon contribution to thermal
conductivity is expected to be strongly dependent on the GNR
structure and significantly reduced by edge disorder at some
specific phonon frequencies, which provides the possibility of
designing devices with specific temperature dependence of the
thermal conductivity.12 Such promising results have oriented
many works toward thermoelectric properties in GNRs.13

Recently, it has been predicted that the thermoelectric figure
of merit ZT can exceed unity in honeycomb chains of carbon
atoms14 and also in long rough-edge GNRs15 or in GNRs
with atom vacancies.16 However, detailed information on the
potential of short GNRs to provide a high figure of merit ZT
at room temperature in ordered structures is still missing.

In this article, we analyze the influence of the GNR lattice
structure on the electron and phonon transport with a view to
identify a strategy making it possible to achieve good ther-
moelectric properties and in particular a high thermoelectric
factor of merit ZT defined as ZT ≡ T GeS2/κ , where Ge is
the electronic conductance, S is the thermopower (or Seebeck
coefficient) and κ = κe + κph is the thermal conductance
composed of electron and phonon contributions κe and κph,
respectively. On the basis of results obtained for elementary
GNR structures, the strategy consists of designing specific
structures where the phonon transmission and thus the thermal
conductance are degraded, while the electronic conductance
and the thermopower are still high or even enhanced. We
will show that these objectives may be reached by alternating
GNR slices of different widths and edge orientations, which
strongly reduces the thermal conductance and gives rise to an
effect of resonant tunneling of electrons. Such resonant effect

has been recently predicted for GNR structures combining
armchair-edge graphene nanoribbons (AGNRs) of different
width.17 Taking advantage of this phenomenon and from
strongly reduced phonon thermal conductance, ZT values
exceeding unity are then achieved at room temperature.

To fabricate these structures, the technological challenge of
controlling precisely the ribbon edges at the atomic scale is
expected to be overcome soon. Rapid progress in technology
has been achieved in this direction. Recently, Li et al.18

successfully fabricated very regular-edge ribbons of sub-10 nm
width using chemical methods and self-assembly processes.
Tapaszto et al.19 used the scanning tunneling microscopy to
pattern different shapes of graphene ribbons with nanometer
precision. Very recently, Masubuchi et al.20 used the tapping-
mode atomic force microscopy and successfully demonstrated
ribbons with well-controlled edge shapes.

II. MODEL AND METHODOLOGY

For the simulation of charge transport in graphene devices,
the most widely used approach is based on the powerful
nonequilibrium Green’s function (NEGF) formalism to treat
either the continuous Dirac Hamiltonian in 2D graphene
sheets21,22 or an atomistic tight-binding Hamiltonian in
GNRs.23–28 Different semiclassical and quantum approaches
have been developed for phonon transport, such as molecular
dynamics,29 transfer matrix12 or even NEGF30 and real-space
Kubo31 approaches. Recently, the investigation of the ther-
moelectric properties in GNR structures has been performed
within the NEGF formalism to calculate both the electron
and the phonon transmissions on an equal footing.13,15,32

In most of these works, a simple nearest-neighbor tight-
binding (NNTB) Hamiltonian without edge relaxation was
used for electrons, while a force constant model (FCM)
including the fourth nearest neighbors15,32 was considered for
phonons.

In this work, a phonon Hamiltonian based on a fifth
nearest-neighbor FCM33 and an NNTB electron Hamiltonian
including armchair edges relaxation fitted from first-principle
calculation27,34,35 were used. It has been shown that the average
bond length in GNRs and graphene nanoflakes (GNFs) rapidly
converge to the average bond length of a relaxed sheet of
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graphene when increasing the number of atoms.36 However,
ab initio simulations have demonstrated that the relaxation of
armchair edges significantly changes the edge bond length and
tight-binding parameters.37,38 This effect has been predicted
to be much smaller for zigzag edge bonds.39 In our work the
bond relaxation is included using two different tight-binding
(TB) parameters: the hopping energy of 3.02 eV is used for
armchair edge bonds;27 and the standard value of 2.7 eV is
used for internal and zigzag edge bonds as in relaxed 2D
graphene. More accurate models, including up to the third
nearest neighbors could be considered,40 but it is expected that
this simple and computationally efficient approach provides
relevant results. It is important to note that for the AGNRs
which are found to be metallic when using a single hopping
parameter, a small band gap opens when considering the edge
relaxation through a specific edge- hopping parameter. In what
follows, such AGNRs will be termed quasimetallic.

