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Impact of coupling geometry on thermoelectric properties of
oligophenyl-base transistor
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Thermal and electron transport through organic molecules attached to three-dimensional gold electrodes in two dif-
ferent configurations, namely para and meta with thiol-terminated junctions is studied theoretically in the linear response
regime using Green’s function formalism. We used thiol-terminated (~SH bond) benzene units and found a positive ther-
mopower because the highest occupied molecular orbital (HOMO) is near the Fermi energy level. We investigated the
influence of molecular length and molecular junction geometry on the thermoelectric properties. Our results show that the
thermoelectric properties are highly sensitive to the coupling geometry and the molecular length. In addition, we observed
that the interference effects and increasing molecular length can increase the thermoelectric efficiency of device in a specific

configuration.
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1. Introduction

Quantum interference (QI) effects in molecular junc-

= and

tions were recently explored experimentally!
theoretically.>~!?! For example, a benzene ring coupled to the
electrodes in a meta configuration supports low conductance
values relative to para-coupled configuration. This observation
can be described from the behavior of transmission function
of the system. The para configuration has constructive inter-
ference (the phase difference between two paths around the
ring is zero), whereas the meta configuration has destructive
interference.

The thermoelectric effects with improved efficiency, can
be thought as an alternative option for the future energy

[13-15] The thermal efficiency of a device is de-

requirements.
scribed by a dimensionless quantity as figure of merit, ZT =
S2G.T /%, which is a function of thermopower or Seebeck
coefficient (S), absolute temperature (7), electrical (G), and
thermal (k) conductances and kK = K| + Kph, Where kg is the
electron thermal conductance and K, denotes the phonon ther-
mal conductance. In recent years, with advent of nanotechnol-
ogy, it was found that in nanostructures, such as thin films
and quantum dots,[10-18] ZT' can be increased to 1. In addi-
tion to thin films and quantum dots, naowires, nanoribbions, as
well as nanotubes have been drawn much attention in studying
the thermoelectric properties. Many factors affect on ZT in

19] (201 and nanoribbions.21-2# For ex-

nanotubes, | naowires,
ample, ZT is considerably larger in narrower single-walled
carbon nanotubes (SWCNT) because of enhanced Seebeck
coefficient. The ZT is decreased by strain as the reduction

in the electronic conductance overcomes the reduction in the

fCorresponding author. E-mail: rahimpour@ guilan.ac.ir
© 2017 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/26/2/027303

thermal conductance in SWCNT. The fluctuation of electronic
transmissions can strongly enhance thermopower in nanorib-
bions. Silicon nanowires (SiNWSs) oriented along the (111)
direction have the largest ZT values while (110) wires have
the smallest. This is primarily due to the anisotropic heat
conductance in SiNWs.[23! The (110) wires have larger Kpn
and thus a smaller ZT. The use of organic molecules are an-
other promising approach.?-34! In these devices, electrodes
Fermi energy can be located too close to the highest occu-
pied orbital (HOMO) or the lowest unoccupied molecular or-
bital (LUMO), and thus enhancing the thermopower. The
thermopower is negative when Fermi energy level is located
close to LUMO indicating that the electrons are responsible
for transport, and thermopower is positive when Fermi energy
level is located close to HOMO denotes the holes are dom-

29301 Therefore, thermopower experiment

inant in transport.!
is a tool to identify the kind of carrier responsible in trans-
port mechanism. Thermopower of several molecular junctions
attached to Au electrodes has been measured using scanning
tunneling microscopy. 133233

Thermopower measures the voltage gradient AV which
develops when a small temperature difference is applied un-
der the condition that the net charge current vanishes, S =
—AV /AT |1,—o.

further analyzed the effect of molecular length,[!33231 con-

Theoretical and experimental studies have

formation, and chemical content, 323043 molecular junction
geometry, 471 anchoring groups,*®°1 and substituents!>!]

