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Abstract The thermoelectric properties of defected graph-
ene nanoribbons (GNRs) and multi-junction (MJ) GNRs
coupling periodic armchair sections of different width are
analyzed by means of Green’s function techniques to sim-
ulate electron and phonon transport. Among the different
strategies likely to enhance the thermoelectric performance,
the effects of edge disorder and random vacancies are shown
to be small since they lead to the concomitant degradation
of the phonon thermal conductance and of the electronic
conductance, which finally reduces the thermoelectric factor
ZT. However, the periodic distribution of vacancies and the
structuring of GNRs in MJ-GNRs both lead to the enhance-
ment of the figure of merit ZT. In the latter case, in addition
to the strong reduction of the phonon thermal conductance,
an effect of resonant tunneling of electrons allows retaining
high electronic conductance and enhancing significantly the
thermopower. Finally, by introducing a periodic distribution
of vacancies in the MJ-GNR, the maximum value ZT = 0.4
is reached at room temperature.
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1 Introduction

Beyond its exceptional electron transport properties and po-
tential for high speed electronics [1, 2], graphene has re-
cently attracted attention for its thermal [3-5] and ther-
moelectric [6, 7] properties. The performance of thermo-
electric materials is measured through a unitless parame-
ter, ZT, which is called thermoelectric figure of merit and
is defined as GeSZT/K , where G, is the electrical con-
ductance, S is the Seebeck coefficient (or thermoelectric
power), K = K.+ K, is the thermal conductance including
both electron and phonon contributions, and 7T is the temper-
ature. Due to the strong interdependence of these quantities
it is difficult to envision a strategy of material engineering
likely to provide a room-temperature Z7 higher than 1, i.e.
higher than that already obtained in the 1950s with Bi,Te;
alloys [8]. In the 1990s the pioneering work of Hicks and
Dresselhauss [9, 10] has introduced the idea that quantum
confinement of carriers and nanostructuring of materials
may increase ZT beyond the critical value of 1. Intense re-
search in this direction has led to successful results with su-
perlattices [11, 12], quantum dots [13—15] and nanowires
[16, 17]. However, these nanostructures have taken advan-
tage mainly of reduced phonon thermal conductance while
the confinement of carriers did not have a significant effect.
It is particularly true in the case of Si nanowires where the
Seebeck coefficient and the electrical conductance are the
same as in bulk-Si while the thermal conductivity is reduced
by two orders of magnitude, probably because of surface
roughness effects [16].

Due to its thermal conductivity as high as 5 k€W m~! K~
[4], graphene was not initially expected to be a good can-
didate for thermoelectrics. However, recent works based
on numerical simulation have suggested that high ZT val-
ues could be reached in simple honeycomb chains of car-
bon atoms [18], in long rough-edge graphene nanoribbons
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(GNRs) [19], in GNRs with atomic vacancies [20], or in
graphene anti-dot lattices [21]. Recently, we have demon-
strated that the nanostructuring of GNRs by alternating arm-
chair and zigzag GNR sections of different width makes it
possible to benefit from both a reduced phonon thermal con-
ductance and a resonant tunneling effect for electrons which
preserves the electronic conductance and enhances the See-
beck coefficient compared to perfect armchair GNR. This
configuration has led to ZT values of about 1 at room tem-
perature [22].

In this article, we examine different mechanisms and con-
cepts of structuring which may have an influence on the ther-
moelectric performance of GNRs: edge disorder, random
vacancy distribution, periodic distribution of vacancies and
nanostructuring of GNRs in periodic armchair sections of
different width. The electron and phonon transport equations
are treated on an equal footing using the non-equilibrium
Green’s function approach for the computation of the elec-
tron and phonon transmissions on the basis of an atomistic
real-space description of GNRs.

Actually, 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 [23], the molecular dynamics [24, 25],
the transfer matrix [26], the order-N real-space Kubo
formalism [27], or the NEGF method [28]. The NEGF
method is also widely used to simulate the quantum trans-
port of charges in graphene devices by considering either
the continuous Dirac Hamiltonian in large graphene sam-
ples [29-31] or an atomistic tight-binding Hamiltonian in
GNRs [32-38]. It has been used also to compute simultane-
ously electron and phonon transport in graphene structures,
which gives access to their thermoelectric properties [19-22,
39]. 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) in-
cluding the fourth nearest-neighbors or less was considered
for phonons [19, 39]. It should be noted that a third NNTB
model was used for electrons in [21]. In the present work,
a lattice dynamic equation based on a fifth nearest-neighbor
FCM [40, 41] and a first NNTB electron Hamiltonian in-
cluding armchair edge relaxation [22, 36] have been used.

