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We propose a possible route to achieve high thermoelectric efficiency in molecular junctions by combining
a local chemical tuning of the molecular electronic states with the use of semiconducting electrodes. The
former allows to control the position of the highest-occupied molecular orbital 共HOMO兲 transmission resonance with respect to the Fermi energy while the latter fulfills a twofold purpose: the suppression of electronlike contributions to the thermopower and the cutoff of the HOMO transmission tails into the semiconductor
band gap. As a result a large thermopower can be obtained. Our results strongly suggest that large figures of
merit in such molecular junctions can be achieved.
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I. INTRODUCTION

Thermoelectric materials convert thermal gradients and
electric fields for power conversion and for refrigeration, respectively. With the increase in energy demand, thermoelectric applications are attracting a considerable interest. Unfortunately, thermoelectrics find currently only special
applications due to their limited efficiency, which is measured by a dimensionless parameter, the thermoelectric figure
of merit: ZT = S2TG / , which includes the Seebeck coefficient 共thermopower兲 S, an average temperature T, the electrical conductance G, and the thermal conductance  = el
+  ph, the latter containing both electronic el and vibrational
 ph contributions. Maximizing ZT is challenging because optimizing one physical parameter often adversely affects another.
However, as suggested in the early 1990s,1 dimensionality
reduction toward the nanoscale could provide an additional
parameter to tune the electrical and thermal response of thermoelectric materials. This has triggered an active research on
new nanoscaled thermoelectric materials.2–13 An alternative
to inorganic-based materials could be to exploit molecules,
which have been already extensively investigated in the context of charge transport and molecular electronic applications
in the past two decades.14 Indeed, the Seebeck coefficient of
different single molecules15 as well as the thermal conductance of self-assembled monolayers16 have been meanwhile
experimentally investigated. Theoretically, only few studies
on the thermoelectric properties in few level systems 共molecules, small quantum dots兲 have been presented to date.17–27
Concerning this “organic route,” two aspects should be taken
into account. First, as proposed by Mahan and Sofo,28 the
presence of a sharp resonance near the Fermi level EF can
considerably increase the thermopower since the latter depends on the derivative of the conductance near EF. One key
advantage of using molecules as potential thermoelectrics is
the capability to tune their chemical and hence also their
electrical and thermal properties in a very controlled way.
The second aspect is more generic: by using metallic electrodes to contact a molecule, there are holelike and electronlike contributions to S arising from tunneling through the
highest-occupied molecular orbital 共HOMO兲 and lowest1098-0121/2010/81共23兲/235406共6兲

unoccupied molecular orbital 共LUMO兲 states, respectively.
Both contributions appear with different signs in S and thus
partially cancel each other. Is it possible to filter out electronlike 共or holelike兲 contributions?
In this study, we propose a combination of chemical tuning of the molecular electronic structure with the use of semiconducting electrodes to improve the thermoelectric efficiency of molecular junctions. Such electrodes provide a way
to lift the compensation of holelike and electronlike contributions to the thermopower. Specifically, if the LUMO resonance lies within the semiconductor band gap, no states are
available for the “electronic” channel, which is then blocked
and the thermopower will be mainly determined by the
HOMO 共hole兲 channel. In this sense, the band gap in the
electrodes’s electronic structure acts as a filter blocking specific contributions to the thermopower from the molecular
orbitals. This together with the inclusion of donor groups in
a -conjugated molecule 共chemical tuning兲 can lead to a
dramatic increase in the thermopower of the junction by generating sharp resonances close to the Fermi level. Additionally, the presence of a band edge can further increase the log
derivative of the transmission function and hence also the
thermopower compared with the case of metallic electrodes.
We illustrate these ideas by using a minimal model
Hamiltonian as well as a first-principles-based approach to
the electronic structure and the transport properties of the
molecular junctions. A typical electrode-molecule setup used
in our simulations is displayed in Fig. 1. In the next section
we describe our theoretical methodology, and in Sec. III results for the electronic conductance as well as for the vibrational contribution to the thermal conductance of three different molecular junctions are discussed.
II. METHODS
A. Electronic transport problem