on thermopower. Other studies emphasized the sensitivity

of thermopower to fluctuations in molecular structure.>%33]
Experimental measurements of S and conductance were first

reported by Ludoph and Ruitenbeek®¥ in Au point con-
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tacts at liquid helium temperatures.
29,30

Thermopower is ex-
perimentally investigated>*3% for six of the molecules of
phenyl-base investigation. The thermopower of several molec-
ular junctions with Au electrodes has been measured us-

29.30] Theoretical and

ing scanning tunneling microscopy.!
experimental studies have further analyzed the effect of
molecular length on thermopower.[32334!l Ke San-Huang,
et al.P% studied the thermoelectric efficiency of a benzene
molecular junction coupled to gold electrodes using den-
sity functional theory (DFT). They found that increasing the
molecular length, leads to an exponential decay of conduc-
tance, and considerably enhances S, which ultimately re-
sults in an overall decreasing contribution to Z7. Arad-

hya, et al. 1331

studied the thermopower of aromatic molecular
junction coupled to pyridine- and amine-terminated groups.
They found that the amine-terminated molecules conduct
through HOMO whereas pyridine-terminated molecules con-
duct through LUMO, which is in good agreement with the-
oretical calculations. The same result has been obtained in
previous works.[##] The difference in value depends on the
methods and the accuracy of approximations.

In this paper, we investigate the influence of quan-
tum interference on thermopower property of three organic
molecules attached to three-dimensional gold electrodes in
two different configurations: para and meta, as depicted in
Fig. 1. These selected molecules are phenyl dithiol (PDT),
biphenyl dithiol (BPDT), and triphenyl dithiol (TPDT), since
they are aromatic organic compounds and have 7 orbitals that
make them an appropriate candidate for thermoelectric ef-
fects studies.[>>! We used thiol-terminated (—~SH bond) ben-
zene units and found a positive thermopower that increased
with increasing molecular length. This is due to the fact
that the thermopower increases linearly with length of the
molecule, and ultimately increases thermopower. We also ob-
served that in meta configuration, thermopower is more than
para configuration due to quantum interference effects.!’)

PDT PDT
(a) ; (b) >
b33
BPDT ‘BPDT
TPDT TPDT

Fig. 1. (color online) Three representative molecules, PDT, BPDT, and
TPDT. (a) Para, and (b) meta configurations. Each molecule is coupled to
the hollow position of the tips of two gold (111) pyramids via a sulfur atom.

We organize the paper as follows: in Section 2 the model
and theoretical formulation are presented. Section 3 presents
the main results. The paper ends with conclusions in Section 4.

2. Models and methods

The Hamiltonian of molecule is calculated based on the
extended Hiickel method and the thermoelectric coefficients
are obtained using Green’s function method in linear response
regime. The system under consideration is composed of an or-
ganic molecule which is attached to external electrodes. We
developed our own code to perform computational calcula-
tions. The physics formulation of the code is based on steps
introduced in Zahid.®! The Hamiltonian of the molecule can
be described as follows:

H, =H;; = (C/2)S;j(H;i+Hjj), (D

where C = 1.75 is Hiickel coefficient and the rationale for this
expression is that energy should be proportional to the en-
ergy of the atomic orbitals. It also should be greater when
the overlap of the atomic orbitals is greater. The contribu-
tion of these effects to the energy is scaled by parameter C.
Hoffmann assigned the value of C = 1.75 after a study of the
effect of this parameter on the energies of the occupied or-
bitals of ethane.5’! §; j is overlap integral of the atomic or-
bitals, and H;; and H;; are ionization energies of the orbitals.
For calculating the surface Green’s function of a given con-
tact used to evaluate the self-energy from Ref. [58]. Con-
sider a semi-infinite solid whose overall Green’s function can
be written in the form: G = (ES — H)~!, we can simplify
the problem by a two dimensional unitary transformation to
k space, i.e., Fourier transform the two dimensions parallel to