This article is organized as follows. In Sect. 2, the mod-
els used to compute the states and transport of electrons and
phonons are described. In Sect. 3, the results obtained are
presented and discussed. We summarize and draw some con-
clusions in Sect. 4.

2 Model

In semiconducting nanostructures such as silicon nanowires,
it is important to include all sources of scattering in the
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simulation, in particular electron-phonon scattering, to ex-
tract accurate thermoelectric parameters [42]. However, in
2D graphene the mean free path of electrons and phonons at
room temperature is typically higher than 400 nm [43] and
775 nm [4], respectively, i.e. much longer than the struc-
tures simulated here. In GNRs the electron mobility is es-
sentially limited by vacancies and edge disorder [44] and
the electron-phonon coupling is weak [45]. Accordingly, in
our model both phonon and electron populations are as-
sumed to travel ballistically and independently, as com-
monly assumed in thermoelectric studies of GNRs [19-21].
The anharmonicity of the atomic interactions is thus ne-
glected in the calculation of phonon transport properties.
Basically, the electron (phonon) transmission function 7,
(Tpn) is deduced from the Green’s functions of the electron
Schrddinger equation (lattice dynamic equation). The Lan-
dauer formalism is then applied to calculate the phonon and
electron fluxes and all related quantities.

2.1 Electronic band structure and electron transport

To model the electron behavior in GNR devices connected to
two leads, we consider the Hamiltonian of the general form

H=Hp+ H.+ Hr+ HpL + Hpr, (1)

where Hp is the Hamiltonian of the device, Hy g are the
Hamiltonians of the left and right leads, respectively, and
Hpy and Hppg describe the coupling of the device to the
leads. These Hamiltonians can be expanded in terms of cre-
ation and annihilation operators at each atomic site, and to
describe the electronic structure of graphene, a single band
tight-binding model can be used, with a, = 0.142 nm as
carbon-carbon distance and ¢ = 2.7 eV as overlap integral
between p, orbitals [43, 46]. However, first-principles sim-
ulations have shown that the relaxation of armchair edges
significantly changes the edge bond length and tight-binding
parameters [47], while this effect has been predicted to be
much smaller for zigzag edge bonds [48]. In the present
work the bond relaxation is included using two different TB
parameters: the hopping energy 7,44, = 3.02 €V is used for
armchair-edge bonds [47] and the standard value t = 2.7 eV
[46] is used for internal and zigzag-edge bonds. It is worth
noting that for 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 the following, such AGNRs will
be referred to as “quasi-metallic”.

In the Green’s functions (GFs) language [49], the device
retarded Green’s function is defined as

WE)=[E+in—Hp—%) — 3], )

where the retarded self-energies X, and Xj describe the
device-lead couplings and contain the information on the
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electronic structure of the semi-infinite leads. For instance,
the self-energy of the left lead can be expressed as

Y (E)=Hprgy(E)HLp, 3)

where gz (E) is the surface GF of the uncoupled left lead,
with similar definitions for the self-energy of the right lead.
The surface GFs and the device GFs are calculated using
the fast iterative scheme described in [50] and the recursive
algorithm proposed in [51], respectively. The local density
of states (LDOS) at site j can be extracted from the retarded
GF as

LDOSjy = —2ImG" (j, j). 4)

By introducing the advanced GF G%,(E) = G;)(E)T and

self-energies E‘L"R(E) = EZ»R(E)*, one can compute the

particle injection rates at contacts

T R(E)=i[Z] g(E) — Z{ p(E)] =—2Im[Z] r(E)].
Q)

and the transmission function

T.(E) =Tr[TL(E)G'h(E)TR(E)GH(E)]. (6)

The electronic conductance G, is then deduced as a function
of the Fermi energy u as

2
Geo(1) = fTe (). )

The thermopower S and the electronic contribution to the
thermal conductance K, can be derived via the intermediate
L,, functions defined as [20, 52]

