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A B S T R A C T

We investigate the thermoelectric effect of the self-assembled monolayers (SAMs) in semiconductors (SCs). The
thermoelectric performance of the SC-SAM-SC heterostructure is largely improved due to two reasons. First, the
SAMs in semiconductors act as good thermal insulators. Second, the thickness of the SAMs can be smaller than
one nanometer so that electrons could easily tunnel through the SAMs. As an example, we consider the GaAs-
SAM-GaAs heterostructure at room temperature. The electrical conductivity, the Seebeck coefficient, and the
electronic thermal conductivity as functions of donor concentration are calculated through the Boltzmann
equation and the tunneling current model. The highly improved figure of merit and Seebeck coefficient
demonstrate an excellent direction for fabricating high efficiency nano-thermalelectric devices.

1. Introduction

The thermoelectric devices, which can convert heat into electricity
or vice versa, attract continuing attention because they yield many
applications in power generation and refrigeration and have many
advantages such as solid-state operation without moving parts, no
release of greenhouse gases, good stability and high reliability [1–10].
The maximum energy-conversion efficiency can be characterized by a
dimensionless figure of merit ZT σS T κ= /2 [1]. Here, σ, S, κ, and T are
electrical conductivity, Seebeck coefficient, thermal conductivity, and
absolute temperature, respectively. Therefore, high electrical conduc-
tivity (reducing the Joule heating), low thermal conductivity (increas-
ing the temperature difference), and large Seebeck coefficient (increas-
ing the potential difference) are necessary for the realization of high-
performance thermoelectric materials or devices.

Different strategies have been used to enhance the figure of merit.
In general, they can be classified into two categories, enhancing the
power factor σS2 and reducing the thermal conductivity. The former is
usually achieved through band-structure engineering. For example, the
power factor can be enhanced by doping resonant impurities which
introduce a large number of resonant states near the Fermi level [11],
or by choosing the materials having multiple valley [12]. Another
common strategy is employing the energy filtering of the electrons at
the interface. In this approach, the low-energy carriers can be
effectively blocked by the energy barrier (i.e., the interface) raising
the average energy of the conduction carriers and hence the magnitude

of the Seebeck coefficient. However, the interface could significantly
reduce the electrical conductivity. Therefore, a careful design is
necessary to optimize the power factor. Rowe and Min [13] first
proposed that the power factor could be enhanced by the presence of
small barrier potentials. Shakouri and Bowers then proposed that the
selective emission of hot electrons and thus a higher power factor can
be achieved by inserting tall barrier layers into degenerate semicon-
ductor superlattices [14]. Experimental evidence for the power-factor
enhancement through the energy filtering of the electrons has been
seen in the In Ga0.53 0.47As-based superlattices [15]. In fact, similar
phenomena have been observed in a wide range of materials such as
the PbTe nanocomposites [16], Bi2Te Se2.7 0.3 nanoplatelet composites
[17], (La,Sr)TiO3 with Nb-doped grain boundaries [18], heavily B-
doped Si nanocrystals [19]. In addition to improving the power factor,
the reduction of the thermal conductivity is vital for thermoelectric
performance. Many strategies have been employed to reduce the
thermal conductivity such as introducing point defects, alloying,
creating rattling structure, using complex crystal structure [1,3].
Recently, the strategy of all-length-scale hierarchical architectures
has been employed to reduce the thermal conductivity with respect
to phonons of different mean free paths [20,21]. In general, the
strategies resulting in the reduction of the thermal conductivity will
simultaneously deteriorate the electrical conductivity. How to reduce
the thermal conductivity without significantly compromising the
electrical conductivity is a challenging problem.

