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Abstract: In this paper, the thermoelectric properties of graphene-
based structures are assessed by tight-binding method using
Landauer-Buttiker formulas. Although a decline in the width of the
grapheme nanoribbon can increase the thermoelectric figure of merit,
the proper design of the nanostructures is still possible. Based on the
results, a periodic alteration in the width of the ribbon, also known as
the ribbon width modulation, could enhance the figure of merit twice
compared with that of the narrow ribbon. Moreover, for the case with
gradual changes in the ribbon width, three-fold enhancement could
be achieved in the thermoelectric figure of merit compared to that of
narrow ribbons. Such an increment could be assigned to an increase
in the bandgap and, thus, the increment in the Seebeck coefficient,
the power factor as well as the thermal conductance reduction.
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Introduction

The depletion of fossil fuels such as oil, coal,
and natural gas is one of the major challenges
for the human in the 21st century. The use of
fossil fuels can destructively affect the
environment through the greenhouse effects.
Therefore, technologies and infrastructures
should be improved and developed toward the
proper use of renewable energy resources.
Thermoelectric generators can convert heat
into electricity. The efficiency of the
thermoelectric generators depends on the
thermoelectric figure of merit, ZT. The figure
of merit is directly related to the Seebeck
coefficient, electrical conductance, and
temperature while showing indirect relation
with the thermal conductance. Larger ZT
values imply higher efficiency of the
thermoelectric generator. ZT values around 4

Ol

or higher are required for industrial and large-
scale applications. For 50 years, the highest
value of ZT has been 1. Regarding the design
parameters of nanomaterials for thermoelectric
and thermal purposes, higher ZT values and
thermoelectric efficiencies are expected. In this
research, novel design parameters have been
applied to enhance the thermoelectric figure of

merit in the width-modulated grapheme
nanoribbons.
Materials and Methods

The electronic bandstructure is calculated
through a tight-binding method with t, =
2.7eV. The ballistic transmission function can
be determined using obtained bandstructure of
the studied structure. Ballistic transport regime
refers to a regime in which the electrons
experience no scattering during transmission.
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Therefore, the transmission probability of the
electron through the channel will be 100%. As
a result, the ballistic transmission function can
be simply determined by counting the number
of bands in the given energy E. Finally, the
thermoelectric parameters such as electrical
conductance, Seebeck coefficient, and charge
carriers  thermal conductance can be
determined based on the Landauer-Buttiker
formulas. The following structures are
investigated in this paper: a ribbon with the
width of 5 nm (Wide), a ribbon with the width
of 2 nm (Narrow), width modulated grapheme
nanoribbon (MGNR), where the width is
periodically changed between 5 nm and 2 nm,
and MGNR-G structures, where the region
between the wide and narrow parts changes
gradually.

Results

The transmission function of the wide structure
showed an energy band gap of 0.05 eV, which
increased to about 0.47 eV by declining the
ribbon width to narrow ribbons. The energy
band gap of MGNR structure exhibited a rise
compared with the wide ribbon, and its first
valance and conduction bands were limited.
Some other energy band gaps could also be
observed in the studied energy range. For the
MGNR-G structure, the energy band gap
further increased even beyond the energy band
gap of the narrow ribbon.

Regarding the direct relationship of the
thermoelectric figure of merit with the power
factor of GS?, investigation of this parameter
could determine the desired Fermi energy for
thermoelectric applications. For the wide
structure which suffered from small Seebeck
coefficients but showed high electrical
conductance in a wide range of Fermi energies,
the maximum power factor could be obtained
in the Fermi energy related to maximum
Seebeck coefficients. Regarding the power of 2
of the Seebeck coefficient in the power factor
relation and small value of Seebeck coefficient
for wide structures, the power factor of this
structure would not be very high. In other
structures, the electrical conductance was very
small in Fermi levels corresponding to
maximum Seebeck coefficients. Therefore, the
power factor would not be large in such Fermi
energies. Conversely, the maximum power
factor of these structures corresponded to
Fermi energies with relatively large electrical
conductances and Seebeck coeftficients.

ZT values of wide structures were obtained
to be negligible due to their minimum power
factor and largest thermal conductance. By
declining the width of the ribbon in narrow
structures, the power factor showed a
significant rise thanks to the higher energy
band gap. In addition, a drastic decline was
observed in the thermal conductance by
decreasing the width of the ribbon. As a result,
maximum ZT values increased from about
0.02 to about 0.1. Upon ribbon width
modulation, the phonon thermal conductance
experienced a 50% reduction, despite a
decrease in the maximum power factor
compared with the narrow ribbon. Therefore,
maximum ZT value (about 0.2) could be
achieved near the Fermi energy of 0.4 eV in
the MGNR structure. Finally, the highest ZT
value was observed in MGNR-G structure
which could increase beyond 0.3 and be
assigned to the highest power factor and the
lowest thermal conductance in this structure.

Discussion and Conclusion

Interestingly, upon ribbon width modulation (a
periodic increase in the width in some parts of
a narrow ribbon), the value of ZT has increased
compared with the narrow ribbon by declining
the phonon thermal conductance despite no
significant variations in the maximum power
factor. For the case with gradual changes in the
ribbon width (MGNR-G), the phonon thermal
conductance has become smaller than that of
MGNR structure along with an increase in the
power factor compared with the narrow ribbon.
As a result, higher thermoelectric figure of
merit has been achievable in MGNR-G
structure.

Although the obtained ZT values are still far
from the desirable levels for industrial
applications, it should be considered that
graphene is not a suitable candidate for
thermoelectric applications due to its high
thermal conductance. However, its simple
structure offers a possibility to investigate the
effect of the design parameters at lower
computational costs. A proper design of the
structure has led to a 15-fold increment in the
value of ZT. Upon applying these designs on

proper thermoelectric  materials, suitable
thermoelectric ~ nanomaterials  can  be
engineered  for  large-scale  industrial
applications.
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