1591 We are only interested in the surface Green’s

the layers.
function g(k) which can be shown to satisfy the recursive re-
lation: gs(k) = (a(k) — B(k)gs(k)BT(k))~", this equation can
either be solved analytically (if the matrices & and 3 are one-
dimensional) or by iteration starting from a reasonable guess
for gs(k). We can then transform it back to real space by sum-
ming over the allowed k vectors (using periodic boundary con-
ditions with N unit cells in each direction). We now express
the details of surface Green’s function calculation for a gold
(111) surface. To find the a(k) = ES(k) — H (k) and (k) we
need overlap and Hamiltonian matrices in real space. These
were obtained from Hiickel Hamiltonian and overlap matrix
of a 13-atom gold cluster. o(k) and B (k) are matrices with
dimension equal to the number of orbitals in the unit cell. For
more details refer to Ref. [56].

Transport properties for all methods are calculated using
Landauer—Biittiker transmission formula expressed in terms of
Green’s function:

T(e) = Tr{G'(e)IL(e)G"(e)Ir(e)}, @)

where Iy = —2ImX, is given in terms of the lead o self-
energy, Xy. The retarded Green’s function of the molecule
coupled to metallic electrodes can be written as follows:

G'(e.Vo) = {(e+i0" ) — Hn— ZL(e) ~ Zr(e)} . (3)
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where 01 is an infinitesimal value. The advanced Green’s
function can be obtained by relation G?(¢) = [G'(¢)].

Applying a temperature gradient, AT can induce a voltage
difference AV across the system. In the linear response regime
in which the temperature gradient and voltage difference are
small, the charge current I and heat (energy) current Iy flow-
ing through the system can be expanded to the first order in
terms of AT and AV:

I = e2LoAV + %LIAT,
1
IQ = —eLlAV - ?LzAT (4)

with L, = —h~! [ de(e — u)"T(€) (df/d¢), where f(€) cor-
responds to equilibrium Fermi—Dirac function and pu is the
chemical potential. The temperature 7 was set to 300 K in
our simulations.

Thermoelectric coefficients are expressed in terms of
quantities L,, which can be easily determined when trans-
mission through the molecule system is found. The electric
and electron thermal conductances are equal to G, = e2Lg
and kg = T~ (L, — L3/Ly), respectively. In the present pa-
per, we consider the linear response case, which indicates that
both bias voltage and temperature differences between the two
leads tend to zero, i.e., u, = ur =  and Ty, = Tr = T. Ther-
mopower is the ratio of induced voltage difference to the ap-
plied temperature gradient in the vanishing current, therefore
S=—AV/AT = —(1/eT)(L1/Ly). Finally thermoelectric ef-
ficiency of the system is described by a dimensionless param-
eter, ZT = S2G,T /x. The thermal conductance is composed
of two parts: K = K| + Kph, Where K is electron thermal con-
ductance and &, denotes phonon thermal conductance which
in the case of organic molecular junctions can be ignored due
to the existence of a considerable mismatch between density
of states of the phonons in metallic electrodes and phonon
modes of the molecule that dramatically decreases the phonon

1, 160.61 1621 and consider

transmissio I Therefore we ignore K
the maximum of ZT'. If we consider Ky, then there is a small
reduction in ZT. In other works, the value of phonon ther-
mal conductance was calculated for para and meta configu-
rations of benzene rings. In this paper, the peaks of mini-
mum and maximum of electrical thermal conductance in meta
and para configurations for BPDT molecular junction is about
40 pW/K, and 160 pW/K , respectively.

that electrical thermal conductance is more than phonon ther-

Our results show

mal conductance in Ref. [63]. Results show that the role of
phonons is negligible. We obtain the maximum value of ZT
for molecular junction and ignore phonon thermal conduc-
tance. On the other hand, experimental results show that ther-
mopower of phenyl derivatives linearly depends on the length
of the molecule, that is a sign of ballistic transport in which

the effect of phonons can be ignored. [13-323>]

3. Results and discussion

We begin by considering a simple model for benzene
structures, which captures essential physical mechanism re-
sponsible for interesting thermoelectric properties of benzene.
The schematic structure of a transport junction with benzene
molecules sandwiched between two leads is shown in Fig. 1.
In order to construct the junctions, each molecule is coupled
to the hollow position of the tips of two gold (111) pyramids
via a sulfur atom.
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Fig. 2. (color online) Logarithm of transmission coefficient of different ge-

ometries of Au/molecule/Au junction versus energy. (a) Para, and (b) meta
configurations.