In this article, we propose that the thermoelectric performance of
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the semiconductors can be greatly enhanced by the presence of the self-
assembled monolayers (SAMs). In this approach, the SAMs in semi-
conductors act as good thermal insulators and thermal filters because
only the phonons which are resonant with the discrete modes of the
SAMs could easily pass through the SAMs. Because the thickness of the
SAMs can be smaller than one nanometer, the conduction electrons
could easily tunnel through the SAMs. As a result, we can greatly
reduce the thermal conductivity without significantly compromising
the electrical conductivity. Furthermore, the magnitude of the Seebeck
coefficient is enhanced due to the energy-filtering effect. Some experi-
ments indicate that the presence of the SAMs is promising for
improving the thermoelectric performance. Wang et al. [22] have
measured the interfacial thermal conductance of the Au-SAM-GaAs,
in which, the SAM is composed of 1,n-alkanedithiol. They found the
interfacial thermal conductances of n C long SAM interfaces (n=8,9 and
10) are about 25 MW m K−2 −1, being insensitive to the chain length. On
the other hand, Hu et al. [23] calculate the interfacial thermal
conductances of Au-SAM-Si by using molecular dynamics simulations.
Their results show that, contrary to intuition, the interfacial thermal
conductance of 3 C long SAM interfaces is only 6 MW m−2 K−1, which
is twice lower than that of 8 C long SAM interface, 15 MW m−2 K−1,
and even smaller than that of 32 C long SAM interface, 9 MW m−2 K−1.
These results are good news to simultaneously meet the high-thermo-
electric-performance criteria of low thermal conductivity and high
electrical conductivity. In addition, they found the interfacial thermal
conductance of the Si-SAM interface is about 11 MW m−2 K−1, and one
order smaller than that of Au-SAM interface, 110 MW m−2 K−1, for the
case of 16 C long SAM interfaces. This indicates that the interfacial
thermal conductance of a semiconductor-SAM-semiconductor struc-
ture could be generally smaller than that of Au-SAM-semiconductor.

As an example, we consider the case of GaAs-SAM-GaAs at room
temperature with the SAM being the alkanedithiol molecule [–S–
(CH2)n–S–]. The interfacial thermal conductance of the GaAs-SAMs-
GaAs is set at a quiet large value of 25 MW m−2 K−1 according to the
measurements by Wang et al. [22] for the case of 8–10 C long Au-SAM-
GaAs interfaces. Our results show that the figure of merit of the GaAs-
SAM-GaAs heterostructure could be several times higher than that of
the bulk GaAs. Furthermore, we find the Seebeck coefficient can also be
enhanced by the presence of the SAM due to the energy-filtering effect.
While this enhancement is even more significant especially for heavily
doped semiconductors, which are typically promising candidates of
good thermoelectric materials. We note here that the figure of merit
thus calculated could be further improved with shorter SAMs. For
example the 3 C long GaAs-SAM-GaAs interfaces, the figure of merit
could be several times larger because of the much smaller thermal
conductance as mentioned in the previous paragraph.

2. Method

The electronic structure near the conduction-band edge (CBE) of
GaAs is calculated through two-band Kane's model, which can be
expressed as [24]
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where Eg is the direct band gap, m*c the effective mass of the electron at
the CBE, and m0 the free-electron mass. The Fermi level Ef is
determined by the charge neutrality condition, which, for the case of
n-type semiconductors, can be expressed as
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where D E( ) is the conduction-band density of states, f the Fermi–Dirac
distribution function, and Nd the donor concentration. Here the energy
zero is set at the CBE. We assume that all the donors are completely

ionized. This is a good assumption for usual doping concentration at
room temperature.

The thermoelectric transport properties can be derived from the
Boltzmann transport equation with relaxation time approximation
[25]. The electrical conductivity σb, the Seebeck coefficient Sb can be
expressed as
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where e is the elementary charge, kB the Boltzmann constant, the
reduced Planck constant, and aB the Bohr radius. The In is a
dimensionless integral which can be written as
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where τk is the relaxation time. Here we consider the electron–phonon
scattering mechanisms including the acoustic deformation potential
scattering and the polar optical phonon scattering. The optical defor-
mation potential scattering is negligible. This is due to the fact that, in
the case of zincblende-type semiconductors, the optical phonon
displacement has symmetry Γ4, so the matrix element of electron-
optical-phonon interaction between two s-like Γ1 conduction-band
state is zero [26]. In addition, we also consider the mechanism of the
ionized impurity scattering. The explicit form of τk can be found in Ref.
[27]. The bulk thermal conductivity κb is the sum of contributions from
the lattice κl and from the electronic carriers κe. The latter can be
expressed as
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The parameters used in calculating the electronic band and the
electronic relaxation time can be found in Refs. [28–30]. Based on
these formulae and parameters, our calculated electrical conductivities
and the Seebeck coefficients as functions of donor concentration are in
agreement with previous experiments [31,32].

