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We examine the potential of the low-dimensional material MoS; for the efficient conversion of waste heat

to electricity via the Seebeck effect. Recently monolayer MoS, nano flakes with self-adaptive MogSg con-

tacts were formed, which take advantage of mechanical stability and chemical covalent bonding to the

MoS,. Here, we study the thermoelectric properties of these junctions by calculating their conductance,

thermopower and thermal conductance due to both electrons and phonons. We show that thermoelec-
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Introduction

The quest for high-performance thermoelectric devices and
materials, which convert waste heat to reusable electrical
energy with high efficiency, is a long-sought-after goal of
modern materials science."™ A thermoelectric device or
material is characterised by its thermoelectric figure of merit
ZT = S*GTJk, where S, G, T, k represent the Seebeck coefficient
(thermopower), electrical conductance, temperature and
thermal conductance. The latter is given by x = . + «,, where
ke and «x, are the electron and phonon contributions to
thermal conductance respectively.”” Consequently an efficient
thermoelectric device requires a large Seebeck coefficient and
electrical conductance and simultaneously low thermal con-
dInT(E)

OE
that a large Seebeck coefficient can be obtained if the Fermi
energy Er happens to coincide with a steep slope of electron
transmission coefficient T(E), which describes the passage of
electrons of energy E from the source to the drain of a device.
This is a good approximation provided T(E) remains linear in
the scale of kgT around Fermi energy where kg is Boltzmann’s
constant.®

In the past couple of decades, although the thermoelectric
performance of the bulk, thin films, and superlattices of Bi,
Te, or Sb alloys materials have improved,’ they are not yet
sufficiently efficient for future energy demands and further-

ductance. The Mott formula® S oc — |p—p, indicates
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tric figures of merit ZT as high as ~2.8 are accessible in these junctions, independent of the flake size and
shape, provided the Fermi energy is close to a band edge. We show that Nb dopants as substituents for
Mo atoms can be used to tune the Fermi energy, and despite the associated inhomogeneous broadening,
room temperature values as high as ZT ~ 0.6 are accessible, increasing to 0.8 at 500 K.

more, some of them are toxic with limited global supply.'
Recently the potential of the nanoscale devices composed of
organic molecules or 2D materials sandwiched between metal-
lic electrodes was recognized. Molecular-scale devices are par-
ticularly interesting, because their transport properties may be
tailored by chemical modification of the active part of the
device,"' ™ varying the contacting configuration,’>"” device
architecture'®° and the Fermi level alignment by gating or
doping.?’*® Despite the fact that the nanoelectronic systems
are of great interest, it remains a challenge to identify suitable
molecules and contacting strategies®”® which overcome
inhomogeneous broadening and junction variability.

Two dimensional materials provide an alternative approach
to thermoelectricity in low-dimensional systems. Graphene is
the most widely explored 2D material, but is not suitable since
the pristine graphene does not have a bandgap and the
material has a high in-plane thermal conductance. As an
alternative to graphene, transition metal chalcogenides such
as monolayer molybdenum disulfide (MoS,) may be attractive
alternatives,>*° since their band gaps could be used to opti-
mise thermoelectricity. Here we show that this is indeed the
case for monolayer MoS,, which has a direct bandgap of
around 1.6 eV (see Fig. 1 in the ESIT).

Although some contacting strategies have been reported to
characterize the electronic and thermoelectric properties of
MoS,,%*?! the contacting to metallic electrodes remains a chal-
lenge. Recently, it was shown that using a focused electron
beam, structures consisting of MoS, connected directly to
MogSe could be formed.”” MogSs nanowires (see Fig. S2 in
ESIT) can be used as electrodes, because they possesses metal-
lic properties and a robust structural conformation.*** Large
scale production of MoS, nano flakes with self-adaptive MogSe
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contacts is possible, since their electronic structures are insen-
sitive to the shape of MoS, monolayers.*> Furthermore, it has
been reported that parallel-wire bundles of MogSs nanowires
are metallic and mechanically stable.’> MogsSs nanowires
might therefore be used as a flexible nano wires in electronic
devices, because bending does not significantly change their
electronic properties.*®

Although these junctions have been realized, their potential
as thermoelectric devices is unexplored. These devices are
advantageous, because they provide new direct and covalent
contacting possibilities to MoS, edges. Furthermore, MoS, has
shown high thermopower and thermoelectric properties using
other contacting strategies.”>*" In what follows, we show that
flexible routes to tailoring their thermoelectric properties such
as doping or gating of both MoS, and MosSs make such
devices very attractive for future thermoelectricity.

