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Abstract - Thermoelectric properties of porous graphene
nanoribbons (GNRs) have been explored for a range of pore
dimensions in order to achieve a high performance one-
dimensional nanoscale thermoelectric device. In this paper,
study has been done to observe the effect of different
nanoporous shapes and their associated positions on the
thermoelectric properties of GNRs. The aim of this work is to
study the effect of various circular, triangular, rectangular and
rhombus shape dimensions so as to tune the pore to its optimal
dimension that would enhance the overall thermoelectric
efficiency. Further, the effect of passivation of pore edges has
been studied for all shapes so as to observe its effect on
thermoelectric performance. Also, the effect of temperature
dependence on thermoelectric efficiency has been studied.
Ballistic transport regime and semi empirical method using
Huckel basis set is used to obtain the electrical properties while
the tersoff potential is used for the phononic system.

Keywords: Thermoelectric, Nanopore, Figure of Merit,
Passivation

I. INTRODUCTION

Graphene is a two-dimensional (2D) allotrope of carbon
which has attracted much attention due to its superior
electrical, mechanical and thermal properties. One
potentially promising application for graphene could be in
the field of thermo electronics[1].In the mid-1990s, the
achievement in the improvement of thermoelectric
performance in nanostructured materials due to phonon
boundary scattering and lateral quantum confinement of
electrons[2]was  theoretically  predicted. The  thermal
conductivity can be reduced by nanostructuring them into
nanoribbons. This decrease could be further engineered in
porous nanoribbons, since phonon thermal conductivity is
reduced in nanoporous semiconductors[3]. The efficiency of
a thermoelectric device and material is determined by its
thermoelectric figure of merit (ZT) defined as: ZT= S°GT/«
where S is the Seebeck coefficient (thermopower), G is the
electrical conductance, T the temperature and k = Ketip, the
thermal conductance given by k, where k. (k) is the
electronic (phononic) contribution to k. Clearly ZT could be
enhanced by increasing the power factor (S’GT) or
decreasing the thermal conductance and therefore a high-
performance thermoelectric material should possess a large
Seebeck coefficient and electrical conductance and
simultaneously a low thermal conductance. The search for
new materials with enhanced thermal properties continues
to intensify, because these factors are correlated and
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increasing ZT to values greater than unity requires a delicate
optimization of several material properties[4].

Several theoretical studies have been carried out to
investigate the performance of graphene and graphene
nanoribbons (GNRs). Hossain et al., [5] have introduced
rectangular nanopores in the nanoribbon and tuned the pore
to its optimal dimension which results in superior ZT which
is six times higher than pristine GNRs. According to the
study done by Yijian Ouyang et al. [6]the magnitude of the
thermopower increases as the GNR becomes more
defective. Although both the increase in the thermopower
and the decrease in the thermal conductance can increase
the ZT factor, the degradation of the electronic conductance
outweighs them and with the increased number of defects
the ZT factor decreases.

Yong Xu et al., [7] have shownin their work that the
superior thermal conductivity of graphene is contributed not
only by large ballistic thermal conductance but also by very
long phonon mean free path(MFP). The long phonon MFP
is explained by the low dimensional nature and high sample
purity of graphene. It results in important isotope effects
and size effects on thermal conduction. Introduction of
rough boundaries and weakly-coupled interfaces are
promising ways to suppress thermal conduction effectively.
Chang-Ning Pan, et al.[8] have studied ballistic
thermoelectric properties in graphene-nanoribbon-based
heterojunctions by using the non-equilibrium Green’s
function approach and the Landauer transport theory. Their
results show that for the different heterojunctions, the
phonon thermal conductance has similar effects. Along with
this high sensitivity of the electron transport is seen along
with the geometry details of the heterojunctions. The
thermopower can be strongly enhanced by the fluctuations
of electronic transmissions. With optimization of the
thermopower, together with suppression of phonon transport
by mismatching interface structures, the high thermoelectric
figure of merit ZT ~ 0.6 at room temperature T=300K and
ZT ~ 0.9 at low temperature T=100K is obtained.