Due to the weak electron-phonon coupling in GNRs,41

in our approach both phonon and electron populations
are assumed to travel ballistically and independently. The
electron (phonon) transmission function Te(ph) is calculated
according to the NEGF formalism. The anharmonicity of
atomic interactions is neglected in our calculation. Once the
transmission functions are known, the Landauer formalism
can be applied to calculate phonon and electron fluxes.42

Finally, the thermopower S and the electronic contribution
to the thermal conductance κe are calculated as detailed in
Refs. 34 and 43. The surface Green’s functions and the device
Green’s functions are calculated using the fast iterative scheme
proposed in Ref. 44 and the recursive algorithm described in
Ref. 45, respectively.

The ribbons presented in Fig. 1 are defined by their edge
orientations and by the number n of dimers in the unit cell,
which is related to the ribbon width W. In this article three types
of ribbons are considered: GNRs with armchair, zigzag, and
mixed edges are denoted by n-AGNR, n-ZGNR, and n-MGNR,
respectively. The MGNR edges can be seen as a mixture of both
armchair and zigzag edges in the elementary cell, which, as
the chirality of a carbon nanotube, may be fully characterized
by a couple of numbers, giving the numbers of AGNR and
ZGNR elementary cells, respectively, in the MGNR unit
cell.

The simulated structures are schematized in Fig. 1. They all
consist of a GNR active zone coupled with two semi-infinite
contacts with the same structure.

To identify a strategy to optimize the thermoelectric
performance, we first examine the influence of GNR width and
edge orientation on electron and phonon transport properties.

III. INFLUENCE OF GNR WIDTH AND ENERGY GAP

In Fig. 2 the electronic conductance Ge, the Seebeck
coefficient S, and the factor of merit ZT are compared as
a function of the chemical potential for several n-AGNRs
exhibiting either a quasimetallic behavior with a narrow
conductance gap (n = 8, 17, and 32) or a semiconducting
behavior (n = 16). First, it is worth noting that the ZT peak
positions correspond exactly to the electronic conductance
transitions from one step to another. Though these results
were achieved at room temperature, this observation is fully

FIG. 1. (Color online) Simulated GNR structures with different
edge orientations.

consistent with the Cutler–Mott theory {S ∝ d[ln(Ge)]/dE}
established at low temperature.46 As expected, if the AGNR
width, i.e. the number n, is reduced, the phonon thermal
conductance reduces, too, and the band gap broadens, both for
quasimetallic and semiconducting ribbons. For instance, for
the quasimetallic AGNRs, the electronic band gap increases
from 70 meV for 32-AGNR to 200 meV for 8-AGNR, and
the phonon thermal conductance reduces from about 4.8
nW/K to 1 nW/K, as shown in Fig. 2(b). Though both
phonon and electron contributions to the thermal conductance
are included in the calculation of ZT, only the latter is
plotted here. Indeed, it has been shown that in GNRs with
perfect edges the phonon contribution is at least one order of
magnitude higher than the electron contribution.34 However,
it is not true for all GNRs studied in this letter, which will
be discussed later. Additionally, the theoretical prediction of a
linear relationship between the maximum value of the Seebeck
coefficient and the energy band gap of a semiconductor47 is
actually observed here, as shown in the inset of Fig. 2(c). It
gives a strong advantage to the semiconducting 16-AGNR in
terms of thermopower. However, this advantage is not strong
enough to get a high value of ZT. Indeed, the quasimetallic
8-AGNR benefits from a smaller thermal conductance and a
higher maximum power factor S2Ge to provide a higher ZT
value than 16-AGNR [Fig. 2(d)]. Regarding the influence of
GNR width, it is observed that the maximum ZT value is
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FIG. 2. (Color online) Width-dependence of (a) electronic conductance, (c) Seebeck coefficient, and (d) factor of merit ZT as a function of
the chemical potential μ by comparison of 8-AGNR, 16-AGNR, 17-AGNR, and 32-AGNR. (b) Phonon thermal conductance as a function of
the temperature for the same GNRs. The origin of the chemical potential is taken at the midgap position. Inset of (c) is the maximum absolute
value of thermopower as a function of the energy gap.

