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Tunable thermoelectric properties in bended graphene nanoribbons*
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The ballistic thermoelectric properties in bended graphene nanoribbons (GNRs) are systematically investigated by
using atomistic simulation of electron and phonon transport. We find that the electron resonant tunneling effect occurs
in the metallic—semiconducting linked ZZ-GNRs (the bended GNRs with zigzag edge leads). The electron-wave quan-
tum interference effect occurs in the metallic—metallic linked AA-GNRs (the bended GNRs with armchair edge leads).
These different physical mechanisms lead to the large Seebeck coefficient S and high electron conductance in bended ZZ-
GNRs/AA-GNRs. Combined with the reduced lattice thermal conduction, the significant enhancement of the figure of merit
ZT is predicted. Moreover, we find that the ZTax (the maximum peak of ZT) is sensitive to the structural parameters. It
can be conveniently tuned by changing the interbend length of bended GNRs. The magnitude of ZT ranges from the 0.15
to 0.72. Geometry-controlled ballistic thermoelectric effect offers an effective way to design thermoelectric devices such

as thermocouples based on graphene.
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1. Introduction

The discovery of two-dimensional graphene and quasi-
one-dimensional graphene nanoribbons (GNRs) has attracted
great interest due to its fascinating physical properties and po-
tential applications in nanoelectronics, photonics, spintronics,
and optoelectronics.!!?! In particular, with the increase in en-
ergy demand, more and more attention has been focused on the
thermoelectric properties of graphene structures, which can
convert directly temperature gradients to electric voltage, and
vice versa. The thermoelectric effect can be quantified by the
dimensionless figure of merit
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where T is the average temperature, G, is the electronic con-
ductance, S is the Seebeck coefficient, K, is the electron ther-
mal conductance, and Ky, is the phonon thermal conductance,
respectively. In recent years, the optimization of thermo-
electric properties has become a hot topic of nanostructured
materials, >8] and many ways have been proposed in previous
researches. One approach is to increase the Seebeck coeffi-
cient S by reducing the dimensionality of the system,! i.e.,
the quantum confinement effect of electrons can strengthen the
Seebeck coefficient.['%! Another idea is to decrease the phonon
thermal conductivity by the structure modulation while the
high electronic conductance is kept unchanged by the resonant
tunneling of electrons in nanostructured materials.! !
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In practice, the pristine GNRs with the thermoelectronic
figure of merit ZT ~ 0.01 are always considered to be in-
efficient thermoelectric materials and cannot be directly ap-
plied in the thermoelectric conversion, although such high
Seebeck coefficients have been found in such systemss.!!?]
The main reason is that the perfect graphene have superior
thermal conductivity. Hence, many methods have already been
examined to reduce the thermal conductivity and then enhance
the thermoelectric properties for applications. For instance,

(141 has been predicted theoretically to sup-

the edge disorder
press greatly heat conductance of GNRs and high ZT can be
achieved in the diffusive limit. The thermoelectric properties

of graphene-based antidot lattices!!!

are systematically inves-
tigated and the thermoelectric figure of merit (ZT) have been
remarkably enhanced in such systems. Similarly, the point
defects!'>1%] and doping of isotopes!' 718 are also powerful
approaches to considerably reduce the thermal conductivity.
Besides the reduction of thermal conductance, the approach
to boost the Seebeck coefficient S by the resonance and an-
tiresonance in the electronic transport has been utilized for
high thermoelectric properties. Recently, by taking advantage
of the resonant tunneling of electrons, Mazzamuto et al.!'!!
showed that the mixed GNRs have high ZT at room tempera-
ture.

In this paper, we investigate the influence of the bended
GNRs on the phonon and electron transport in ballistic re-
gion. We find that the electron resonant tunneling effect or the
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electron-wave quantum interference effect occurs in different
quantum structures. These effects can be tuned by such kind
of structure, so that the magnitude of the Seebeck coefficient
can be regulated by the structure parameters. The enhanced
Seebeck coefficient can be obtained. Combined with the dra-
matical reduction of the thermal conductance, the high values
of ZT are then achieved for a certain kind of bended GNRs.
Moreover, the resulting thermoelectric properties are highly
dependent on the edge shapes and lengths of the assembled
GNRs in such system. It leads the thermoelectric effect to be
tunable. Such tunability will be helpful for designing and fab-
rication of high-performance thermoelectric devices such as
ultrasensitive nanothermocouples.