Also Liang et al.,[9] studied graphene nano wiggles GNWSs
employing resonant tunneling effect and found the enhanced
values of ZT. Their devices were predicted to achieve a ZT
of 0.79 at room temperature. By introducing edge roughness
in zigzag GNRS, Sevincli et al.,[10] have predicted that a
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ZT of 4 can be achieved. Although there is no experimental
validation of the above work as it is only theoretical, there
are some groups who have experimentally investigated the
thermopower of graphene[5,11-13]

The proposed device is an armchair graphene nanoribbon
based structure. Thermal conductivity is less in case of
armchair GNRs when compared with ZGNRs of same
dimensions[5]. Also they show pore dimension dependent
transport parameters accounting for their selection.
Graphene has been the center stage of research recently. Its
synthesis techniques[14-16] such as electron bheam
lithography,[17] the use of nanowires as etch mask[18] and
molecular templating have greatly advanced, allowing
precise fabrication of GNRs[5]. However, drilling pores in
GNRs with atomistic precision is a challenging task.
Nevertheless, techniques like transmission electron
microscopy[19,20] and helium ion beam milling[21-23] can
also be used to drill pores in GNRs with precise control.
This supports the realization of the device proposed in this

paper.
1. METHODOLOGY

In this paper, we propose a new thermoelectric device
structure based on armchair GNRs embedded with the
circular, triangular, rectangular and rhombus pores at
various positions. Also the effect of pore passivation is
observed. By varying the shape and position of the pore we
can superior electrical conductivity as the introduction of
the pore reduces thermal conductivity. These two factors
lead to enhanced thermoelectric performance. The
thermoelectric performance of a material is measured in

terms of dimensionless figure of merit:
— s%6T
K€+Kph

Within the Extended Huckel theory framework, G = (ES,,-
H-X-2x)" is the retarded Green function where E is the
electron energy, H and S,, are the Hamiltonian and overlap
matrix of the central region respectively which are
calculated from extended Huckel technique using Hoffman
basis[23]. Once the retarded Green’s function is obtained,
the electron transmission function can be obtained through:
T(E) = Trace/Tw(E) GX(E) ILE)G(E)] (1)

where I r(E) = (2 r(E) — Z+E)) describes the level
broadening due to the coupling between the left / right
electrodes and the central scattering region and 2 r(E) are
the retarded self-energies for the electrodes. The mesh
points in real space calculation are 1 x 1 x 100 k points,
mesh cut-off at 10 Hartree and the temperature was set at
300K.Once T(E) is known, Seebeck Coefficient S, electrical
conductance G and electronic thermal conductance k. can be
obtained under linear response approximation as[24]:
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HereL, is Lorenz function, e is the charge of electron, his the
Planck constant, x is the chemical potential, Tis theaverage
temperature andof /OE is the derivative[25] of the Fermi
function (f = 1 + exp ((E-u)/ksT)) )known as Fermi-Dirac
distribution function.To calculate the phonon thermal

conductance, we used the Landauer approach[26]:
2

= ez | A0 Ty (@) G (6)
For phonon transmission Tp(w),Hand S are substituted by a
force constant matrix K, and a diagonal matrix of atomic
mass M respectively. The term on/dw is the derivative of
the Bose-Einstein distribution for phonons. To calculate the
force constant matrix for phonons, empirical Tersoff
potential (Tersoff CH_2005) was used. Both the electron
and phonon transport simulations are performed in the
virtual  nanolab-Atomistix  toolkit (ATK) software
package[27]. Each structure is optimized before transport
calculations with its atom coordinates relaxed so that the
forces on individual atoms are minimized to be smaller
than0.01 eVA™.Since the mean free path for electro-
acoustic phonon scattering in graphene (greater than 2 xm)
is much larger than our proposed model, the electron-
phonon interactions are neglected while carrying out
independent electron and phonon calculations[28].

I1l. RESULTS AND DISCUSSION

The width W, and length L, of the ribbon has been kept
constant at 2.46nm (21 atoms wide) and 8.1nm respectively,
while the pore shape and its associated position has been
varied to achieve superior performance[29]. Different pore
positions corresponding to centre and respective edges (left
and right) of the nanoribbon has been evaluated. Further, the
effect of increasing the nanopores from single to double has
been predicted. The symmetry of the pores is maintained in
each case. In the later section, the change in thermoelectric
performance due to temperature dependence is also studied.

A. Circular Pore

The atomistic model of our proposed armchair graphene
ribbon structures with circular pores is shown in Fig.1.As it
shows, each pore has its own associated edge terminations
with two channels on both sides of the nanoribbon. The pore
size is kept constant at a diameter of 1.23nm.