Figure 2 shows the logarithm of transmission coefficient
for para and meta configurations, in the case of PDT, BPDT,
and TPDT molecular junctions, respectively. Figure 2(b)
clearly shows that the transmission coefficient is more differ-
ent in meta configuration in comparison with para one that
results from quantum interference between electronic waves
passing through upper and lower branches of molecular rings
due to destructive interference between them. It can affect

[46.47] 1t is obvious from

transport properties of the system.
Fig. 2(b) that most of transmission peaks are mainly changed
in height in comparison with Fig. 2(a). The dramatic reduc-
tion of transmission coefficient at the Fermi energy (Ef) in
meta configuration can be interpreted as a form of destructive
quantum interference. )

Figures 3 and 4 show the electrical and electron thermal

conductances as a function of the chemical potential of elec-
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trodes for different coupling geometries. The electrical and
electron thermal conductances have similar behavior for con-
sidered configurations. The change in height of peaks in meta
coupling with respect to para is due to interferometric nature
of molecular system. Figures 3(a) and 3(b) show that the max-
imum of electrical conductance in para and meta configura-
tions are highest for BPDT molecular junction in some chem-
ical potentials. The value of electrical conductance increases
in BPDT molecular junction compared with PDT. This is due
to the fact that energy levels of m-electrons get closer to each
other by increasing molecular length in para and meta config-
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urations. In TPDT molecular junction compared with BPDT,
the value of electrical conductance decreases. This is because
of the reduction of transmission coefficient in Fermi energy.
This behavior is clearly shown in the inset to Figs. 3(a) and
3(b). Figure 3(b) shows that the maximum of electrical con-
ductance in meta configuration is highest for PDT molecular
junction, in negative chemical potentials. The value of elec-
trical conductance in BPDT and TPDT molecular junctions
decreases in comparison to PDT, which is because of the re-
arrangement in energy levels of m-electrons and reduction of
transmission coefficient in Fermi energy.
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Fig. 3. (color online) The effect of coupling geometry on electrical conductance of Au/(PDT/BPDT/TPDT)/Au junction versus chemical potential of
electrodes. (a) Para, and (b) meta configurations; T = 300 K. The inset to panels (a) and (b) denotes the quantity 7(€) (—df/d€). The inner inset shows

hidden curves of outer inset with more resolution.
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Fig. 4. (color online) The effect of coupling geometry on electron thermal conductance of Au/(PDT/BPDT/TPDT)/Au junction versus chemical potential of

electrodes. (a) Para, and (b) meta configurations; 7 = 300 K.

Figures 4(a) and 4(b) show that the maximum of elec-
tron thermal conductance in para and meta configurations are
highest for BPDT molecular junction in some chemical poten-
tials. The value of electron thermal conductance increases by
increasing molecular length in BPDT molecular junction com-
pared with PDT, because electrons and holes transfer more en-

ergy in para and meta configurations. But in the case of TPDT

molecular junction compared with BPDT, the value of electron
thermal conductance is reduced by increasing the molecular
length in para and meta configurations. In this case, the trans-
mission coefficient peak moves farther to Fermi derivative and
thermopower decreases (Fig. 3(a)).

The value of electron thermal conductance for all molecu-

les, decreases by increasing the molecular length in meta con-
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figuration in negative chemical potentials because the overlap
of transmission coefficient and Fermi derivative decreases by
increasing molecular length (Fig. 3(b)). There is also a re-
duction of transmission coefficient in Fermi energy because of

rearrangement in the energy levels of m-electrons.
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Fig. 5. (color online) The effect of coupling geometry on thermopower
of Au/(PDT/BPDT/TPDT)/Au junction versus chemical potential of elec-
trodes. (a) Para, and (b) meta configurations; 7 = 300 K.