2. Model and formulation

The simulated structures are schematized in Fig. 1. They
all consist of two double-bend GNRs section, which act as
central scattering zone, coupled with two semi-infinite leads
with the same structure. The midsections are composed of
armchair- or zigzag-edged GNR sectors linked alternatively.
According to the edge shapes of the leads, we classify the
devices into bended ZZ-GNRs (as shown in Fig. 1(a)) and
bended AA-GNRs (as shown in Fig. 1(b)). The parameters
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Fig. 1. Schematic diagram of the graphene nanoribbons: (a) bended ZZ-
GNRs; (b) bended AA-GNRs.

W, (n=1,2,3) are the lateral and longitudinal width of the
midsections, H, (n = 1,2,3) are the interbend length, and the
width of the left and right leads are described by Np, and Ng,
respectively. All of the notation about the armchair- or zigzag-
edged ribbons are the same as those in Ref. [19] (see the inset
of Fig. 1).

For the simulation of phonon and electron transport in
the graphene devices, we employ the powerful nonequilib-
rium Green’s function (NEGF)?! as a parallel way to cal-
culate both the phonon and electron transmission functions
T, and Tp,. The force constant model including the fourth
nearest neighbors is utilized for phonons, while the nearest-
neighbor 7-orbital tight-binding Hamiltonian is considered for
electrons.!?->21 Generally, the NEGF approach can include
the higher-order terms to consider decoherence effects com-
ing from the electron—phonon and phonon—phonon interac-
tion. However, due to the weak electron—phonon coupling and
large phonon mean-free path in graphene, the electron—phonon
and phonon—phonon interaction are neglected in this work.[!3]
The transmission function for electron is given by

T.(E) = Te(G'TLG"TR). )

Here the broadening function of the left (right) semi-infinite
lead is I (r) = i[Z‘ﬁ(R) — Z’E(R)] with retarded self-energy of
the leads EE(R) = Eﬁ(R)T, and the advanced Green’s function
G* = (G")'. After introducing an intermediate function
2 (= O (E.p,T)
Ds,ﬂ('”):f/ E—p)" | -2 | T, (E)dE, (3
[ E-w S\ T (E)E, )
where f(E,u,T) = 1/(eE=#)/%T 1 1) is the Fermi-Dirac
distribution of the left/right lead at the chemical potential u,
which is also temperature dependent, the electronic quantities
for calculation of the ZT can be presented as follows: the See-
beck coefficient

120
T T 20
the conductance G = 2. (0>, and the electron thermal con-
ductance
12
e~ Llgo (22
A 20

We can calculate the phonon transmission function in a simi-
lar way to the electronic transmission, and the corresponding
phonon thermal conductance can be obtained as follows: 20221
K2 5 ehv /kgT

Kph = v
ph 27rkBT2/0 (ehv/ksT —1)2

Ton(v)dv. )

3. Numerical results and discussion

Firstly, we investigate the thermoelectric properties of
the bended ZZ-GNRs. The system is composed of the hy-
bridized ZGNRs and AGNRs (see Fig. 1(a)). We take the
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width N r =7, Wy = W3 =9, W, =7, the interbend length
H| = H, = H3 = 8. Figures 2(a) and 2(b) depict the trans-
mission spectrum and thermal conductance of the phonon for
the above structure and its straight counterpart 7-ZGNR, re-
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Fig. 2. (color online) Thermoelectric physical quantities for bended ZZ-GNRs (solid line) with NLgr =7, Wi = W3 =9, W, =7, Hy = H, = H3 = 8, and
the straight 7-ZGNR (dashed line): (a) phonon transmission functions, (b) thermal conductance Ky, (¢) electron transmission functions T, (d) electrical
conductance G, (e) Seebeck coefficient S, and (f) thermoelectric figure of merit ZT versus chemical potential u at temperature 7 = 300 K.