-9
n f(E’“’T)dE
oOFE

where f(E, u,T) is the Fermi-Dirac distribution function
at temperature 7. Finally, S and K, are expressed and com-
puted as

2
Ln(u,T>=E/Te(E>(E—m L ®

_ 1 Li(w,T)
S, T) = oT Lo, T)’ 9
and
_ 1 Ly, 1)
K.(u,T)= ?|:L2(IL T)— m] (10)

2.2 Phononic structure and phonon thermal conductance

In the small displacement limit, the equation of motion of
the i-th atom writes

dii; oL
m——r = kijij — i), (11)
J

dt?

where ii; is the relative displacement vector of the j-th
atom, k;; is the force constant parameter describing the cou-
pling between the i-th and the j-th atom, and m is the mass
of carbon atoms. A fifth nearest-neighbor force constant

model is used to describe the interaction between atoms,
with coupling parameters determined in [40]. For a finite
structure of N atoms, the system of equations (11) may be
written in a matrix form, which, after Fourier transform,
can be expressed as a function of the angular frequency of
atomic vibrations w as

[0*M - K]U =0, (12)

where U is the column vector formed by all relative dis-
placement vectors u j» M is the mass tensor of carbon atoms
and K is the dynamic matrix. The eigenvalues w? of (12)
correspond to the vibration frequencies of the lattice, i.e.
to the phonon modes. Here, K plays the same role as the
Hamiltonian H for electrons. Similarly to the Hamiltonian
in (1), it can be decomposed in different sub-parts as

K=Kp+ Ky, +Kr+ Kpr+ Kpr. (13)

As for the electron GF defined in (2) the device retarded
Green’s function of the dynamic equation (12) is defined as

@) =[0*M +in—Kp—3; — 3], (14)

where the self-energies X} and %; describing the lead-to-
device coupling are defined as in (3). With phonon injection
rates defined as in (5) the phonon transmission function fi-
nally writes

Tpn (@) = Tt[TL(0) Gy (@) R (@) G (@)]- (15)

In the case of ballistic phonons, the lattice contribution to
the thermal conductance is given by [53]

_ on(w, T) | hw
Kph— Tph((,()) 3—T gd&), (16)

where n(w, T) is the Bose-Einstein distribution function.
This general expression can be conveniently rewritten in the
form [54]

Tpn(w
Kin(T) = —Qf W%
8mkpT* Jo sinh (—2kBT)

Finally, by regrouping (7), (9), (10) and (17), the thermo-
electric figure of merit is computed as

_ GS?
B K.+ Kph

dw. (17)

ZT (18)

2.3 Simulated structures and preliminary results

The GNRs 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 we focus on GNRs with arm-
chair edges, denoted as n-AGNRs, the width of which is ex-
pressed as

W= %(n— Dac. (19)
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Fig. 1 Electron and phonon contributions K, and K, respectively,
to the thermal conductance K for a 15-AGNR as a function of temper-
ature T'. K, is plotted for three values of electron chemical potential

We will consider also a multi-junction AGNR (MJ-AGNR)
obtained by alternating periodically AGNR slices of differ-
ent width. All simulated structures consist in a GNR active
zone coupled with two semi-infinite contacts with the same
structure.

In the result Sect. 3, only the phonon contribution to the
thermal conductance will be presented and discussed, the
electron contribution being considered as smaller. This as-
sumption is fully true in perfect GNRs, as shown in Fig. 1
where we compare the electron and phonon contributions to
the thermal conductance as a function of temperature and for
different values of electron chemical potential. The phonon
contribution is always at least one order of magnitude higher
than the electron contribution, even for high electron chem-
ical potential. However, it should be noted that (i) this is
no longer true in nanostructured GNRs where the phonon
conductance is strongly reduced and may become similar to
the electron thermal conductance and (ii) both contributions
were included in the computation of ZT (18) in all results
presented below.

The effect of temperature on the Seebeck coefficient S
is more complex. In contrast to the case of 2D graphene
where the S peaks are almost independent of temperature
and electron chemical potential [20], in GNRs the maxi-
mum value of S is temperature-dependent at high temper-
ature and the position of peaks is energy-dependent at low
temperature, as shown in Fig. 2 for a 15-AGNR. Due to the
symmetry between conduction and valence bands, S is al-
ways zero when the chemical potential is at the middle of
the band gap, i.e. for © = 0. For positive energies, accord-
ing to (9) the maximum S occurs when the value of £ — u
weighted by the electron transmission 7, is maximized. The
effect of bandgap on S is mainly visible at low temperature
(T <100 K here) through a plateau around p = 0.

