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The electronic and thermoelectric properties of one to four monolayers of MoS,, MoSe;, WS,, and
WSe, are calculated. For few layer thicknesses, the near degeneracies of the conduction band K
and ¥ valleys and the valence band I' and K valleys enhance the n-type and p-type thermoelectric
performance. The interlayer hybridization and energy level splitting determine how the number of
modes within kgT of a valley minimum changes with layer thickness. In all cases, the maximum ZT
coincides with the greatest near-degeneracy within kg7 of the band edge that results in the sharpest
turn-on of the density of modes. The thickness at which this maximum occurs is, in general, not a
monolayer. The transition from few layers to bulk is discussed. Effective masses, energy gaps, power-
factors, and ZT values are tabulated for all materials and layer thicknesses. © 2014 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4869142]

. INTRODUCTION

Semiconducting, transition-metal
(TMDCs) exhibit promising electronic,'™ opto-electronic,
and spintronic’ properties. Single monolayers (three atomic
layers) can be either exfoliated or grown with chemically
stable surfaces. The electronic, optical, and spin properties
of monolayers are qualitatively different from those of the
bulk. The bandgap changes from indirect to direct, and the
valence band edges at the K and K’ points become spin
polarized.®” These materials are discussed in a number of
recent reviews.512

Experimental studies conducted on a different set of two-
dimensional materials, namely, Bi;Te; and Bi,Se;, demon-
strated an improvement in their thermoelectric performance
as their thickness was reduced.'®'* A large increase in ZT
has been theoretically predicted for monolayer Bi,Te; com-
pared to that of the bulk.'>™'7 This enhancement in ZT results
from the unique, step-function shape of the density of modes
at the valence band edge of a single quintuple layer.'®!” The
shape of the density of modes increases the power factor, and
the increase in the power factor increases ZT. For Bi,Tes, the
large enhancement in the power factor and in ZT only occurs
for a monolayer. For bilayer and trilayer Bi,Tes, the step-like
shape of the density of modes disappears, and the calculated
values of ZT are either slightly higher'® or slightly lower'”
than that of the bulk.

Prior experimental and theoretical investigations
of the thermoelectric performance of transition metal
dichalcogenides have focused on either bulk or monolayer
materials.% > There has not been a study of the effect of
film thickness on the power factor and ZT in the transition
metal dichalcogenides. It is not known whether the power
factor and ZT are maximum at monolayer thickness or at
some other thickness.

dichalcogenides
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This work theoretically investigates the electronic prop-
erties and the thermoelectric performance of bulk and one
to four monolayers of 4 different TMDC materials: MoS,,
MoSe;, WS;, and WSe,. The goal is to understand how their
electronic and thermoelectric properties vary with thickness.
Similar to monolayer Bi,Tes, the increase in ZT for the ul-
trathin films results from an enhanced degeneracy or near-
degeneracy of the band edges. In the TMDCs, at few layer
thicknesses, different valleys become nearly degenerate with
energy differences of less than kg7 at room temperature. Be-
cause of weak interlayer coupling at certain valleys, addi-
tional bands from additional layers lie within kg7 of the band
edges for few layer thicknesses. The increased degeneracy re-
sults in a sharper turn on of the density of modes near the
band edges. In all cases, the thickness with the sharpest in-
crease in the density of modes has the largest value for ZT.
For the semiconducting TMDCs considered here, that opti-
mum thickness is not, in general, a single monolayer.

Il. THEORETICAL METHODS

AD initio calculations of the bulk and few-layer structures
(one to four layers) are carried out using density functional
theory (DFT) with a projector augmented wave method® and
the Perdew-Burke-Ernzerhof (PBE) type generalized gradi-
ent approximation®?’ as implemented in the Vienna ab ini-
tio simulation package (VASP).?®?° The vdW interactions in
MoSe; and MoS, are accounted for using a semi-empirical
correction to the Kohn-Sham energies when optimizing the
bulk structures (optimization of WS, and WSe, structures
are done at the PBE level since the semi-empirical param-
eters for tungsten are currently not described by the disper-
sion potential).>* The Monkhorst-Pack scheme is used for the
integration of the Brillouin zone with a k-mesh of 12 x 12

© 2014 AIP Publishing LLC
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x 6 for the bulk structures and 12 x 12 x 1 for the thin films.
The energy cutoff of the plane wave basis is 300 eV. All of
the electronic band structure calculations include spin-orbit
coupling. Calculations are also performed without spin-orbit
coupling and the results are compared.