To deal with the electronic-structure problem, we use a
very efficient density-functional parametrized tight-binding
approach 共DFTB兲 共Ref. 29兲 which can perform on the same
level as full DFT-based calculations. This approach has been
combined with Green’s function techniques to treat charge
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FIG. 1. 共Color online兲 A typical molecular junction investigated
in this study. Two silicon electrodes terminated at the 共111兲 facet are
bridged by a molecule. In the calculations, periodic boundary conditions in the lateral directions have been used. The electrode surface is passivated with hydrogen atoms to avoid strong structural
distortions related to surface reconstruction effects.

transport in the molecular junctions of interest.30 In a first
approximation, we consider the electronic and vibrational
systems to be decoupled from each other so that the electronic transport properties can be calculated within the Landauer approach, i.e., the elastic, energy-dependent transmission function Tel共E兲 for the molecules attached to the
electrodes is evaluated and from it, the electronic component
of the relevant thermoelectric coefficients at zero applied
bias can be obtained. The transmission function Tel共E兲
= Tr关Gr⌫LGa⌫R兴 can be computed as a function of the charge
injection energy E. The broadening functions ⌫␣共␣ = L , R兲 of
the left 共L兲 and right 共R兲 electrodes, which encode the
electrode-molecule interaction, are calculated via the selfenergies ⌺r共a兲,␣ as ⌫␣ = i共⌺r,␣ − ⌺a,␣兲. The retarded molecular
Green’s function 共after tracing out the electrode degrees of
freedom兲 is further given by Gr共E兲−1 = 关共E + i0+兲I − Hm − ⌺r,L
− ⌺r,R兴, I being the identity matrix, and Hm the Hamiltonian
for the free molecule.
Using nonequilibrium thermodynamics, expressions
for the relevant Onsager coefficients in terms of the transmission function Tel共E兲 can be obtained:17,20 Ln共T兲 = 兰dE共E
− EF兲n关− f共E , T兲 / E兴Tel共E兲, where f共E , T兲 is the Fermi function. The Seebeck coefficient S and the electronic part of the
thermal conductance el can then be written as
S共T兲 = 共− 1/eT兲共L1/L0兲,

共1兲

el共T兲 = 共2/hT兲共L2 − L21/L0兲.

共2兲

whose elements ui␣ correspond to the ith degree of freedom
in the ␣ region and 共u␣ 兲兩 is its transpose. Accordingly, K␣␤
ij
represent the coupling between mass coordinate i of subsystem ␣ with j of subsystem ␤, and M ␣ is the diagonal
matrix of corresponding atomic masses. We perform densityfunctional calculations using a localized orbital basis set31 to
obtain the force constants for the central region. Doublezeta-polarized basis sets are chosen for increasing the accuracy of the vibrational modes calculation. The local density
approximation for the exchange-correlation functional has
been used within the PW92 paramerization.32 The atomic
coordinates obtained from DFTB calculations were further
optimized so that the convergence criteria for atomic forces
is set to 10−3 eV/ Å. The force constants were obtained by
applying a small perturbation to each degree of freedom. For
the vibrational surface Green’s functions of the reservoirs,
we use the approach explained in Ref. 33, which relies on the
fact that the phonon surface density of states behaves linearly
at low frequencies and only the phonons in this spectral
range are giving the most important contribution to heat
transport.
The vibrational transmission spectrum is then calculated
using Green’s function techniques, similar to the electronic
counterpart. The retarded 共advanced兲 Green’s function of
subsystem ␣ in the absence of coupling to other subsytems is
defined as gr共a兲,␣共兲 = 关共 ⫿ i0+兲2 − D␣␣兴−1 with D␣␤
= M ␣−1/2K␣␤M ␤−1/2. When the couplings are switched
on, the retarded Green’s function for the central region is
where
⌺r共a兲,␣
Gr,C共兲 = 关共 ⫿ i0+兲2 − DCC − ⌺r,L − ⌺r,R兴,
= DC␣gr共a兲,␣D␣C is the retarded 共advanced兲 self-energy due to
coupling to the phonon reservoir ␣. The couplings give rise
to broadening of vibrational modes ⌫␣ph = i共⌺r,␣ − ⌺a,␣兲, and
the transmission function is written as T ph共兲
= Tr关Gr,C⌫LphGa,C⌫Rph兴. The phonon contribution to the thermal conductance at a given temperature T is then expressed
as