The effects of GNR width and orientation on all parame-
ters involved in the evaluation of ZT have been discussed in
detail elsewhere [22]. In the next section we focus on AG-
NRs with n = 16 dimers in the unit cell and we discuss the
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Fig. 2 Seebeck coefficient (or thermopower) of a 15-AGNR as a func-
tion of chemical potential u for different temperatures

effects of edge disorder, vacancies and structuring of ribbons
in multi-junction structures.

3 Results and discussion
3.1 Edge disorder effects

The thermoelectric properties of AGNRs are first analyzed
as a function of the edge disorder. To understand how the
edge quality may affect the figure of merit ZT, we com-
pare the results obtained for 16-AGNRs with different edge
roughness parameters. We define a roughness index as the
probability for each edge dimer to be removed. The disorder
is limited to the edge dimers and the possibility of deeper
roughness is not taken into account here. In Fig. 3 we com-
pare a perfect 16-AGNR to three 16-AGNRs with roughness
index of 5%, 10% and 15%, respectively, for a device length
L =20 nm. For all structures, schematized in Fig. 3(a), we
plot the phonon thermal conductance as a function of tem-
perature in Fig. 3(b), while the electronic conductance G,
the Seebeck coefficient S and the figure of merit ZT are plot-
ted at room temperature as a function of the chemical poten-
tial w in Figs. 3(c), 3(d) and 3(e), respectively.

Figure 3(b) shows clearly that edge disorder tends to de-
grade significantly the phonon thermal conductance which
decays from 2.4 nWK~! for the perfect GNR to about
1.6 nW K~! for the disordered GNRs at room temperature.
The results shown for roughness indices of 5% and 10%
seem similar but it is actually fortuitous. Indeed, these two
results correspond to two specific distributions of defects
selected randomly. If the thermal conductance is averaged
over a large number of disordered GNRs, a continuous de-
crease is observed when increasing the roughness index in
the range 0-15% (not shown here).

In principle, according to (18), this reduction of thermal
conductance induced by edge disorder is likely to enhance
the figure of merit Z7. However, it is not the case here be-
cause the edge disorder also affects the electronic transport
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Fig. 3 (a) 16-AGNR structure with different values of roughness in-
dex: 5%, 10% and 15%. (b) Phonon thermal conductance as a function
of temperature T, (c) electronic conductance, (d) Seebeck coefficient

properties with negative overall consequences on Z7T. More
precisely, two main effects on the electronic transport can be
identified:

— A positive effect: the enhancement of the electronic
bandgap, which can be seen directly on the electronic
conductance plotted in Fig. 3(c) or indirectly on the See-
beck coefficient displayed in Fig. 3(d). Indeed, a previous
study of the effect of GNR width on the thermoelectric
properties has shown a linear relationship between the
bandgap and the maximum value of S [22], in agreement
with theoretical predictions [55]. This overall tendency
is confirmed here with the small enhancement of height
and width of the Seebeck coefficient peak when increas-
ing the roughness (Fig. 3(d)) while the bandgap of rough
AGNRs is more than 100 meV higher than that of the
perfect AGNR.

— A negative effect: the reduction of electronic conduc-
tance, as shown in Fig. 3(c) for all roughness indexes.
Additionally, the random edge profiles induce random os-
cillations of electronic conductance at high energy.

The global electron transport properties for thermoelectric-
ity may be analyzed through the single quantity G,S?, often
referred to as the power factor. In rough AGNRs, the reduc-
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and (d) figure of merit ZT as a function of chemical potential w1 for the
perfect 16-AGNR and for 16-AGNRs with edge disorder as schema-
tized in (a)

tion of electronic conductance is strong enough to reduce
also the power factor and even to loose fully the benefit of
the reduced thermal conductance. Finally, the ZT peaks of
rough GNRs are all smaller than that of the perfect AGNR
(Fig. 3(e)). Additionally, the peak ZT values and their energy
position strongly depend on the random edge profile which
is impossible to control. Hence, the edge roughness cannot
be considered as a viable way to improve the thermoelectric
properties of short GNRs. It may be seen as a contradiction
with the results reported for long GNRs in [19]. However,
these results were obtained by introducing empirically a fi-
nite phonon mean free path which in long GNRs induces a
strong localization of phonons and reduces drastically the
thermal conductance. This assumption does not hold for the
small structures considered here.