Results and discussion

In this letter, we calculate electronic and vibrational properties
of MoS, monolayers connected to MosSs nanowire electrodes
(Fig. 1) and show that high Seebeck coefficients and low pho-
nonic thermal conductances lead to thermoelectric figures of
merit as high as ZT ~ 2.8. We then demonstrate that thermo-
electric properties of these junctions could be tuned by intro-
ducing Nb dopants into either MoS, nano flakes or MogSe
electrodes.

Fig. 1 shows a thermoelectric device consisting of a central
MoS, monolayer connected to MogSs nanowires as current-car-
rying leads. The device geometry is similar to that obtained
experimentally®” by steering a focused electron beam onto a
single MoS, monolayer. After making holes in the monolayer,
the remaining slab reconstructs to form self-adaptive MogSe
leads contacted to MoS, nano flakes.*”

Fig. 2 shows the electron transmission coefficient obtained
from the density-functional-theory (DFT) mean field
Hamiltonian of the converged ground state geometry of the
device (see methods for more details) shown in the Fig. 1b.
There exists a transmission gap of approximate 1.65 eV for
electron energies E between —0.55 eV and 1.1 eV (relative to
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Fig. 1 (a) Schematic of MogSg nanowire—Mo,S—MogSe Nnanowire junc-

tion. (b) The MogSg—M0,S—MogSs junction used in the simulation:
yellow atoms represent sulphur and green represents molybdenum.
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Fig. 2 Electron transmission of the junction in Fig. 1.

the DFT-predicted Fermi energy ERF'). This is due to the gap
of the pristine two-dimensional Mo,S (see Fig. S1 in the ESIf)
and is in good in agreement with previous studies.**?” It is
known that a step-like transmission coefficient can lead to a
high Seebeck coefficient, provided the Fermi energy Ey lies
close to such steps.®*® In our case, the step like transmission
functions around Ep — ERFT = —0.55 eV and 1.1 eV are due to
the valance and conduction bands of MoS,.

From the transmission function in Fig. 2, the conductance,
the Seebeck coefficient, the thermal conductance due to the

electrons and electronic thermoelectric figure of merit
2

ZT, = can be obtained (see methods). Fig. 3a shows the

Ke
electrical conductance for different Fermi energies at room
temperature. Due to the thermal averaging of T(E) around
—0.55 eV and 1.1 eV, two peaks are obtained around these
energies. They also have high slope and therefore, a high

Seebeck coefficient is also obtained around these energies
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Fig. 3 Electronic contribution to thermoelectric properties as a func-
tion of the pristine DFT-predicted Fermi energy at 300 K. (a) Electrical
conductance G, (b) Seebeck coefficient S, (c) electronic contribution to
thermal conductance k. and (d) electronic thermoelectric figure of merit
ZT..
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(Fig. 3b). Fig. 3c and d show the electronic thermal conduc-
tance and the electronic contribution to the figure of merit
ZT,. Fig. 3d depicts the variation of ZT, with the Fermi energy.
There appear three large resonances up to 50, 100 and 80
around —0.5, 0.5 and 1 eV. In Fig. 3, the red solid curves are
exact values obtained using eqn (2)-(5). The blue dashed
curves show the prediction of the Wiedemann-Franz law,
which is valid provided T(E) varies approximately linearly with
E near E = Eg on the scale of kgT. Although the two are in close
agreement, the Wiedemann-Franz law tends to overestimate
the thermal conductance due to electrons and therefore under-
estimate ZT,. However, ZT. neglects the contribution from
phonons in the denominator and therefore to obtain the full
ZT, we now compute the thermal conductance due to
phonons.