The thermoelectric transport properties of the GaAs-SAM-GaAs
heterostructures can be characterized by the effective electrical con-
ductivity σeff , the effective thermal conductivity κeff , the effective
Seebeck coefficient Seff , and the effective figure of merit
Z T σ S T κ= /eff eff eff

2
eff . These effective thermoelectric parameters are

defined by requiring that the two terminals of the GaAs-SAM-GaAs
heterostructure have the same response as those of the homogeneous
material whose thermoelectric transport parameters and size are the
same as the effective ones of the GaAs-SAM-GaAs heterostructures
when the temperature or the voltage bias is applied. According to this
definition, the effective thermal conductivity of the GaAs-SAM-GaAs
heterostructure can be expressed as
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where L is the total thickness, dSAM the thickness of the SAM, and Gth
the interfacial thermal conductance of the SAM. The effective electrical
conductivity can be written in a similar form,
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where Ge is the interfacial electrical conductance of the SAM. The
electronic transport through the SAM is characterized as that through a
rectangular barrier. By using the Tsu–Esaki formula [33], the tunneling
current induced by the bias V and the temperature difference TΔ can be
written as
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where m*c is the GaAs conduction-band effective mass, e the elementary
charge, and kB the Boltzmann constant. The Ξ E( ) is the tunneling
probability of electrons through the barrier with barrier height Eb,
thickness dSAM, and electron effective mass m*SAM:

Ξ E γ
m E E

( ) = 1

1 +
, =

2 * ( − )
.

E γ d
E E E

b

sinh ( )
4 ( − )

SAM
SAM

b
b

2 2
SAM SAM

(9)

The interfacial electrical conductance is G J V≡ ∂ /∂e t , and can be
expressed as
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The effective Seebeck coefficient can be expressed as

S r S rS= (1 − ) + ,beff SAM (11)

where r κ LG≡ /eff th equals the ratio of the temperature drop across the
SAMs to that across of the entire structure. The SSAM, the Seebeck
coefficient of the SAM, is the ratio of the voltage drop to the
temperature bias across the SAM in the absence of the electric current.
It is proportional to the difference between the average energy of the
conduction electrons and the Fermi level under the assumption that the
relaxation time is a constant in the energy region several k TB around
the average energy of the conduction electrons [34]. Therefore, the
Seebeck coefficient of the SAM should be nearly equal to that of the
bulk GaAs if the tunneling probability of the conduction electrons
through the SAM does not correlate noticeably with the energies of
electrons. In this case, the average energy of conduction electrons in
the SAM is nearly the same as that in the bulk GaAs. However, the
tunneling probability could correlate significantly with the energy of
electrons. In general, the electrons of higher kinetic energy can more
easily tunnel through the barrier. Therefore, the average energy of
conduction electrons (and hence the Seebeck coefficient) in the SAM
should be larger than that in the bulk GaAs. Similar phenomena have
been seen by Kim and Lundstrom [35]. The Seebeck coefficient of the
SAM is nearly the sum of the Sb and a correction term caused by the
energy dependence of the tunneling probability δS, which can be
expressed as
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where Jt
(0) is the same as Jt except that the tunneling probability Ξ is set

as a constant.

3. Results and discussion

In the present calculation, the magnitude of the lattice thermal
conductivity is set as 45 W m−1 K−1 given from the experimental data
of undoped GaAs [30]. In the case of doped GaAs, this magnitude could
be slightly overestimated because of the neglected thermal resistance
from the phonon scattering by impurities and electrons. In comparison
with the lattice thermal conductivity, the electronic thermal conductiv-
ity is almost negligible. When the donor concentration is as high as
10 cm20 −3, the calculated electronic thermal conductivity is
1.3 W m−1 K−1. The tunneling barrier Eb and the effective mass m*SAM
are set as1.25 eV and m0.15 0, respectively. [36] Here, them0 is the free-
electron mass. The thickness of the whole structure is set as L = 200 nm
and that of the SAM is set as d = 0.7 nmSAM . The SAM interfacial
thermal conductance, as mentioned earlier, is set as a quiet large value

of 25 MW m−2 K−1. Substituting these parameters into Eq. (6), we
obtain the effective thermal conductivity κ = 4.5 W m Keff

−1 −1, which is
insensitive to the donor concentration and one order smaller than the
thermal conductivity of the bulk GaAs. This is an evidence that the
presence of a SAM can greatly reduce the thermal conductance.

