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Nanoscale thermoelectricity is an attractive target technology, because it can convert ambient heat into
electricity for powering embedded devices in the internet of things. We demonstrate that the thermoelec-
tric performance of graphene nanoconstrictions can be significantly enhanced by the presence of stable
radical adsorbates, because radical molecules adsorbed on the graphene nanoconstrictions create singly-
occupied orbitals in the vicinity of Fermi energy. This in turn leads to sharp features in their transmission
functions close to Fermi energy, which increases the electrical conductance and Seebeck coe cient of
the nanoconstrictions. This is a generic feature of radical adsorbates and can be employed in the design
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Introduction

Graphene has attracted huge interest for its extraordinary
thermal, mechanical, electrical and spintronic properties.t? It
was recently demonstrated that stable electrode gaps below
5 nm can be formed using electroburning of graphene
junctions.®>® Motivated by recent experimental progress in
using such electrodes to probe transport through single
molecules,®*"* theoretical studies have also focused on the
electrical properties of graphene nanoconstrictions formed
by incomplete electroburning of narrow graphene
junctions.®14-18

Graphene nanoribbons with zigzag edges have been pre-
dicted to show half metallic and spin filtering properties,*®2°
with high densities of states near the graphene Fermi energy,
which are attractive for thermoelectricity. However, these
e ects are not easy to isolate and control experimentally. In
this paper, we demonstrate that states close to the graphene
Fermi energy could be created by doping graphene constric-
tions with radical adsorbates, leading to a significant improve-
ment in their electrical and thermoelectric properties. As pro-
totypes for di erent non-radical and radical molecules, we
dope the nanoconstriction with four di erent molecules (see
Fig. 1) namely a non-radical pyridine (CsHsN) 1, a pyridine
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of new thermoelectric devices and materials.

radical (CsH4N) 2, a 4-picoline radical (CgHgN) 3, and a methyl
radical (CHs) 4.

Results and discussion

We investigate quantum transport through such constriction
when each dopant 1-4 is attached to the narrow region of the
constriction (shaded red dot Fig. 1a). In what follows, our aim
is to investigate how the electrical and thermoelectric pro-
perties of graphene nanoconstrictions change when doping
with one of these molecules. We calculate the transmission
coe cient T(E) which describes the probability that electrons
with energy E can pass from the left to the right graphene elec-
trode through the nanoconstriction (Fig. 1a). We first obtain
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Fig. 1 (a) Schematic diagram of graphene nanoconstriction junction
with four di erent dopants (b) graphene nanoconstriction junction with
four di erent dopants 1 non-radical (pyridine), 2 pyridine radical, 3
4-picoline radical, and 4 radical methyl group.
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Fig. 2 The spin-dependent and total transmission coe cient as a func-
tion of energy for (a) a bare graphene nanoconstriction and (b) a gra-
phene nanoconstriction junction with a non-radical adsorbate. The
transmission coe cients for the spin up (blue line) and down (red
dashed line) are identical.

the material-specific mean-field Hamiltonian of each structure
from optimized geometry of each junction using the SIESTA
implementation of density functional theory (see Method for
detail). We then combine the DFT Hamiltonian with our
quantum transport code Gollum to obtain T(E) and use the
Landauer formula to obtain electrical conductance G (see
Methods for more detail). Since the radicals normally have
unfilled orbitals, they are spin polarized. We therefore calcu-
late the transmission function T, for majority and T, for min-
ority spins. The total transmission function is defined to be
T(E) = (T; + T,). With this notation, in the low temperature
limit, the Landauer formula simplifies to G = (2/h)T (E).

We have designed the graphene nanoconstriction of Fig. 1a
to ensure that the graphene constriction is not spin polarized.
To explore the electrical properties of the bare junction shown
in Fig. 1a, we computed the transmission coe cient without
doping. Fig. 2a shows the spin up (blue line), the spin down
(red dashed line), and total transmission coe cient (green
line). The transmission functions are independent of spin,
which confirms that the bare junction is not spin polarized.
Fig. 2b shows the spin dependent and total transmission
coe cient for graphene nanoconstriction junction in the pres-
ence of non-radical pyridine 1. The solid lines in the graph
show the transmission coe cient for the spin up, down and
total transmission coe cient. For comparison, the trans-
mission coe cient for bare structure is also shown in the
graph by black dashed line. The transmission through this
nanoconstriction is also non-spin polarized and it is apparent
that introducing a non-radical dopant does not have a signifi-
cant e ect on the transmission coe cients.
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Fig. 3 The spin-dependent and total transmission coe cient as a func-
tion of energy for (a) pyridine radical nanoconstriction junction, (b)
4-picoline radical nanoconstriction junction, and (c) methyl group nano-
constriction junction.