Figure 5 shows thermopower of para and meta couplings
as a function of the chemical potential of electrodes. We find
that thermopower develops sawtooth and oscillatory behaviors
due to electronic excitation and change of the electron popu-
lation in molecule.[®*-0] The change in thermopower in terms
of gate voltage is clarified by the change in Fermi level of the
electrodes due to the applying gate voltage. The change in
Fermi level can alter electrons population inside the molecule.
This alteration in electrons population leads to sawtooth and
oscillatory behaviors in thermopower. The change in chemical
potential of electrodes changes the distance between molec-
ular energy levels and Fermi energy, therefore the dominant
carriers in transport change, and electrons or holes flowing
from left to the right electrode. The location of Fermi en-
ergy level can also be found from the sign of thermopower:
negative (positive) sign denotes the location close to LUMO
(HOMO).33

Different binding positions can lead to substantial vari-
ations of thermopower mostly due to the changes in align-
ment of the frontier molecular orbital levels and the Fermi

[321 Tt has been suggested that the sign of thermopower

energy.
provides information of whether transport is mainly via oc-
cupied or unoccupied molecular states?®! The sign of ther-
mopower changes in the vicinity of electron-hole symmetry
points and resonance energies, in which § is zero in these
points. Both carriers in transport mechanism, have equal con-
tribution but with opposite sign (the net-induced voltage drop
is zero) in symmetry points. The temperature gradient can-
not produce a net electrical current (the induced voltage drop
is zero) because electrons can tunnel from colder and hotter
electrodes to molecular levels without needing thermal energy
in resonance energies. The important factor for figure of merit
is thermopower. The figure of merit tends to zero when ther-
mopower tends to zero.

Figure 5(a) shows that thermopower increases by increas-
ing molecular length because of rearrangement in energy lev-
els which are getting closer in para configuration. But in
BPDT molecular junction, thermopower will decrease, be-
cause the difference between Fermi energy and peak of trans-
mission coefficient is decreased. Figure 5(b) shows that ther-
mopower increases by increasing molecular length in meta
configuration because of the reduction of HOMO-LUMO gap.

The value and number of oscillations for some energy in-
crease by molecular length in both configurations. This is be-
cause of the increasing number of 7-electrons due to the en-
hancement of molecular length which increases the number
of electrons tunneling through molecular energy levels. Our
calculations show that the figure of merit strongly depends on
molecular length and molecular junction geometry so that ZT
increases by increasing molecular length in meta configuration
(see Fig. 6(b)). This is due to the fact that thermopower in-
creases linearly by length of the molecule and figure of merit
is directly related to the square of thermopower (see Figs. 5
and 6) in meta configuration.

Figure 6(a) shows that the value of the ZT increases
in TPDT molecular junction compared with BPDT, because
TPDT molecular junction has smaller k. and larger S, and
thus, a larger ZT compared with BPDT molecular junction in
para configuration. But ZT decreases by increasing molec-
ular length in para configuration in PDT molecular junction
compared with BPDT because BPDT molecular junction has
larger Kk and smaller S, and thus, a smaller ZT compared with
PDT molecular junction in para configuration. Z7 increases
when electrical conductance and thermopower are maximum,
because the change in ZT is based on Fermi energy. Therefore

when the Fermi energy is close to energy levels of molecule,
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the resonant occurs and electrical conductance increases. ZT
increases dramatically by increasing electrical conductance
and thermopower in some Fermi energies. This enhance-
ment is more in meta configuration, because the value of ther-
mopower in meta configuration is more than para configura-
tion due to quantum interference effects and meta configura-
tion has smaller k;; and thus, a larger ZT. The figure of merit
is directly related to the square of thermopower, and the value
of ZT is more sensitive to S. Therefore the main factor for
figure of merit is thermopower. Note that the maximum of ZT
can only be found in some specific geometries. In fact, our
calculations predict that the change of coupling geometry and
molecular length can alter the thermoelectric efficiency.
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Fig. 6. (color online) The effect of coupling geometry on the figure of merit
of Au/(PDT/BPDT/TPDT)/Au junction versus chemical potential of elec-
trodes. (a) Para, and (b) meta configurations; 7' = 300 K.