 ph共T兲 =

冕

⬁

0

d  f B共,T兲
T ph共兲.
ប
2
T

Finally, the total figure of merit ZT can be expressed in terms
of the electronic part ZTel as
ZT = ZTel

From here, the electronic part of the figure of merit ZTel is
2
then given by ZT−1
el = 共L0L2 / L1兲 − 1.

el
el +  ph

B. Phonon transport problem

III. RESULTS

Concerning now the vibrational part of the thermal conductance, we follow a similar partitioning scheme to that
used for the electronic problem. The system is divided into
subsytems ␣ = L, R, or C. Using the harmonic approximation
the vibrational Hamiltonian can be written as

A. A toy model

H ph = 兺 H␣ + 共uL兩KLC兩uC兲 + 共uR兩KRC兩uC兲.
␣

共3兲

Here, the first term includes H␣ = 1 / 2共u̇␣兩M ␣兩u̇␣兲
+ 1 / 2共u␣兩K␣␣兩u␣兲 where 共 兩 u␣兲 is the vector of coordinates

共4兲

共5兲

We will first illustrate our approach within a minimal
model Hamiltonian in order to highlight different factors influencing the thermopower of the junction. We consider two
electronic levels, which mimic the frontier orbitals of a molecule and which are coupled to semiconducting electrodes as
shown in Fig. 2共a兲. The thermopower S and the electronic
figure of merit ZTel are calculated as a function of the relative position of the HOMO to the Fermi level EF, ⌬
= EHOMO − EF, and for different coupling strengths to the
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FIG. 2. Top panel: energy profile of the model semiconductormolecule-semiconductor junction. Egap is the gap between the valence and conduction bands, ⌬ = EHOMO − EF denotes the position of
the HOMO with respect to EF. The molecular gap is chosen so as to
have the LUMO level placed inside the semiconducting gap. Lower
panel: 共b兲 Seebeck coefficient S and 共c兲 the electronic part of the
thermoelectric figure of merit 共ZTel兲 as a function of ⌬ and the
effective coupling strength to the electrodes ⌫ at T = 300 K. Notice
that the largest thermopower could be achieved by having a weak
coupling to the electrodes 共large tunnel barriers兲 and a molecular
resonance close to the Fermi level 共large derivative兲. Since there is
no upper bound for ZTel, very large values can be formally attained
within these model calculations.