Fig. 1 shows the effective electrical conductivity σeff of the GaAs-
SAM-GaAs heterostructure and the electrical conductivity σb of the
bulk GaAs as functions of donor concentration. As can be seen, the
electrical conductivity is reduced due to the presence of the SAM. Both
the σeff and the σb increase with increasing donor concentration. We
find the former increases more rapidly than the latter so that the ratio
of the former to the latter, σ σ/ beff , increases with donor concentration as
shown in Fig. 2. In order to gain further insight into the electronic
transport properties, the Fermi level as a function of donor concentra-
tion is also plotted in Fig. 2, in which the energy zero is set at the CBE
of the GaAs. As shown, the ratio σ σ/ beff is insensitive to the donor
concentration when the Fermi level is lower than the CBE, and
increases remarkably when the Fermi level is higher than the CBE.
When the Fermi level is lower than the CBE, almost all the conduction
electrons are near the CBE. Their energy distribution and hence the
tunneling probability through the SAM barrier are insensitive to the
donor concentration. However, when the Fermi level is higher than the
CBE, the energies of almost all the conduction electrons are near the
Fermi level, and increase remarkably with the donor concentration due
to the Pauli exclusion principle. Because the electrons of higher energy
can more easily tunnel through the SAM barrier, the ratio σ σ/ beff

Fig. 2. The ratio of the effective electrical conductivity σeff of the GaAs-SAM-GaAs

structure to the electrical conductivity σb of the bulk GaAs as a function of donor
concentration. The Fermi level is also plotted. The energy zero is set at the CBE.

Fig. 1. The effective conductivity σeff of the GaAs-SAM-GaAs heterostructure and the

electrical conductivity σb of the bulk GaAs as functions of donor concentration. The inset

is a schematic plot of the GaAs-SAM-GaAs heterostructure.
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increases remarkably with the donor concentration, when the Fermi
level is higher than the CBE.

As mentioned earlier, the presence of the SAM can enhance the
Seebeck coefficient. This enhancement is significant especially for the
case of high donor concentration as illustrated in Fig. 3. The magnitude
of the Seff is about 1.5 times higher than that of the Sb, when the donor
concentration is higher than 4 × 10 cm18 −3. When the donor concentra-
tion is 10 cm16 −3, the Seff is 1.15 times the magnitude of the Sb. Because
for nondegenerate semiconductors, the magnitude of the Seebeck
coefficient generally decreases rapidly with increasing dopant concen-
tration, the enhancement of the Seebeck coefficient, i.e., the S S− beff ,
which is only weakly correlated with the donor concentration, should
be generally more important for the case of high dopant concentration
than that of low dopant concentration. Note that good thermoelectric
materials are typically heavily doped semiconductors with a carrier
concentration between 10 cm19 −3 and 10 cm21 −3 [3]. Therefore, enhance-
ment of Seebeck coefficient caused by the presence of the SAM should
be significant for most of the thermoelectric materials.

Fig. 4 shows the effective figure of merit Z Teff of the GaAs-SAM-
GaAs structure and the figure of merit Z Tb of the bulk GaAs as
functions of donor concentration. In the case of low donor concentra-
tion (N ≲ 10 cmd

17 −3), the Z Teff of the GaAs-SAM-GaAs structure is
slightly smaller than the Z Tb of the bulk GaAs. When the donor
concentration is higher than 10 cm18 −3, the Z Teff of the GaAs-SAM-
GaAs structure is much higher than the Z Tb of the bulk GaAs. This is
mainly due to the fact that in the case of N ≲ 10 cmd