improved by one order of magnitude when the ribbon width is
divided only by four.

IV. INFLUENCE OF EDGE ORIENTATION

We now investigate the influence of GNR edge orientation
on thermoelectric properties by considering GNRs of similar
width. In Fig. 3 the quantities Ge, S, and ZT are plotted as a
function of the chemical potential for 16-AGNR, 17-AGNR,
16-ZGNR, and for two 16-MGNRs of different chirality, while
κph is plotted as a function of temperature. ZGNRs are always
gapless and AGNRs have an n-dependent band gap width.
As shown in Fig. 3(b), in spite of their structural differences,
perfect AGNRs and ZGNRs with the same number of dimers
in the elementary cell have a similar thermal conductance.
However, the semiconducting, quasimetallic, or metallic
characters lead to very different thermoelectric properties,
even with equivalent thermal conductance. While the metallic
16-ZGNR exhibits a poor thermopower and a very small ZT
factor of merit [not even visible in Fig. 3(d)], the presence
of a band gap in the semiconducting 16-AGNR leads to
rather significant thermopower and ZT values, more than one
order of magnitude higher than in 16-ZGNR. It should be
mentioned that though the 16-ZGNR has a physical width

√
2

times smaller than that of the 16-AGNR, it exhibits a slightly
higher thermal conductivity, which is also detrimental to ZT.

Thermoelectric results for MGNRs with different chirality
must be interpreted differently. Armchair edges induce a
band gap opening, while zigzag edges generate gapless edge
localized states, which has been verified experimentally.48 The

presence in the same elementary cell of both types of edges
gives rise to very specific electron transport properties. Indeed,
the ribbon sections with armchair edges can be seen as barriers
between localized zigzag edge states, and an MGNR can be
seen as a multibarrier system. Thus, as predicted in Refs. 46
and 49 for multibarrier systems, a resonant tunneling transport
may occur and induce strong oscillations of thermopower
and electronic conductance. If the armchair edge sections
are short, e.g. for chirality (1,1), the band gap is very small,
and the MGNR has a metallic behavior similar to that of a
perfect ZGNR. On the other hand, if the length of armchair
sections is higher than that of the zigzag ones, the band gap
broadens, and the resonant tunneling phenomenon becomes
dominant. Figure 3(a) shows that an energy band gap of
300 meV is formed in the electronic conductance of the
MGNR (5,1), and the resonant tunneling effect manifests in
this structure through the oscillations of the conductance.
Since the thermopower is related to the derivative of the
electronic conductance, the negative differential conductance
associated with the resonant effect gives rise to oscillations
of the thermopower between negative and positive values
[Fig. 3(c)], which is typical of a multibarrier system. To
illustrate this resonant effect, the atomic local density of states
(LDOS) are plotted in Fig. 4(a) for the electron energies E of
0.65 eV and 0.3 eV, corresponding to the first two maxima of
electronic conductance. Consistent with recent experimental
results,48 the electron density is strongly localized at the
zigzag edges. In this 16-MGNR working in the resonant
tunneling regime, the electron conduction is perfect at E =
0.3 eV, while it is weak in the corresponding 16-AGNR.
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FIG. 3. (Color online) Edge-dependence of (a) electronic conductance Ge, (c) Seebeck coefficient, and (d) factor of merit ZT as a function
of the chemical potential μ by comparison of 16-AGNR, 17-AGNR, 16-ZGNR, 16-MGNR with chirality (1,1), and 16-MGNR with chirality
(5,1). (b) Phonon contribution to the thermal conductance as a function of the temperature for the same GNRs.