3.2 Effect of vacancies

The analysis is quite different if the atomic vacancies are
located inside the ribbon lattice and not only at the edges.
Two types of vacancy distributions are considered here:
(i) atomic vacancies are spread randomly in the lattice, or
(ii) atomic vacancies are distributed periodically to form a
1D chain in the center of the ribbon. To analyze the main
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Fig. 4 (a) 16-AGNR structure with random vacancies and with periodic distribution of vacancies. (b) Thermal conductance as a function of
temperature T, (c¢) electronic conductance, (d) Seebeck coefficient and (e) figure of merit ZT as a function of chemical potential p

effects of such vacancies we compare a perfect 16-AGNR to
two 16-AGNRs with vacancy distributions as schematized in
Fig. 4(a). To make relevant comparisons the three structures
have the same active region length, i.e. 30 armchair unit cells
corresponding to L = 13 nm, and the two defective GNRs
present the same density of atomic vacancies, i.e. about one
vacancy per 100 lattice atoms. For the three structures, we
plot the thermal conductance as a function of the temper-
ature in Fig. 4(b), the electronic conductance, the Seebeck
coefficient and the figure of merit ZT as a function of the
chemical potential in Figs. 4(c), 4(d) and 4(e), respectively.

The general conclusion that the thermal conductance
strongly decreases in defective GNRs is not only valid in
the case of edge roughness but also for atomic vacancies
inside the ribbon. This is confirmed in Fig. 4(b) where the
phonon thermal conductance of the 16-AGNR with ran-
dom vacancies is almost two times smaller than for the per-
fect 16-AGNR. The degradation is slightly less pronounced
for the 16-AGNR with periodical distribution of vacan-
cies.

As shown for rough GNRs, the thermal conductance re-
duction does not always lead to the enhancement of ZT be-
cause of the concomitant degradation of electronic trans-
port. Regarding this point, introducing vacancies in the GNR
yields the same two phenomena as observed in rough GNRs:
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the band gap is enhanced and the electronic conductance
tends to be reduced. These effects appear clearly in Fig. 4(c).
In particular, with respect to perfect GNR, the energy gap
increases by about 50 meV with periodical vacancies and
by more than 100 meV for random vacancies. Accordingly,
the enhancement of the Seebeck coefficient is observed in
Fig. 4(d). However, there is a significant difference between
the two defective GNRs. For the GNR with random vacan-
cies the electronic conductance is strongly degraded and ex-
hibits random oscillations. In the case of periodical vacan-
cies the oscillations are not detected and the electronic con-
ductance has the classical step-like shape of perfect GNRs.
This behavior can be interpreted as a reduction of the effec-
tive width of the ribbon. If vacancies are periodically dis-
tributed at the center of the ribbon, the electron conduction
is separated over two coherent lateral sub-ribbons which be-
have like a single GNR of smaller width. It is known that the
electronic and thermoelectric properties strongly depend on
the GNR width [22]. In particular, as mentioned above one
of the main effect of width reduction is the enhancement
of band bap with a subsequent proportional enhancement of
the Seebeck coefficient. More generally, in narrow GNRs
the power factor G,S? increases and the thermal conduc-
tance decreases to the benefit of the thermoelectric figure
of merit. The same tendency is observed here for periodi-
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Fig. 5 Electronic LDOS (a)
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calculated at 0.57 eV for
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cal vacancies. Figure 4(d) shows how the height of the main
ZT peak decreases from 0.08 for the perfect 16-AGNR to
0.03 in the case of random vacancies because of the strong
degradation of electronic transport, but increases to 0.13 in
the case of periodical vacancies thanks to the effective width
reduction.