The results of our phonon transport calculation are shown
in Fig. 4, where Fig. 4a shows the phonon transmission spec-
trum and Fig. 4b shows the corresponding phonon thermal
conductance. Compared to the electronic thermal conductance
within the gap, the phonon (0.044 nW K ') contribution to
thermal conductance is much higher. Consequently, the total
ZT is lower than ZT.. As shown in Fig. 5, a value as high as
ZT ~ 2.8 at 300 K is obtained around Ey = —0.5 eV, which is
higher than unity and higher than currently-reported values
for other materials at room temperature.***' Two peaks in the
thermoelectric figure of merit curve at —0.5 eV and 1 eV are
due to two step-like transmission features at —0.5 eV and 1 eV.

To demonstrate that the high ZT at Er — EPFT = —0.5 eV and
1 eV is due to the valence and conduction bands of MoS, and
not an edge effect, we consider other junctions shown in
Fig. S3 and S5 in the ESI,{ obtained by increasing the size of
the sample, changing the edge shape and applying periodic
boundary conductions in transverse direction. Fig. S3-S5}
show that their corresponding transmission coefficients
possess two main features: step-like transmission features
associated with the valence and conduction bands of the MoS,
monolayer around E = —0.5 eV and 1 eV and sharp resonances
with small width inside the gap. Local density of states calcu-
lations around the DFT Fermi energy (Fig. S4 in the ESI{)
reveal that these resonances are due to localized states at the
edges of MoS, and are sensitive to the shape of the edges and
size of the flake. However, the features due to the valence and
conduction bands of MoS, are resilient and are less dependent
on the details of the junction. Furthermore, the transmission
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Fig. 4 Phonon transmission spectra (a) and the corresponding thermal
conductance (b).
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Fig. 5 (a) The thermoelectric figure of merit at 300 K for the structure
shown in Fig. 1(b). (b)—(d) The thermoelectric figure of merit as a func-
tion of temperature for three particular Fermi energies (Ef — EPFT = -0.2
eV, Er — EPFT = 0 eV, E¢ — EPFT = 0.2 eV) for the structure shown in
Fig. 1(b). These calculations are valid provided the forces entering the
phonon dynamical matrix are harmonic. Anharmonic effects are negli-
gible, provided the temperature does not approach the melting point of
the material. The melting point of MoS, is greater than 1400 K and
therefore we have restricted our analysis to approximately half that
value.

amplitude and slope is higher close to the conduction and
valence band edges, which is promising for an efficient ther-
moelectric device. High ZT is therefore obtained regardless of
the shape of the MoS, flake as shown in Fig. S8 in the ESI{ at
Ep — ERFT = —0.5 eV and 1 eV. These results indicate that the
higher ZT peak is mainly due to the valence band edge of the
MoS, monolayer and the edge states do not play a significant
role.

In reality, the Fermi energy may be determined by extrinsic
factors such as doping. Indeed Nb atoms were used in the past
to tune the Fermi energy of MoS, to form a p-type semi-
conductor.>™*® To demonstrate that in the presence of
dopants, a high ZT is accessible in these devices, we now show
that in the both MogSe electrodes and MoS, flakes, Nb doping
can be used to shift the position of the valence band edge
towards the Fermi energy. Fig. S9 of the ESIt shows results for
six different dopant configurations. By replacing Mo atoms by
Nb substituents in the monolayer MoS, flake, the Fermi level
shifts towards the valence band and simultaneously new trans-
mission peaks due to defect states near the valence band are
formed. The precise value of ZT is sensitive to the positions
and concentration of the dopants, because multiple scattering
of electrons between dopants placed in the different locations,
causes the transmission coefficient to change (Fig. S9 in the
ESIf). In a real device consisting of many structures such
Fig. 1b and Fig S9,t placed in parallel, the ensemble average of
transport coefficients are relevant, as defined by the equations
in section 10 of the ESL.{ Fig. 6a shows the resulting ensemble
averaged figure of merit ZT,, versus Fermi energy at one par-
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Fig. 6 (a) The ensemble average of the total thermoelectric figure of