In contrast, the conduction vanishes at E = 0.45 eV, while
it is high in both 16-AGNR and 16-ZGNR. In Fig. 4(b),
the LDOS averaged along the ribbon width is shown as a
function of both the distance along the structure and the
electron energy. The energy gaps of the density of states
(DOS) are of course in accordance with the energy gaps
of the conductance resulting from the resonant tunneling
effect.

In addition to this resonant tunneling effect, the MGNRs
exhibit low thermal conductance because of the weak phonon
transmission functions (not shown) compared to perfect

AGNRs or ZGNRs [Fig. 3(b)]. This phenomenon was ex-
pected, since it results from the discrepancy between AGNR
and ZGNR vibrational modes.35,50 In particular, the specific
phonon modes of AGNRs are suppressed in ZGNRs and vice
versa. The thermal conductance at room temperature decreases
from 2.5 nW/K for the perfect 16-AGNR to 1.4 nW/K for the
16-MGNR with chirality (5,1).

Finally, though GNRs with mixed edges exhibit moderate
values of S, they can offer better thermoelectric performance
than AGNRs. The maximum values of S are smaller in
the 16-MGNR (5,1) than in the 16-AGNR of similar width

FIG. 4. (Color online) (a) Atomic LDOS of the 16-MGNR with chirality (5,1) calculated at the chemical potential of 0.65 eV and 0.3 eV.
(b) Width-averaged LDOS map in the energy-length space.
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[Fig. 3(c)], but the power factor S2Ge is nearly the same in
both GNRs (not shown), and thanks to the lower thermal
conductance, the maximum value of ZT is higher in the
MGNR than in the AGNR with several peaks due the resonant
tunneling [Fig. 3(d)].

V. OPTIMIZED STRUCTURES

Now with a view to achieve a high ZT factor, we propose
to design some optimized GNR structures likely to strengthen
the resonant tunneling effect and to further degrade the thermal
conductance. The strategy should follow two main principles:
first, the structure must degrade the phonon transport; and
second, it must enhance S without degrading Ge. Since it is
established that a high energy band gap is desirable to achieve
high thermopower values, the 8-MGNR with chirality (5,1)
appears as a good candidate; it is the structure α in Fig. 5(a).
The resonant effects in electronic conductance should be
boosted by increasing the length of ZGNR elementary cells.
The 8-MGNR with chirality (5,3) is thus proposed [structure
β in Fig. 5(a)]. Consistently with Ref 32, the thermal
conductance can be strongly degraded using two different
widths in the elementary cell. A third solution is thus proposed.
Starting from the 8-MGNR with chirality (5,3), the width
of the ZGNR sections is increased. The structure consists
in alternating 8-AGNR and 20-ZGNR sections, as shown in
Fig. 5(a) (structure γ ).

For the three structures, the electronic and thermal conduc-
tances, the Seebeck coefficient, and the factor of merit ZT are
plotted in Figs. 5(b), 5(e), 5(c), and 5(d), respectively.

The structure α gives rise to a very limited resonant
tunneling behavior with small oscillations of the electron
conductance. In structure β these oscillations are more
pronounced, but the phonon thermal conductance is similar.
Additionally, because of a reduced band gap width, the
maximum thermopower values are smaller. The resulting
ZT values in the structure β are thus smaller than in the
structure α.