The increase of thermopower with number of rings (N), in
Fermi energy (E — Er = 0 eV) as indicated by measurements,
is well reproduced by our computational results and is also
consistent with recent computational studies.!'>-3>33! The in-
crease of thermopower by increasing molecular length in meta
configuration is more than para configuration, see Fig. 7. This
is solely due to the effect of quantum interference that anchor-
ing is placed too close to the position of molecule where in-
terference effects occur.*! Since the Fermi energy lies closer
to HOMO level than to LUMO level, see Fig. 2, thermopower
in the Fermi energy (E — Ep = 0 eV), see Fig. 2, has a posi-
tive value therefore transport is p-type. Thermopower is max-
imum when peak of transmission coefficient is close to the

Fermi energy and overlapping between transmission coeffi-
cient and Fermi derivative is more in the vicinity of the Fermi
energy, see Fig. 7. We also find that thermopower increases
roughly linearly with N, as suggested by experiments.*?! The
slope of transmission function at Ef is negative for all thiol-
terminated junctions in Fig. 2. Thermopower increases by in-
creasing molecular length in both configurations. The magni-
tude of slop changes in meta configuration is more than para

configuration by increasing molecular length.
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Fig. 7. (color online) The effect of coupling geometry on the thermopower
of Au/molecule/Au junction versus number of aromatic rings in (a) para, and
(b) meta configurations. The magnitude of slop is 0.58 for para, and 1.27 for
meta configuration; 7 = 300 K.

Figure 8 shows the figure of merit versus the number of
aromatic rings (), in Fermi energy £ — Eg = 0 eV in para
and meta couplings. The increase of figure of merit by in-
creasing molecular length in meta configuration is more than
para configuration. ZT increases by increasing electrical con-
ductance and thermopower in Fermi energy £ — Ep = 0 eV.
This increase is more in meta configuration in Fermi energy
E — Er =0 eV, because the value of S in meta configuration is
more than para configuration due to interference effects. The
figure of merit increases roughly linearly with N, in Fermi
energy E — Er = 0 eV in para and meta configurations. We
also find that the magnitude of slop changes in meta configu-
ration is more than para configuration by increasing molecular
length, in Fermi energy E — Er =0 eV.
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Fig. 8. (color online) The effect of coupling geometry on the figure of merit of Au/molecule/Au junction versus number of aromatic rings in (a)
para, and (b) meta configurations. The magnitude of slop is 0.07 for para, and 0.46 for meta configuration; 7 = 300 K.

4. Conclusion

We studied thermoelectric properties of three organic
molecules attached to three-dimensional gold electrodes in
two different configurations (para and meta) with thiol-
terminated junctions, using Green’s function method in lin-
ear response regime. In conclusion, we analyzed length-
dependence properties of conductance and thermopower for
contacts. Our studies indicate that thermopower of thiol-
terminated junctions is positive in sign and increases with the
length of molecule. We observe that thermopower and figure
of merit increase linearly with length of the molecule. Molec-
ular transport properties are highly sensitive to molecule-to-
lead interface geometry. Thermopower in meta configuration
is more than para configuration due to quantum interference
effects. With increasing molecular length, slope changes in
meta configuration is more. We also express that interference
effects and increasing molecular length can increase the ther-
moelectric efficiency of device in a specific configuration. In
the present study, the effects of electron-electron correlation is
ignored and calculations are performed in the absence of de-
phasing process. Incorporating all these effects have been left

for future studies and warrants a more detailed investigation.
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