The variation in values of parameters S, G, Kph and ZT are
plotted with respect to chemical potential of the nanopore.
As shown in Fig (2(d)) the peak of ZT is observed at -
0.51eV and its value is 0.329. To obtain better figure of
merit the value of power factor(S°G) should be higher. From
the Fig(2(a),(c)) it is seen that the decrease in G is
compensated with higher value of S at that point. In
addition, the thermal conductivity is reduced significantly
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which in turn leads to the enhancement of figure of

merit.The two pore circular structure shows the best result

among the other pores.

Fig. 1 Geometrical optimized structure of the graphene nanoribbon with circular nanopore thermoelectric device with pore diameter 1.23nm

1000
800 4
00 4
400

200 -

S (uVIK)

-200 -4
<400
E00 -4

200 -4

v u v T T
10 os oo os 1.0 1.5 20

CHEMICAL POTENTIAL (eV)

20 15

@)

g 8 & 8 B
VST TS TSRS TR SRR -,

Ge (uS)

=}

40 05 00 05 10 15
CHEMICAL POTENTIAL (eV)

20 15

©

VAl

= 1
=
o4
N . v v . . v v
2.0 15 10 0.8 00 0s 10 15 20
CHEMICAL POTENTIAL (eV)
0.35 +
|
0.30 +
0.25 4
0.20 +
0.15 <
0.10
0.05
0.00
0.05 v - T - v T ' T T
20 -18 .10 05 00 0OS 1.0 18 20
CHEMICAL POTENTIAL (eV)

Fig.2 (a) Seebeck coefficient, (b) thermal conductivity, (c) conductance, and (d) figure of merit for the circular nanopore

B. Rectangular Pore

The atomistic model of our proposed armchair graphene
ribbon structures with rectangular pores is shown in Fig
(3).As it shows each pore has its own associated edge
terminations with two channels on both sides of the
nanoribbon. The length of the pore is 1.846nm and its width
is 0.984nm.The variation in values of parameters S, G, Kph

AJES Vol.8 No.2 April-June 2019

36

and ZT are plotted with respect to chemical potential of the
nanopore. The peak of ZT is observed at -0.72eV and its
value is 0.4237. From the Fig(4(b)) it is seen that the value
of thermal conductivity is consistently low. At the chemical
potential where the ZT is maximum the decrease in G is
compensated by increase in S. Hence this leads to the
increase in the value of figure of merit. The two pore
rectangular shape GNR shows the optimum result.
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Fig. 3 Geometrical optimized structure of the graphene nanoribbon with rectangular nanopore thermoelectric device with pore length 1.846nm, width
0.984nm
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Fig. 4 (a) Seebeck coefficient, (b) thermal conductivity, (c) conductance, and (d) figure of merit for the rectangular nanopore

C. Triangular Pore

The atomistic model of our proposed armchair graphene
ribbon structures with triangular pores is shown in Fig
(5).As it shows each pore has its own associated edge
terminations with two channels on both sides of the
nanoribbon. The geometry of the triangular pore is
equilateral in nature. The side of the pore is 2.272nm.The
variation in values of parameters S, G, Kph and ZT are
plotted with respect to chemical potential of the nanopore.
The peak of ZT is observed at 0.10eV and its value is
0.2055. From the Fig (6(a), (c)) it is seen that the decrease
in G is compensated by higher value of S at 0.10eV point.
The thermal conductivity is reduced significantly which in
turn leads to the enhancement of figure of merit. The two

pore triangular structure shows the best result among the Fig. 5 Geometrical optimized structure of the graphene nanoribbon with
other pores triangular nanopore thermoelectric device with pore side 2.272nm and (d)

passivated triangular two pore structure
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Fig. 6(a) Seebeck coefficient, (b) thermal conductivity, (c) conductance, and (d) figure of merit for the triangular nanopore