The analysis of the electron local density of states
(LDOS) is helpful to interpret the results obtained and to
confirm our understanding of the effects of random and pe-
riodic vacancies. We plot in Fig. 5, the electron LDOS cal-
culated for the three structures at the energy 0.57 eV which
corresponds to the first maximum of electronic conductance
for the 16-AGNR with random vacancies. As expected, the
LDOS of the perfect AGNR, displayed in Fig. 5(a), is uni-
form over the length of the ribbon and the electronic states
are distributed over the full width. This is not the case of the
AGNR with random vacancies (Fig. 5(b)). In this structure
the vacancies break the homogeneous distribution of states
and generate their partial localization which is responsible
for the strong reduction of electronic conductance. Finally,
Fig. 5(c) confirms that the periodic 1D chain of vacancies
separate the GNR in two non-symmetric sub-ribbons. At
this particular energy the LDOS is strongly localized in the
bottom sub-ribbon which is slightly larger than the top one
and forms a thin 1D channel.

In summary, we have shown that by introducing a pe-
riodic distribution of vacancies in the lattice the effective
width of the GNR is reduced with the subsequent reduction
of the phonon thermal conductance and the enhancement of
the electronic band gap, the Seebeck coefficient and the ZT
peaks. This theoretical investigation may seem very spec-
ulative. However, some recent experimental works [56—59]
have suggested the possibility to generate nano-holes in 2D
graphene to form a nanomesh lattice. Such nano-holes of
several missing atoms (or vacancy groups) have similar ef-
fects as single atomic vacancies on the electronic transport.

In 2D nanomeshes, the electrons are confined in the sub-
ribbons formed between two hole lines and the transport
becomes similar to that in 1D GNRs. By adjusting the pe-
riod and the radius of vacancy groups the effective transport
width, the bandgap [60] and thus the electron and hole trans-
port can be modulated. This is confirmed by recent works
showing that a bandgap is opened in quasi-metallic GNRs
by the introduction of periodical atomic vacancies [61]
which may be seen as the limit case of a nanomesh lat-
tices.

3.3 Multi-junction GNRs

The enhancement of thermoelectric properties of GNRs by
introducing a periodical distribution of vacancies is too
small for designing efficient thermoelectric devices. Here
we examine the effect of another type of nanostructuring
which consists in a kind of superlattice formed by alter-
nate AGNR sections of different widths. This configuration
is referred to as Multi-Junction GNR (MJ-GNR). It has been
previously shown that MJ-GNRs with alternate sections of
8-AGNRs and 20-ZGNRs may lead to ZT of about 1 [22]. In
this Section, we examine first the case of an MJ-GNR made
of AGNR sections only, i.e. 8-AGNRs and 16-AGNRs, and
then we analyze the combination of this superlattice with the
periodic distribution of vacancies.

The simulated MJ-GNR is schematized in Fig. 6(a). The
phonon thermal conductance K, of this structure is com-
pared to that of perfect 8-AGNR and 16-AGNR in Fig. 6(b).
As expected from the presence of narrow sections which
limit the phonon flux, the thermal conductance is smaller
in the MJ-GNR than in the perfect 16-AGNR. It is more
surprising to see that it is even smaller than in the perfect
8-AGNR. At room temperature K ,;, decays from 2.4 nW/K
in 16-AGNR to 1.2 nW/K in 8-AGNR and 0.6 nW/K in MJ-
AGNR. This over-reduction is a consequence of the mis-
match of phonon modes between the AGNR sections of dif-
ferent width which weakens their transmission. In terms of
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Fig. 6 (a) MJ-AGNR structure alternating 8-AGNR and 16-AGNR
sections and the same structure with a periodical distribution of atomic
vacancies. (b) Thermal conductance as a function of temperature 7,

thermoelectric properties it may be a clear advantage of this
structuring if it is not compensated by a concomitant degra-
dation of the electronic transport properties.