electrodes. In Figs. 2共b兲 and 2共c兲, room-temperature values
for S and ZTel are shown. We see that it is possible to obtain
S values as large as ⬃2 mV/ K when the molecule-electrode
coupling is ⬃10 meV, and the HOMO level is placed 0.5 eV
below EF. Even much higher values of S are possible for
weaker coupling strengths. The optimum value of ⌬ is related to the operating temperature and it is smaller for lower
temperatures.18 Very high thermopower can be achieved with
a delta-function-shaped conductance peak near to EF for bulk
systems;28 for a model molecular system this behavior has
been recently demonstrated.18 Formally, the figure of merit
has no upper bound so that arbitrarily large values can be
obtained within a model approach. Though for the realistic
molecular junctions we are going to consider farther below
the effective electrode-molecule coupling is on average
strong 共⬃100 meV兲, the combined use of semiconducting
electrodes and chemical tuning still allows for thermopower
optimization.
For the sake of completeness we have also studied the
thermopower in the specific case of weak coupling 共Coulomb blockade兲 to the electrodes by using the Anderson
Hamiltonian to include Coulomb interactions on the twosites molecule. We have used nonequilibrium Green’s functions to calculate the transport properties in this regime.34
For U ⫽ 0, additional states at energies ⬃⑀HOMO,LUMO + U
emerge; such states could be additionally tuned, thus eventually leading to a further increase in the thermopower. This
however requires a separate study, see, e.g., Ref. 18.
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FIG. 3. 共Color online兲 共Top panel兲 Zero-temperature transmission spectra of a benzene molecule sandwiched between Si electrodes via different linker groups. The position of the HOMO level
is modified due to charge-transfer effects. 共Bottom panel兲 Temperature dependence of the thermopower S 共left兲 and corresponding figure of merit ZTel 共right兲 for the different linker groups.
B. Thermoelectric efficiency of single-molecule junctions

In this section we will discuss to which extent the analysis
presented in the previous paragraphs can be realized in realistic molecular junctions. We have addressed two main issues: 共i兲 the role of the linker groups in determining the
relative position of the HOMO with respect to the Fermi
energy and 共ii兲 modifications of the thermopower through
selective chemical doping of the molecules. The molecules
are covalently attached to hydrogen-passivated Si共111兲 surfaces and relaxed with periodic boundary conditions parallel
to the surface.35 In each unit cell, the top/bottom silicon surfaces comprise 54 Si atoms forming three Si layers and eight
hydrogen atoms covering the Si共111兲 surface. In order to
allow for structural relaxation effects of the surface, the two
outermost layers are included in the relaxation process. Figures 3 and 4 show the transmission spectra of several junctions together with the corresponding thermopower S and
figures of merit ZTel. In Fig. 3 the influence of different
linker groups on the transmission function around the Fermi
level for a benzene molecule is shown. The position of the
Fermi energy in our calculations is provided by a selfconsistent calculation under the constraint of global charge
neutrality in the electrode-molecule system.36
From the figure we see that thiol linkers turn out to be the
most effective linkers; they induce a high-transmission
HOMO resonance around 0.5 eV below the Fermi level. Notice also the sharp suppression of the transmission tails above
the conduction band edge due to the absence of spectral
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FIG. 5. 共Color online兲 共Left panel兲 Vibrational thermal conductance of the three polyacene molecules 共benzene, naphtalene, and
anthracene兲 with NH2 side groups. 共Right panel兲 The full figure of
merit ZT including the vibrational contribution of the thermal
conductance.
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FIG. 4. 共Color online兲 共Top panel兲 Zero-temperature transmission spectra of three polyacene molecules 共benzene, naphtalene, and
anthracene兲 with NH2 side groups and attached to Si electrodes via
thiol linkers. For all three molecules the HOMO level lies almost at
the corresponding Fermi energy. Notice also that for the benzene
molecule the HOMO state moves into the semiconductor band gap.
共Bottom panel兲 Temperature dependence of the thermopower S
共left兲 and figure of merit ZTel 共right兲.

weight in the semiconducting electrodes: this effect can additionally lead to a large derivative at the Fermi level and to
a dramatic increase in S when comparing with metallic electrodes. The other linkers studied here induce larger energy
shifts of the transmission resonances away from the Fermi
level and thus seem to be less appropriate for the realization
of an efficient thermoelectric molecular junction. The behavior of S in the lower panel of Fig. 3, which is monotonically
increasing with temperature until 350 K, is related to the fact
that the HOMO peaks are located away from the Fermi energy, and they are relatively broad so that higher temperatures are required for them to maximally contribute to the
current. It is evident from the figure that when the peak is
closer to the Fermi level 共benzenedithiol兲 S has the highest
value at room temperature. Taking the previous results into
account, we have then investigated small polyacene molecules 共benzene, napthtalene, and anthracene兲 with NH2
functional groups added at the ortho-positions of the benzene
rings, see Fig. 4. As recently shown,22 the controlled torsional motion of side groups can help to tune the thermopower of a molecular junction; this would require however very specific mechanical manipulations at the singlemolecule level. In the present study we demonstrate a
different alternative route to potentially achieve high thermoelectric efficiency via pure chemical tuning of transmission
resonances in combination with nonmetallic electrodes.
As it comes out from the analysis of our results, the side
groups act as a chemical gate which shifts the transmission

