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Title: Seebeck coefficient of thermoelectric molecular junctions: First-principles calculations
Authors: Yu-Shen Liu and Yu-Chang Chen*

Department of Electrophysics, National Chiao Tung University, Hsinchu 30010, Taiwan

Abstract:

A first-principles approach is presented for the thermoelectricity in molecular junctions
formed by a single molecule contact. The study investigates the Seebeck coefficient
considering the source-drain electrodes with distinct temperatures and chemical potentials
in a three-terminal geometry junction. We compare the Seebeck coefficient in the
amino-substituted and unsubstituted butanethiol junctions and observe interesting
thermoelectric properties in the amino-substituted junction. Due to the novel states around
the Fermi levels introduced

by the amino substitution, the Seebeck coefficient could be easily modulated by using gate
voltages and biases. When the temperature in one of the electrodes is fixed, the Seebeck
coefficient varies significantly with the temperature in the other electrode and such
dependence could be modulated by varying the gate voltages. As the biases increase, richer
features in the Seebeck coefficient are observed, which are closely related to the
transmission functions in the vicinity of the left and right Fermi levels.

The purpose of molecular electronics is to develop a new type of electronic device based on molecules.
Understanding the charge transport in metal-molecule-metal (m-M-m) tunnel junctions is of fundamental
interest motivated by both scientific challenge and technological importance in subminiature devices.
Much attention has been devoted to investigate the various transport properties that might be applicable to
develop new forms of electronic and energy-conversion devices such as electron transfer, shot noise, heat
transport, negative differential resistance, and gate-controlled effects. Another important property of
electron transport in (m-M-m) tunnel junctions is the thermal power (thermoelectricity). The study of
thermoelectricity in molecular junctions is of key importance in the design of novel thermo-related
electronic and energy-conversion devices at the atomic and molecular level. While thermoelectricity in
atomic wires was studied a few years ago, research focusing on the Seebeck coefficient in the molecular
system has been conducted only recently.

Considering an m-M-m tunnel junction that may have different temperatures in the source and drain
electrodes, a small thermoelectric voltage (AV ) in the junctions can be induced by an additional
temperature difference (AT ) applied in the electrodes. The ratio of the thermoelectric voltage to the
temperature difference is defined as the Seebeck coefficient. The Seebeck coefficient may provide further
insights into the physical properties of the molecular tunnel junctions. For example, whether the Fermi
energy is closer to the lowest unoccupied molecular orbital (LUMO) or the highest occupied molecular
orbital (HOMO) may be locally probed via thermoelectricity measurements®. Motivated by recent
experimental and theoretical studies on the topic of thermoelectricity in the molecular junction, we
investigated the Seebeck coefficient of a single molecule in the two-terminal and three-terminal junctions



from first-principles approaches. Particularly, we studied the alkanethiol (CH3(CH,),.1SH, denoted as
Cn)-related molecules as an example. Alkanethiols are a good representation of reproducible junctions that
can be fabricated9-11. It has been established that non-resonant tunneling is the main conduction
mechanism as the Fermi levels of the two electrodes lie within the large HOMO-LUMO gap. However,
functional group substitution may have significant effects on the electronic structures of alkanethiols. It is
interesting to observe that a new molecular orbital between the HOMO-LUMO gap is produced
when —NH, is substituted for —H in bridging butanethiol (C,), the result of which leads to resonant
tunneling in the amino-substituted junction. Due to the dramatic change in the density of states (DOSs) by
amino substitution, the novel characteristics of the Seebeck coefficient are observed in the
amino-substituted junction. We focused on the comparison of the Seebeck coefficient between
amino-substituted and unsubstituted junctions in the two- and three-terminal geometries. We observed that
amino substitution significantly affects the Seebeck coefficient. For example, the Seebeck coefficient can
change signs by applying gate voltages in the amino-substituted junction but not in the unsubstituted
system. The influence of the temperature gap between the two electrodes on the Seebeck coefficient,
controllable by the gate voltages, is significant in the amino-substituted junction. Our results suggest that
thermoelectric molecule devices such as a molecular thermometer are possible in the future.