However, it can be clearly seen that such transmissions
of phonon are suppressed significantly throughout the other
frequency in the bended ZZ-GNR. Particularly, the phonon
transport almost has been fully forbidden in the range of fre-
quency from v = 1220 cm™! to v = 1340 cm~!. Therefore,
the thermal conductance degrades considerably and is substan-
tially lower than the straight 7-ZGNR with the same width
(as shown in Fig. 2(b)). For instance, at room temperature
T = 300 K, the thermal conductance is 0.38 nW/K for bended
7Z7-GNR, which is 5-6 times fewer than that of the straight
7-ZGNR (about 2.3 nW/K). Furthermore, owing to the greater

spectively. From Fig. 2(a), we can note that, regardless of the
bended and straight structures, the phonon transmissions arise
from the quantum value 3 in the limit v — 0 due to the perfect
transport of three acoustic phonons.
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suppression effect of higher frequency phonon modes, the dif-
ference of phonon thermal conductance between the bended
7Z7-GNR and the straight 7-ZGNR grows with the increase in
temperature. Such spectacular suppression of phonon trans-
mission and corresponding reduction of thermal conductance
stem from the mismatch of phonon modes and the intense scat-
tering effect between the ZGNR and AGNR linked sectors. In
Figs. 2(c) and 2(d), we present the electron transmission prop-
erties T, versus the energy E and the electron conductance
G, versus chemical potential . As we know, the straight 7-
ZGNR with the zero bandgap exhibits metallic behavior, and
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the straight 7-AGNR presents the semiconducting properties
with a bandgap of about 1.4 eV. While for the studied system,
due to the electronic resonant tunneling effect, ! the multiple
resonant peaks are clearly seen in the total electron transmis-
sion spectacular as shown in Fig. 2(c). Some electrons can
be transported perfectly through the band-gap 7-AGNRs by
this resonant tunneling effect, and the transmission coefficient
reaches unity as the straight 7-ZGNR. However, the electron
transmission is still close to zero for some energy ranges be-
cause of the existing of the bandgap of 7-AGNR. Similarly,
such oscillations also occur in the conductance G, as shown
in Fig. 2(d). The multiple peaks of electron transmission re-
sult in the conductance resonant peaks, so that the high con-
ductances have been preserved for some chemical potential
u. These oscillations originate from the specific geometry
structure. In the given system, the ribbon sections with arm-
chair edges are connected alternately in the zigzag nanorib-
bons which always present metallic properties. Because of
the semiconducting properties, the armchair ribbon sections
induce a band gap opening. While for the zigzag sections, it
generates gapless edge localized states. So the sandwiched
armchair sections can be seen as barriers between the metallic
electron channel. The whole bended ZZ-GNRs can be con-
sidered as a multibarrier system. Hence, the structures give
rise to very specific electron transport properties, and the res-
onant tunneling phenomena occur and induce strong oscilla-
tions of the conductance. In addition, the Seebeck coefficient
S is determined by the electron-transmission-weighted aver-
age value of the energy E — u.!"?) For the straight ZGNR, the
metallic behaviors with the symmetric transmission around the
Fermi level lead to the very small peak value of § ~ 50 pV/K
near the first conductance band (FCB), resulting in a very
small ZT ~ 0.06 as shown in Figs. 2(e) and 2(f). However,
the large fluctuations emerge in the Seebeck coefficient curve
within the FCB and the peak value reaches S ~ 350 uV/K.
It stems from the contributions of the oscillations of the elec-
tronic transmission. Because the Seebeck coefficient S is re-
lated to the logarithmic derivative of the electronic transmis-
sion, i.e., S(T,u) ~ (w*&T/3e)(IInT, /IE) |, 1113 large
numerical fluctuations of the electronic transmission will cor-
respond to the large logarithmic derivative and result in the
high Seebeck coefficient (Fig. 2(e)). That is to say, the reso-
nant tunneling transport of electron enhances the Seebeck co-
efficient S. As expected, the high Seebeck coefficient, com-
bined with the suppression of lattice thermal conductance,
yield the high thermoelectric figure of merit ZT. The first peak
of ZTax = 0.38 is obtained at u = 0.81 eV for this system,
which is strongly boosted, compared to the straight 7-ZGNRs
with ZTax = 0.05 at u = 1.46 eV (see Fig. 2(f)). Meanwhile,
we find that the ZTy,,x iS very sensitive to the chemical poten-
tial. The second peak of ZT = 0.21 occurs at 4t = 1.05 eV. It
may add some complexity of the usefulness of the system as a

robust thermoelectric device.