However, in structure γ the localized states associated with
zigzag edges strengthen the resonant effects. They induce
a strongly selective electronic transmission which manifests
through strong oscillations in the electronic conductance
[Fig. 5(a)]. It is clearly illustrated in Fig. 6, where the atomic
LDOS calculated at 0.05 eV and 0.3 eV [Fig. 6(a)] and
the LDOS averaged over the width of the GNR [Fig. 6(b)]
are shown together with the corresponding electron energy
spectrum [Fig. 6(c)] and electron transmission [Fig. 6(d)] as a
function of electron energy. The resonant character of the elec-
tronic transport can be fully understood if the electron energy
spectrum is examined. The energy spectrum is determined
by Bloch’s theorem over the ribbon γ approximated to an
infinite superlattice-like structure. In this mixed structure, we
observe the building of energy gaps and minibands which are
not present in perfect AGNRs and ZGNRs. It should be noted

FIG. 5. (Color online) (a) MGNR alternating armchair and zigzag elementary cells with the same width (α and β) and with different
widths (γ ). (b) Electronic conductance, (c) Seebeck coefficient, (d) and factor of merit ZT as a function of chemical potential μ, (e) and phonon
contribution to thermal conductance as a function of the temperature for different GNR structures.
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FIG. 6. (Color online) (a) The atomic LDOS calculated at 0.3 eV and 0.05 eV. (b) The corresponding width-averaged LDOS map in the
energy-length space. (c) The electron energy spectrum as a function the momentum k along the ribbon. (d) The electronic transmission as a
function of the electron energy.

that at the two energies 0.05 eV and 0.3 eV, corresponding to
the first and second maxima of the electronic conductance, the
distribution of localized electronic states is quite different.
As a consequence of the strong resonant tunneling effect,
the thermopower S is significantly enhanced with respect to
structures α and β and exhibits strong oscillations from about
−0.3 mV/K to 0.3 mV/K [Fig. 5(c)].

In parallel, the thermal conductance reduces drastically due
to strong differences in phonon vibrational modes between the
different sections of the ribbon, and it reaches a very low value
<0.2 nW/K at room temperature [Fig. 5(e)]. It is worth noting
that while the electron thermal conductance was negligible
in AGNRs, ZGNRs, and even in MGNRs [Fig. 3], it is now
comparable to the phonon thermal conductance (not shown),
which is a consequence of the strong reduction of the latter.
It is thus important to include the electron contribution to the
thermal conductance in the calculation.

The combined effect of the thermopower enhancement and
reduced thermal conductance finally boosts ZT, which exceeds
unity for the structure γ at room temperature, as shown in
Fig. 5(d). It is a remarkable result for possible applications of
graphene in thermoelectrics.

FIG. 7. (Color online) The value of the maximum ZT as a function
of the number of dimers n in armchair sections in the structure γ of
Fig. 5.

For the structure γ we now consider different width of the
AGNR sections. In Fig. 7 the maximum figure of merit ZT is
plotted as a function of the number of dimers in the AGNR
elementary cell. The maximum ZT has been reached for about
8–9 dimers, and this parameter ZT decreases for larger AGNR
sections. We did not analyze GNR of width n < 6 because a
strong relaxation of all carbon bonds is expected and cannot
be considered here.

VI. CONCLUSION

In summary, a specific patterning of a mixed GNR obtained
by alternating armchair and zigzag sections of different width
has been shown to provide high thermoelectric performance
with a ZT factor reaching unity at room temperature. It results
from the combination of (i) very small phonon thermal con-
ductance due to the mismatch of phonon modes in the different
sections and (ii) the resonant tunneling of electrons between
these sections, which retains high electron conductance and
thermopower. It should be noted that only intrinsic properties
of suspended GNR structures have been explored in this
work. To be inserted in a real thermoelectric device, the GNR
should be deposited on a substrate and coupled with heat and
electron reservoirs, which may strongly change the results. A
first way to assess the relevance of the proposed design for
thermoelectric conversion could be to simulate a full device,
including reservoirs. It is certainly a valuable objective of
future works.
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