In this paper, we investigate the dependence of the Seebeck coefficient on the source-drain biases, gate
voltages, and temperatures in the metal electrodes before and after amino substitution in the butanethiol

molecular junction.
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FIG. 1. (Color online) The Seebeck coefficient S in a three-
terminal geometry with V¢,=0.01 V: (a) S versus Vg where T
=Tr=T for the amino-substituted [black (thick) lines] and unsubsti-
tuted [red (thin) lines] butanethiol for 7=50 K (solid line), T
=100 K (dashed line). and 7=150 K (dotted line). The inset shows
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FIG. 2. (Color online) (a) The
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Bias(V) Energy(eV) junction.

The study investigates the thermoelectricity in the molecular junction in both linear and nonlinear regimes. The
Seebeck coefficients are studied using firstprinciples calculations. The general properties of the Seebeck effects
can be very different for the unsubstituted and aminosubstituted butanethiol junctions in the two-terminal and
three-terminal molecular geometries. The research illustrates that the gate field is able to modulate and optimize
the Seebeck coefficient. Another interesting phenomenon is the possibility to change the signs of the Seebeck
coefficient by applying the gate voltages and biases in amino-substituted butanethiol junction. It is observed that
the Seebeck coefficient is relevant to the temperatures of the electrodes that may be applied to the design of a
molecular thermometer and its sensibility can be controlled by gate voltages. We also extend the investigation of
the Seebeck coefficient to molecular tunnel junction at finite biases. As the biases increase, richer features in the
Seebeck coefficient are observed, which are closely related to the transmission functions in the vicinity of the
left and right Fermi levels. All results show that the molecular tunnel junction based on alkanethiols may be a

promising candidate for the design of novel thermoelectric devices in the future.

Title: Do Thermoelectric Materials in Nanojunctions Display Material Property or

Junction Property?

Authors: Yu-Chang Chen*and Yu-Shen Liu

Abstract:

Do Thermoelectric Materials in Nanojunctions Display Material Property or
JunctionProperty?
By Yu-Chang Chen (Ft*2 % )Yu-Shen Liu (¥ ¢ )



Abstract

The miniaturization of thermoelectric nanojunctions raises a fundamental question: do the
thermoelectric quantities of the bridging materials in nanojunctions remain to display
material properties or show junction properties? In order to answer this question, we
investigate the Seebeck coefficient S and the thermoelectric figure of merit ZT especially in
relation to the length characteristics of the junctions from the first-principles approaches.
For S, the metallic atomic chains reveal strong length characteristics related to strong
hybridization in the electronic structures between the atoms and electrodes, while the
insulating molecular wires display strong material properties due to the cancelation of
exponential scalings in the DOSs. For ZT, the atomic wires remain to show strong junction
properties. However, the length chrematistics of the insulation molecular wires depend on a
characteristic temperature T, around 10 K. When T <« Ty, where the electron transport
dominates the thermal current, the molecular junctions remain to show material properties.
When T >» Ty, where the phonon transport dominates the thermal current, the molecular

junctions display junction properties.

Indeed, the miniaturization of thermoelectric nanojunctions raises a fundamental ques-
tion: does bridging thermoelectric material in nanojunctions show material properties or
junction properties? Thermoelectric bulk crystals usually show material properties, where
the thermoelectric physical quantities are irrelevant to the sizes and shapes of materials.
In addition, recent experiments on Seebeck coefficients in molecular junctions also reveal
strong signals of material properties. These experiments have observed that Seebeck
coefficients are insensitive to the number of molecules in junctions and show rather weak
dependence on the lengths of the bridging molecules, which is in sharp contrast to the
conductance which shows strong exponential dependence on the lengths of molecules [11-13].
However, the bridging materials in nanojunctions may have strong interactions with the
contacts. From this point of view one can say thermoelectric quantities can display the
junction characteristics. Considering the examples and the reason quoted above, it is
therefore not obvious whether the thermoelectric quantities of the bridging materials in
nanojunctions display junction properties or material properties.

The miniaturization of thermoelectric junctions generates new Physics due to quantum
transport for electrons and phonons at atomic levels. In this letter, we will show that the
thermoelectric quantities in nanojunctions unnecessarily display entire material properties
or junction properties. To demonstrate this point, this study investigates two important

thermoelectric quantities, the Seebeck coefficient (5) and the thermoelectric figure of merit



(Z7), in (metallic) aluminum atomic junctions and (insulating) molecular junctions. It
shows that metallic atomic chains reveal strong junction properties while the insulating
molecular wires partially possess the material properties, where S'reveals the material prop-
erty and Z7’displays the junction property at temperatures larger than the characteristic
temperature 7.