For the radicals 2, 3 and 4, Fig. 3a-c show that the trans-
mission functions become spin dependent. After geometry relax-
ation, we find that all three radicals are covalently bound to the
graphene nanoconstrictions. As shown in Fig. 3, extra reso-
nances close to the Fermi energy appear in the spin-dependent
transmission coe cient. The total transmission coe cient
(green curve) is much higher than the bare junction trans-
mission (dashed black line) over a wide energy range near the
Fermi energy. Regardless of the Fermi energy of leads, the con-
ductance in the presence of the radicals is therefore predicted to
increase. This is a general feature of these junctions and does
not depend on the type of radical. This increase is due to the
singly occupied orbital in the outer shell of the radical molecule.

Fig. 4a shows that the corresponding room-temperature elec-
trical conductances with radicals (pyridine 2, 4-picoline 3 and
methyl 4) are also much higher than those of the bare and non-
radical cases. Fig. 4b shows that the presence of radical dopants
not only enhances the electrical conductance of the graphene
nanoconstrictions, but also it enhances the Seebeck coe cient
of these junctions. Fig. 4b shows the Seebeck coe cients S of
these junctions over a range of Fermi energies at room tempera-
ture. It is clear that large positive and negative values of S are
achievable compared to bare and non-radical cases.

It is worth mentioning (see Fig. S1 and S2 of the ESIT) that
doping of graphene nanoconstrictions with n-type and p-type

Nanoscale, 2018, 10, 19220-19223 | 19221


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8nr04869j

Open Access Article. Published on 03 October 2018. Downloaded on 10/21/2018 1:33:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

—— Without dopant
—— dopant 1

1 —— dopant 2
1072 —— dopant 3

1 —— dopant 4

100 A

S (HVIK)
o

-50 4

-100 -

-150 r - T —T T
-0.4 -0.2 0 0.2 0.4
E-Ef (eV)

Fig. 4 (a) Electrical conductance and (b) Seebeck coe cient S for gra-
phene nanoconstriction junction without dopant and with four di erent
dopants 1 non-radical (pyridine), 2 radical pyridine radical, 3 radical
4-picoline radical, and 4 radical methyl group.

dopants such as TTF and TCNE?! has a much less pronounced
e ect on the conductance and Seebeck coe cient of graphene
nanoconstriction compared with stable radical adsorbates.
TTF and TCNE create localised bound states, which are weakly
coupled to the continuum of states in the graphene nano-
constriction, resulting in Fano-resonances. This leads to some
enhancement, but not as strong as stable radical adsorbates.*

Conclusion

We demonstrated a simultaneous increase in the electrical
conductance and Seebeck coe cient of graphene nanocon-
strictions using stable radical adsorbates, which create trans-
mission resonances close to the Fermi energy. This increases
electrical conductance up to an order of magnitude and
enhances the Seebeck coe cient for a wide range of Fermi
energies. The Seebeck coe cient of bare graphene nanocon-
strictions is low, because the transmission function is sym-
metric with respect to the Fermi energy and therefore, its slope
near the Fermi energy is low. In contrast, adsorbed radical
create new spin states near the Fermi energy, which increases
the slope of the transmission function and enhances the
Seebeck coe cient. We demonstrated that this behaviour is a
generic feature of graphene nanoconstrictions in the presence
of adsorbed radicals.

Methods

The molecular device we study in this work is illustrated sche-
matically in Fig. 1. The geometry of each graphene nanocon-
striction junctions was relaxed to a force tolerance of 20 meV A~?
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using the SIESTA? implementation of density functional
theory (DFT), with a double-{ polarized basis set (DZP) and
generalized gradient functional approximation (GGA-PBE) for
the exchange and correlation functionals, which is applicable
to arbitrary geometries. A real-space grid was defined with an
equivalent energy cuto of 150 Ry.

To calculate thermoelectronic properties of the molecules
in the junction, from the converged DFT calculation, the
underlying mean-field Hamiltonian H was combined with our
quantum transport code, Gollum?*?* to calculate the trans-
mission coe cient T (E) for electrons of energy E passing from
the source to the drain. The electrical conductance G(T) =
e?/h(L) + LY), and the Seebeck coe cient®® S(T) = —(L] + Li)/
|e|T(L[TJ + Lé), of the junction are calculated from the
electron transmission coe cient T(E) where

Lg(T) = ., dE(E — E)"T4(E) (f o (ET)

OE
down, f(E,T) is the Fermi-Dirac probability distribution func-
tion f(E,T) = €& 5T + 1)1 T is the temperature, E is the
Fermi energy, e is electron charge, and h is the Planck’s
constant.

) and o is spin-up or
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