D. Rhombus Pore

The atomistic model of our proposed armchair graphene
nanoribbon structure with rhombus pores is shown in
Fig(7).As it shows each pore has its own associated edge
terminations with two channels on both sides of the
nanoribbon. The sides of the rhombus pore are equal in
nature. The value of the side of rhombus is 1.353nm.The
variation in values of parameters S, G, Kph and ZT are
plotted with respect to chemical potential of the nanopore.
As shown in Fig (8) the peak of ZT is observed at -0.72eV
and its value is 0.3328. From the Fig (8(a),(c)) it is seen that
the decrease in S is compensated by higher value of G. The
thermal conductivity is reduced significantly which in turn
leads to the enhancement of figure of merit. The two pore
rhombus structure shows the best result among the other
pores.
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Fig. 7 Geometrical optimized structure of the graphene nanoribbon with
rhombus nanopore thermoelectric device with pore side 1.353nm
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Fig. 9 Transmission spectrum of (a) Circular pore, (b) Rectangular pore, (c) Rhombus pore and (d) Triangular pore GNR

IV. COMPARISON OF ALL THE PORES
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Fig. 10 Comparison of the figure of merit for all the pore shapes and
pore positions

To investigate the shape dependent and position dependent
thermoelectric properties, we compare the results obtained
for all the pore shapes and their respective positions. The
value of maximum ZT is extracted for different cases Fig
(10) shows the comparison between the various values of
ZT obtained. It is analyzed that in case of single pore
nanoribbon, the figure of merit of individual pore shape is
not affected much by variation of pore position. Moreover
the circular shape pore shows the maximum figure of merit
followed by rectangular pore and triangular pore being the
least. Further, triangular pore shows similar results with
change in pore position from centre to left. The order of
thermoelectric performance is
CIRCULAR>RECTANGULAR>RHOMBUS>TRIANGUL
AR.

In case of double pore the optimum performance is shown
by rectangular pore. The order of figure of merit is
RECTANGULAR>RHOMBUS>CIRCULAR>TRIANGUL
AR. The increase in ZT with multiple pores is increased
significantly in rectangular pore as compared to other pore
shapes. Overall, the rectangular shaped pores are most
favorable to obtain thermoelectric performance in GNR.

V. PORE PASSIVATION

In addition, the influence of passivation of the pore edges on
the thermoelectric performance of GNRs has been analyzed.
The porous results obtained for passivated pore edges for all
the four shapes are then compared with the non passivated
results obtained so far as demonstrated in Fig 11(a-d). As
observed for Fig 12(c), the effects of pore passivation are
not much pronounced for the circular shapes since there is a
very little or no effect on the thermoelectric performance
with pore passivation. However, overall improvement has
been observed for triangular pores as shown in Fig 12(d)
with an enhancement in G and ZT. Although, The pore
passivation results in a dramatic improvement in G for
rectangular pore and S for rhombus pore, but the
corresponding decrease in the other thermoelectric
performance parameters compensates for the increase
resulting in no improvement in overall thermoelectric figure
of merit.

Fig. 11passivateddouble pores (a) rectangular pore, (b) triangular pore, (c)
circular pore, and (d) rhombus pore

AJES Vol.8 No.2 April-June 2019
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VI. TEMPERATURE DEPENDENCE

Fig (13) illustrates the effects of temperature dependence on
the thermoelectric  performance of single porous
nanostructure (rectangular in this case). It is seen that the
temperature affects the figure of merit greatly. The power
factor(S°G) decreases linearly and then it becomes stable
from 650K. The Ke and Kph increases simultaneously. The
sum of Ke and Kph equates to the K which denotes the
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at nearly 1100K. We need low thermal conductivity and
higher power factor to achieve higher figure of merit. To
achieve a better figure of merit delicate optimization of
these factors should be done as these factors are correlated.
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VII. CONCLUSION
In summary, we have investigated the effect of pore shapes

and their positions on the thermoelectric performance of
GNRs nanoporous devices. . Nanopores of different shapes
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Fig. 13Temperature dependence of the (a) thermal conductance, (b) figure of merit, (c) power factor for the rectangular single pore GNR structure

40

i.e. circular, rectangular, triangular and rhombus have been
introduced at varying positions of the nano structure so as to
study their effect on the thermoelectric figure of merit.By
optimizing the pore parameters, we have been able to
achieve higher thermoelectric figure of merit which is four
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times higher than GNR without any pore. Further, the effect
of pore passivation is observed which has been successfully
able to enhance ZT in case of triangular pores. Thus, our

work

extends the idea towards achieving better

thermoelectric devices by optimal pore engineering.
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