To answer the question, we have developed a theory with analytical expressions for
Sand Z77allied to a fully self-consistent first-principles calculation in the framework of the
densityfunctional theory (DFT).

(detailed content please see ArXive: 0904.0692)

Title: Thermoelectric Efficiency in Nanojunctions: A Comparison
between Atomic Junctions and Molecular Junctions

Authors: Yu-Shen Liu, Yi-Ren Chen and Yu-Chang Chen*

Published in ACS Nano 3, 3497 (2009).

ABSTRACT:

Using the first principles approaches, we investigate the thermoelectric efficiency,
characterized by the figure of meritZT , in metallic atomic junctions and insulating molecular
junctions. To gain insight into the properties of ZT , an analytical theory is also developed to
study the dependence of ZT on lengths (1) and temperatures (T ). The theory considers the
combined thermal current carried by electrons and phonons. We also observe a characteristic

temperature: T, =+/8/y(l). When T «T,, the electronic heat current dominates the combined

thermal currentand ZT oc T>. When T > T,, the phononic heat current dominates the combined

thermal current and ZT , which lean toward a saturation value. Moreover, the metallic atomic
junctions and the insulating molecular junctions have an opposite trend for the dependence of
ZT on lengths, that is, ZT increases as the length increases for aluminum atomic junctions,
while ZT decreases as the length increases for alkanethiol molecular junctions.



(a) . .
(b) . .

Scheme 1. Schemes of the systems investigated: (a) the 3-Al atomic
junction and (b) the C4 molecular junction. Two bulk electrodes are
modeled as independent electron reservoirs with distinct chemical po-

tentials pp and distinct temperatures Ty,




Figure 2. Alkanethiol junctions at Vg = 0 V for C, (solid black lines), Cs (dashed
red lines), and C; (dot-dashed lines). (a) Seebeck coefficient 5 as a function of T.
(b) Electronic heat conductance kg as a function of T. Inset shows semi-log of
electric conductance «r as a function of n, where n is the number of carbon at-
oms. (c) Phononic heat conductance kph as a function of T. (d) Log—log of ZT as
a function of T. Inset shows the case of neglecting of the phononic heat conduc-
tance kpn = 0.

In conclusion, the self-consistent DFT calculations together with analytical expressions are
applied to investigate the thermoelectric figure of merit ZT in the nanoscale junctions. There is
a characteristic temperature T, for ZT , which his defined as the temperature where the
electronic heat conductance equals the phononic heat conductance. When T « T, the electronic

heat conductance dominates the combined thermal conductance and ZT oc(azo/ﬂ)Tz; when

T > T, the phononic heat conductance dominates the combined thermal conductance and ZT ,
which leads to the saturation value o’c/ y(l).

The relation between ZT and the lengths of nanojunction depends on the conducting
mechanism: for aluminum atomic (conducting) wires, the saturation value of ZT increases as

the length increases, owing to k oc | ?which dominates the length-dependence; while for the

alkanethiol (insulating) chains, the saturation value of ZT decreases as the length increases

owing to o exp(—¢l) which dominates the length-dependence. Thus, the dependence of ZT on

the lengths for the metallic atomic junctions is opposite to that for the insulating molecular
junctions. In addition, we also find that T, of the aluminum atomic (conducting) junction
increases as the length of the junction increases; on the other hand, T, of the alkanethiol
(insulating) junction decreases as the length of the junction increases. The difference in the
length-dependence between the insulation molecular junctions and the metallic atomic junctions
is due to different length-scaling behaviors in the electric conductance.



Of key importance to increasing the thermoelectric efficiency is using materials with a
large value of Seebeck coefficient. Such materials are usually characterized by a sharp peak in the
transmission function near the Fermi levels. The thermoelectric efficiency could be further
optimized by applying gate fields or choosing low-elasticity bridging materials in nanoscale
junctions. The widely diversified atomic-sized junctions may be achieved by manipulating the
species of nano-structured objects and the contact region. Such manipulations may lead to a
significant change in the DOSs, consequently varying the Seebeck coefficient of the
nanojunctions. A full exploration of all the possibilities in such an unknown system may lead to
observations of large ZT values, suitable for practical thermoelectric nanodevices. The
conclusions of this study may be beneficial to further studies attempting to increase
thermoelectric efficiency through the design of thermoelectric nanodevices at the atomic and
molecular levels.
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