The electronic conductance G, is plotted for the three
structures in Fig. 6(c) and a specific behavior is observed
for MJ-GNR. At low chemical potential, the conductance
of MJ-GNR is similar to that of 8-AGNR. In this energy
range 0 eV-0.3 eV, the conductance of 16-AGNR is nearly
zero because of its wide electronic bandgap but the elec-
tronic transport in MJ-AGNR seems not to be influenced
by the presence of these high-bandgap sections. At higher
chemical potential, i.e. beyond the 16-AGNR bandgap, an
unexpected phenomenon appears: the coupling between 8-
AGNR and 16-AGNR electronic states reduces the conduc-
tance which tends to zero, as in the well-known case of reso-
nant tunneling leading to a negative differential conductance
(NDC). Strong conductance oscillations are even observed
when further increasing the energy. This phenomenon is
well illustrated by the electronic transmission function and
band structure plotted in Figs. 7(a) and (b), respectively. The
formation of energy minigaps and minibands yields the al-
ternation of zero and unity transmission regions and is re-
sponsible for the NDC behavior and for the conductance os-
cillations.
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The NDC phenomenon has repercussions on the Seebeck
coefficient S shown in Fig. 6(d). In MJ-AGNR, § presents
strong oscillations from positive to negative values, which
is typical of multi-barrier systems [62]. The analysis of the
electronic LDOS as plotted in Figs. 7(c) and (d) supports
this interpretation: depending on the energy, some regions
of the GNR play the role of barriers while other regions act
as dots with quasi-localized states. In Fig. 7(c) we plot the
LDOS averaged over the width of the ribbon as a function of
the electron energy and the length of the MJ-AGNR. In the
miniband energy ranges we can identify periodical zones of
high and low DOS. An example of the localization of states
is more accurately displayed in Fig. 7(d) where we plot the
atomic LDOS calculated at 0.25 eV, i.e. at the position of
the first electronic conductance peak. In particular, at this
energy the presence of zigzag edges on the sides of the 16-
AGNR sections generates localized states of high density, as
recently evidenced experimentally [63]. In the minibands,
the conduction regime is governed by the resonant transport
between such localized states.

The strong oscillations of electron conductance and See-
beck coefficient increase the power factor G,S? for several
values of chemical potential. Combined with the strong re-
duction of thermal conductance K, this enhancement of
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Fig. 7 (a) Electronic transmission of MJ-AGNR as a function of electron energy. (b) Electronic energy bands as a function the wave vector k.
(¢) Corresponding width-averaged LDOS map in the energy-length space and (d) atomic LDOS calculated at 0.25 eV

G.S? causes the appearance of several high ZT peaks in
MIJ-GNR. In Fig. 6(e) we can identify at least four ZT peaks
in the energy range 0-0.8 eV with maximum values about
twice as high as in AGNRs. For instance the first peak in-
creases from 0.15 for 8-AGNR to 0.3 for MJ-GNR at room
temperature. These results are consistent with the recent
work reported in [39].

The overall enhancement of thermoelectric properties in
MIJ-GNR can be further increased by combining this multi-
junction structuring with the periodic distribution of vacan-
cies. We have simulated the MJ-GNR device including va-
cancies in the center of each 16-AGNR section, as schema-
tized in Fig. 6(a). Here the vacancies have the same effect
as in perfect AGNRs, i.e. essentially related to the enhance-
ment of bandgap due to the reduction of the effective ribbon
width. The results obtained are plotted in all graphs of Fig. 6
(black lines with diamonds). Compared to MJ-GNR with-
out vacancy we observe a small decrease of thermal con-
ductance, a small increase of height and width of S peaks,
and a significant increase of ZT which almost reaches the
value of 0.4 at room temperature.

4 Conclusion

The Green’s function technique has been shown to be a pow-
erful method to describe on the same footing electron and
phonon transport in nanodevices on the basis of atomistic
material descriptions. It is thus a good approach to study-
ing the thermoelectric device performance at the nanome-
ter scale. It has been applied here to the case of graphene
nanoribbons in the ballistic approximation.

Though the reduction of phonon thermal conductance in-
duced by edge disorder or by random vacancies was ex-
pected to enhance the thermoelectric figure of merit Z7', this
advantage is fully compensated by the concomitant reduc-
tion of electronic conductance, which even results in a re-
duction of ZT compared to perfect AGNRs. However, a peri-
odic distribution of vacancies inside the ribbon may be seen
as a reduction of the effective width, which tends to reduce
the thermal conductance while enhancing the thermopower.
It results in an increase of ZT.

Finally, a specific structuring of GNR obtained by alter-
nating armchair sections of different width has been shown
to provide high thermoelectric performance with a ZT factor

@ Springer



76

J Comput Electron (2012) 11:67-77

reaching 0.3 at room temperature and even 0.4 if periodic va-
cancies are added in the wide GNR sections. It results from
the combination of (i) very small phonon thermal conduc-
tance 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
Seebeck coefficient.

With the expected improvements in the patterning of
GNRs at the atomic scale, these results allow us to pro-
pose strategies for designing efficient graphene-based ther-
moelectric nanodevices.
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