Now, we turn to study thermoelectric properties of the
bended AA-GNRs (see Fig. 1(b)). In contrast to metallic
ZGNRs, AGNRs can exhibit the semiconducting or metal-
lic properties with the dependence on the width. Hence, we
must discuss both semiconducting and metallic AGNRs leads,
respectively. For the metallic AGNRs leads, the width of
armchair-edge graphene sections NLr = W, = 5 are taken
to keep the gapless properties, and W; = W3 = 6 with the
metallic zigzag-edge graphene sections, the interbend length
H| = H3 =25, and H, = 10. Figure 3(a) depicts the phonon
transmission as a function of the phonon model frequency
v for the bended AA-GNR and the straight counterpart 5-
AGNR. We note that, similarly to the ZZ-GNR, the phonon
transmission has also been substantially suppressed due to
the mismatch of the phonon modes in the center scattering
sections. As a result, the corresponding thermal conductance
is substantially lower than the straight 5-AGNR. At room
temperature, the straight 5-AGNR has a thermal conductance
of 0.8 nW/K, while the bended AA-GNR’s thermal conduc-
tance decreases to 0.2 nW/K as shown in Fig. 3(b). The total
electronic transmission probability is depicted as a function
of energy for such system (see Fig. 3(c)). Because of the
metallic behavior of AGNRs, the whole structure forms a
metallic—metallic link. However, it is important to note that,
due to the quantum interference effect of electron transport

(24251 the oscillation phenomenon also occurs

in the system,
within the FCB. Many peaks come into being in the electron
transport. For instance, the incident electrons with energies
of about 0.6 eV, 0.9 eV, and 1.1 eV can transport perfectly
as the straight 5-AGNR. In addition to the electron trans-
port peaks, we also find that incident electrons with energies
within 1.4 eV-1.5 eV are totally reflected and give rise to the
electron transport gap. This large antiresonance gap in the
transmission probability is the result of the quantum interfer-
ence of electron waves caused by the mode mismatch.[?>-28]
Hence, the physical mechanism of the electron transport is
different from the above electronic resonant tunneling effect
of the ZZ-GNR. Furthermore, these antiresonance gaps and
resonance peaks lead to the oscillations of the conductance
G, as shown in Fig. 3(d), so that high magnitudes of G,
remain constant at the corresponding chemical potential. Sim-
ilarly, since the Seebeck coefficient S is proportional to the
logarithmic derivative of the electronic transmission. The
peak values of the Seebeck coefficient S always occur near
the edge of antiresonance gap. As shown in Fig. 3(e), the
largest Seebeck coefficient S ~ 200 nuV/K occurs at lower
edge of the gap, which is considerably larger than the straight
5-AGNR with only about 35 uV/K. The large Seebeck co-
efficient S, combined with the reduced phonon thermal con-
ductance and preserved electronic conductance, result in many
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Fig. 3. (color online) Thermoelectric physical quantities for bended AA-GNRs (solid line) with NLgr =5, W) = W3 =6, W, =5, Hy = H3 =25, H, = 10,
and the straight 5-AGNR (dashed line): (a) phonon transmission functions, (b) thermal conductance K, (¢) electron transmission functions T, (d) electrical
conductance G, (e) Seebeck coefficient S, and (f) thermoelectric figure of merit ZT versus chemical potential u at temperature 7 = 300 K.

peak values of the figure of merit ZT, and the maximum peak
value ZTax = 0.53 can be obtained at 4 = 1.38 eV. Compared
to the corresponding 5-AGNR with ZTy,,x = 0.03, the thermo-
electric properties have been increased by more than ten times.

For the semiconducting leads AA-GNRs, the thermoelec-
tric properties are different from the metallic leads AA-GNRs
owing to the opened gap. Here, we take the width N r =7,
W) = W3 =6, W, =5, and the interbend length H; = H3 =25,
H, =25. The thermoelectric properties are shown in Fig. 4.
From Fig. 4(b), we find that the thermal conductance Ky in-
creases due to the wider leads. For electron transport, the total
transmission keeps the band gap as the straight semiconduct-
ing 7-AGNR ranges from —0.75 eV to 0.75 eV. However, as
same as the above metallic leads, the quantum interference ef-
fect of electron transport also appears and the oscillation phe-
nomenon occurs within the FCB. The electrical conductance

G, also presents some oscillations. These oscillations greatly
strengthen the figure of merit and leads to ZT,x = 0.63 at
room temperature 7 = 300 K, as shown in Fig. 4(f).