merit at 300 K for the configurations with p-type dopants Nb replacing
Mo atoms in ESI Fig. S9.7 (b)—(d) The ensemble average of the total ther-
moelectric figure of merit as the function of temperature when E¢ — EE"T =
0.2 eV, Ep — EPFT = 0 eV, Er — EP'T = 0.2 eV for the configurations with
p-type dopants Nb replacing Mo atoms in ESI Fig. S9.7

ticular temperature and Fig. 6(b-d) show ZT,, as a function of
temperature for three different Fermi energies. Fig. 6b shows
that even after allowing for inhomogeneous broadening due to
random locations of dopants, room temperature values of
ZT, = 0.6 are possible, increasing to 0.8 at 500 K.

Conclusion

In summary, we have studied electron and phonon transport
through MoS, nano flakes with self-adaptive MogSs contacts
and demonstrated that large Seebeck coefficients and electrical
conductance, combined with low thermal conductance due to
electrons and phonons lead to large room temperature ther-
moelectric figures of merit up to 2.8. Even after allowing for
inhomogeneous broadening due to random locations of
dopants, room temperature values of ZT,, = 0.6 are possible,
increasing to 0.8 at 500 K. This demonstrates that MoS, nano
flakes are an attractive material for the design of high
efficiency, nanoscale, thermoelectric energy harvesters and
conversely for nanoscale Peltier cooling.

Computational methods

The structures of M0,S-Mo0eSs junction obtained in the experi-
ments®> were optimized using the first-principles DFT code
SIESTA"*> with a double-{ (DZ) basis set. Subsequently, the
nanoscale MogSg—M0,5-M0gSs sandwich device was con-
structed. From the relaxed xyz coordinates of the system, sets
of xyz coordinates were generated by displacing each atom in
positive and negative x, y, and z directions by 6g' = 0.01 A. The
forces in three directions g; = (x;, y;, z;) on each atom were then
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calculated by DFT without geometry relaxation. These values
of forces were combined with the method described in ref. 7 to
calculate the dynamical matrix and thermal conductance due
to phonons. Furthermore, the mean-field Hamiltonian and
overlap matrices were extracted from the first-principles calcu-
lation and used to obtain the thermoelectric properties of the
devices using Gollum.*® The electron transmission coefficient
T(E) as a function of energy is calculated through the formula:

T(E) = Tr[Ir(E)G*(E)[w.(E)G™' (E)] (1)

where I' g(E) = (X Lr(E) — ZLR(E))/Z is the anti-Hermitian
part of self-energy which describes the broadening of electron
transmission resonance; Yy g(E) is the self-energy due to the
left or right electrodes; G*, G®' are the retarded and advanced
Green’s function respectively. The thermoelectric properties
can be obtained from:

G = G()LO (2)
— L1
el TLo ®)
Ll —Ly?
ke = =0T, (@)
ZTe = I _IZ (5)
2
7 S2GT ©)
Ke + Kp
where
e . of (E
) = e -mrre (-2 o

The electrical conductance G, Seebeck coefficient S and
thermal conductance due to electrons x. can be combined to
obtain electronic thermoelectric figure of merit Z7T,. By includ-
ing the thermal conductance due to phonons «;,, the total ther-
moelectric figure of merit Z7 is calculated. 7 is the mean temp-
erature (T + T5)/2, Go = 2€”/h is the conductance quantum; 7 is
the Planck’s constant; e is the charge of electron; f(E) = (1 +
exp(E — Ep/ksT))™" is the Fermi-Dirac probability distribution
function and Er is the Fermi energy. The relationship between
ZT and the power efficiency is discussed in section 11 of the
ESL¥
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