17 −3, the Fermi level

is lower than the CBE, and then almost all of the conduction electrons
are near the CBE. The tunneling of the conduction electrons can be
significantly blocked by the SAM. When the donor concentration is
higher than 10 cm18 −3, the conduction electrons gain more kinetic
energy and can tunnel through the SAM more easily. In this case,
although the SAM, to some extent, can reduce the electrical conduc-
tance, the effect of electrical-conductance reduction is smaller than that
of the thermal-conductance reduction. When the donor concentration
is higher than 10 cm20 −3, the Z Teff of the GaAs-SAM-GaAs structure is
nearly one order higher than the Z Tb of the bulk GaAs. Furthermore,
the enhancement of the Seebeck coefficient also plays an important role
as mentioned earlier. This approximately doubles the figure of merit
when the donor concentration is higher than 2 × 10 cm18 −3.

To give an order parameter indicating the thermoelectric perfor-
mance, we define an enhancement factor γ, which is the ratio of the
peak height of the Z Teff to that of the Z Tb . The factor γ being greater
(smaller) than unity suggests that the system is improved (deterio-
rated) by the presence of the SAM. In the present case, the enhance-
ment factor γ = 2.71 as can be seen in Fig. 4. Here, we set the barrier
height E = 1.25 meVb and the thickness d = 0.7 nmSAM . These para-
meters depend on the molecule type of the SAM and the chain length.
The enhancement factor γ of various magnitudes of the Eb and the dSAM
is plotted in Fig. 5. As shown, the magnitude of the enhancement factor
γ generally decreases with increasing barrier height Eb and with
increasing thickness dSAM, because the SAM of higher Eb and larger
dSAM can block the electron tunneling more efficiently. On the other
hand, the maximum of the enhancement factor γ is not observed under
the Ohmic-contact condition (i.e., E = 0b ), but under the condition of
E ≳ 0.1 eVb . This is due to the fact that the Seebeck coefficient can be
enhanced by the presence of the SAM.

In this study, we only consider the most typical SAM, 1,n-
alkanedithiol. It is worth to note that the choice of the SAM material
will greatly change both the electronic transport properties and the
thermal transport properties [37,38]. In the present case, the Fermi
level locates in the energy gap defined by the energy region between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). There is no molecular state of the SAM near
the Fermi level. We have shown, even in this case, the TE performance
can still be largely enhanced. In future studies, it would be of great
interest to choose other SAM molecules whose molecular orbitals are
near the Fermi level. As a result, the conduction electrons can transport
more easily through the SAM by the resonant tunneling and hence
result in a higher electrical conductance. In this case, the SAM should
not be treated as a quantum barrier anymore, and the TE performance
will be further improved by the enhanced electrical conductance.

Fig. 3. The effective Seebeck coefficient Seff of the GaAs-SAM-GaAs structure and the

Seebeck coefficient Sb of the bulk GaAs as functions of donor concentration.

Fig. 4. The effective figure of merit Z Teff of the GaAs-SAM-GaAs structure and the figure

of merit Z Tb of the bulk GaAs as functions of donor concentration.

Fig. 5. The contour plot of the enhancement factor γ E d( , )b SAM in the Eb–dSAM plane.

The region of γ ≥ 9 is that between the two dashed lines.
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4. Conclusions

In conclusion, we propose and demonstrate that the presence of
SAMs in semiconductors can greatly enhance the thermoelectric
performance. Although the presence of SAM, to some extent, reduces
the electrical conductance, it also strongly decreases the thermal
conductance. The electrical-conductance reduction on the thermo-
electric performance is much weaker than that of the thermal-
conductance reduction, particularly at high donor concentration
(N ≳ 10 cmd

18 −3). In this case, the energy of most of the conduction
electron is much higher than that of the CBE, so that they can more
easily tunnel through the SAM in comparison with the low donor
concentration case (N ≲ 10 cmd

17 −3). Furthermore, due to the fact that
the electrons of higher energy can more easily tunnel through the SAM,
the Seebeck coefficient can be also enhanced due to the presence of the
SAM. This effect is significant especially for heavily doped semicon-
ductors, which are typically the cases for good thermoelectric materials.
In this work we consider the case of GaAs as an example, the effect of
the SAMs on the thermoelectric performance presented here should be
generally applicable to other semiconductors.
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