spectrum toward the Fermi level. As a result, for the three
polyacene species studied the HOMO levels are essentially
lying at or slightly below EF. Moreover, due to a low spectral
weight onto the linker region, the coupling of these levels to
the electrodes is rather weak, leading to a narrowing of the
transmission resonances closest of the frontier orbitals. Notice that in contrast to naphtalene and anthracene dithiol, the
HOMO resonance of the benzene dithiol molecule has a very
low transmission; this is related to the fact that the energy
shift induced by the side groups moves this level into the
semiconducting band gap, where no spectral support exist in
the electrodes. Taking into account the narrowness of the
HOMO levels together with their energetic position, we may
expect a dramatic increase in the thermopower when comparing with the junctions studied e.g., in Fig. 3; this is the
case as shown in the lower panel of Fig. 4, where maximum
S values ranging from 400– 1000 V / K could be achieved.
Also very large electronic figures of merit ZTel of up to 60 at
about 270 K might be ideally reached. The fact that the
maximum values of S and ZTel do not necessarily lie at the
same temperature demonstrates that the optimization of the
thermopower alone is not enough to achieve optimal figures
of merit. The temperature dependence of the thermopower is
more complex when the peaks are sharper 共see lower panel
of Fig. 4兲. In the case of benzene, the HOMO peak lies inside
the band gap; therefore it is pinned to the Fermi level and
gives rise to a sharp resonance but with a very low transmission value. The peak position makes low temperature
共T ⬍ 50 K兲 S values larger but at higher temperatures
共T ⬎ 150 K兲 S starts including contributions from lowerlying molecular levels as well. For anthracene, the HOMO
peak is very close to the Fermi level and this is the reason
why S 共and ZTel兲 has higher values at low temperatures. On
the other hand, the HOMO peak of naphtalene is located
around −0.1 eV which shifts the peak of S to higher temperatures in comparison with benzene or anthracene. Also,
the transmission probability rises up to almost 1 so it is possible to use the full conducting capacity of the HOMO level.
The situation changes however upon inclusion of the vibrational contributions, see Fig. 5. First, the values of ZT are
considerably reduced due to the relatively good vibrational
thermal conductance. Second, it turns out now that the naphtalene junction displays the most optimal figure of merit
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around room temperature while ZT is strongly reduced for
the two other junctions. This is in contrast to the behavior of
the electronic ZTel where the benzene junction showed similar high values as naphtalene around T = 300 K, see also Fig.
4. The reason for this different behavior can be understood as
follows: the low-transmissive resonance displayed by the
benzene junction almost on top of the Fermi level can give
rise to very high values of the thermopower S and of ZTel.
These coefficients, however, only quantify how efficiently
the electrical current “uses” the existing temperature difference but not the amount of created current. The benzene
junction lies in the class where a very low electrical current
共low transmission around the Fermi level兲 can nevertheless
yield an optimal thermopower. However, upon the inclusion
of the vibrational part of the thermal conductance, the benzene junctions appear to be less efficient, since the phonon
thermal conductance is considerably larger than its electronic
component.
IV. CONCLUSIONS

In summary, we have shown in this study that thermopower engineering in molecular junctions could be attained by an appropriate combination of chemical gating and
the use of semiconducting electrodes. The latter provide 共i兲 a
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