The calculations above clearly demonstrate that the
bended graphene nanoribbons have superior thermoelectric
performance compared to the straight nanoribbons. It is found
that the thermal conductance is greatly affected by the vari-
ation of the geometry in the bended graphene nanoribbons,
and electronic transport properties are very sensitive to the
geometry parameters as well. Owing to the dependence of the
ZT on both thermal conductance and electronic conductance,
it exhibits very complex relations to the geometry parameters.
Meanwhile, structure-sensitive properties indicate that the fig-
ure of merit ZT is tunable and provides an effective method for
designing controllable thermoelectric devices. Therefore, it is
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Fig. 4. (color online) Thermoelectric physical quantities for bended AA-GNRs (solid line) with NLgr =7, W; = W;

=6,W,=7,H =H3 =25 H, =10,

and the straight 7-AGNR (dashed line): (a) phonon transmission functions, (b) thermal conductance K, (¢) electron transmission functions T, (d) electrical
conductance G, (e) Seebeck coefficient S, (f) thermoelectric figure of merit ZT versus chemical potential it at temperature 7 = 300 K.

of great importance to investigate systematically the geometry
influences to the ZT .« in the presented system. The ZTpax
values varying with respect to the interbend length H; and H;
have been plotted for both bended ZZ-GNRs (see Fig. 5(a))
and AA-GNRs (see Fig. 5(b)) at the temperature 7 = 100 K,
300 K, and 600 K, where other parameters are similar to the
above-mentioned structure except for H; 3. It is shown that
the ZTax values always increase with the interbend length
H, and Hs for ZZ-GNRs, although only slightly increase for
H, = H3 =2,4,6. The ZT.x can be tuned from 0.05 to
0.38. Nevertheless, for the AA-GNRs, slight oscillations of
ZTmax are also found in the overall upward tendency. For in-
stance, the ZT.x = 0.39 for H; = H3 = 20 is a little less than
ZTmax = 0.41 for H; = H3 = 15 at room temperature. The rea-
son is that the quantum interference effect occurs in the elec-
tron transport. It gives rise to some fluctuations in the trans-

port curve. The peaks of T, occur at different energy E and
the peak values are different for such systems. Thus the small
oscillations appear. It indicates that the ZT.x of AA-GNRs
have more complex dependence on the geometry parameters.
When H; = H; = 30, we find that ZT,,,x = 0.63 and 0.72 can
be achieved at temperature 7 = 300 K and 7' = 600 K, respec-
tively. Thermoelectric properties are substantially improved
by the quantum interference effect of electron transport. Ac-
cording to the definition, ZT is a function of T, G, S, K., and
Kph. Unfortunately, these physical quantities are closely re-
lated to the carrier concentration and lattice temperature. One
physical parameter often adversely affects another. Particu-
larly, the transmission of electron is very sensitive to the pa-
rameter H; and H3. Thus, for higher H; and H3, the ZT has a
little change, even a small decrease occurs due to the effect of
electronic transport. In addition, with the increase of the width
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of N, Nr, Wi, Wy, and W3, the phonon thermal conductance
increases rapidly, which will decrease the value of ZTp,x in
our calculations.
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Fig. 5. (color online) The figure of merit ZT as a function of the inter-
bend length H and H3 (H3 = H) at temperature (7 = 100 K, 300 K, and
600 K) for (a) bended ZZ-GNRs and (b) bended AA-GNRs, where other
parameters are similar to that in Figs. 2 and 3, respectively.

4. Summary

We have presented an atomistic simulation of the ballis-
tic thermoelectric properties for the bended GNRs. Compared
with the straight GNR counterparts with the same width, the
enhanced thermoelectric performance has been found in these
systems. Such improvement originates from the combination
of the reduction of phonon thermal conductance caused by the

scattering of interface and the mismatch of phonon modes,
and the high electronic conduction and Seebeck coefficient in-
duced by the oscillations of electron transport. Meanwhile,
we find that these transport oscillations stem from different
physical mechanisms, i.e., the electron resonant tunneling ef-
fect for ZZ-AGNRs and quantum interference effect of elec-
tron transport for AA-GNRs. The dependence of structural
parameters of ZTax in bended ZZ/AA-GNRs have also been
systematically investigated. We found that the thermoelectric
effect could be conveniently tuned by the interbend length.
The geometry-controlled ballistic thermoelectric effect pro-
vides a guideline for the design of thermoelectric devices such

as graphene-based thermocouples.
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