To verify the results of the PBE calculations, the elec-
tronic structure of 1L, 2L, 3L, and 4L. MoS, are calculated us-
ing the much more computationally expensive hybrid Heyd-
Scuseria-Ernzerhof (HSE) functional.’! The HSE calcula-
tions incorporate 25% short-range Hartree-Fock exchange.
The screening parameter y is set to 0.4 A~!.

The thermoelectric parameters are calculated from a
Landauer formalism using the ab initio derived density of
modes.'®!”?3 In the linear response regime, the electronic
conductivity (o), the electronic thermal conductivity («.), and
the Seebeck coefficient (S) are expressed as®>33

o =02¢*"/ M (Q 'm™h, (1)

ke = (2Tk3/h) (L — I3/I)) (Wm™'K™"), (2
I
S = —(kB/Q)I—0 (V/K), 3

1 (Y (E—EpY . 3fo
- (e

where L is the device length, g is the magnitude of the electron
charge, h is Planck’s constant, and kg is Boltzmann’s constant.
The transmission function is

with

T(E)=T(E)M(E), Q)]
where M(E) as the density of modes (DOM). In the diffusive

limit,
T(E)=ME)/L, (6)

and A(E) is the electron mean free path. When phonon scat-

tering is dominant, the mean free path can be written as a con-

stant, AL(E) = A¢. As discussed in Ref. 34, the transport distri-

bution, E(E), arising from the Boltzmann transport equation

is related to the above quantities by E(E) = %T(E)M(E).
The density of modes M(E) can be defined as'”-3?

(L -1
M(E) = (E) /BZ%:O(E — ek )dk|™, @)

where d is the dimensionality of the system, L, are the dimen-
sions of the structure perpendicular to the direction of trans-
p01rt(L2 =W xtford=3,L, =W ford=2; W = width of
the structure, t = film thickness), ® is the unit step function,
and k, refers to the k states in the first Brillouin zone per-
pendicular to the transport direction. Using Eq. (7), M(E) of
any material in any dimension can be numerically evaluated
from a given electronic band structure by counting the bands
that cross the energy of interest. The density of modes cal-
culations are performed by integrating over the first Brillouin
zone using a converged k point grid (51 x 51 x 10 k points
for the bulk structures and 51 x 51 x 1 for the thin films).

J. Chem. Phys. 140, 124710 (2014)

We account for carrier scattering within each structure
by fitting our calculated bulk electrical conductivity with bulk
experimental data. An electron mean free path of Ao = 14 nm
gives the best agreement with experimental data on the See-
beck response of bulk MoS, as a function of the electrical
conductivity.>>3¢ The bulk p-type electrical conductivity of
MoS, at room temperature was reported to be 5.1 Q7! cm™!
with a Seebeck coefficient of ~450 £VK~! at a carrier con-
centration of 10'® cm™3.36 Using Ao = 14 nm we obtain an
electrical conductivity of 4.97 Q! cm~! with a Seebeck co-
efficient of ~398 wVK~! at the same carrier concentration.
This value of the mean free path is also consistent with a theo-
retically derived energy independent acoustic phonon-limited
mean free path (Ap = 14 nm) for electrons in monolayer
MoS,,*” and was successfully used to simulate and compare
to experimental results of the transfer characteristics of single
layer MoS, field effect transistor.”> As an initial approxima-
tion of carrier scattering we use the same X value to model
the thermoelectric properties of all the TMDC materials in-
vestigated in this study.

For the in-plane lattice thermal conductivity, a k; value
of 19.5 Wm~! K~! obtained from a molecular dynamics sim-
ulation on monolayer MoS; is used.*® Prior experimental®
and theoretical®® studies of the lattice thermal conductivity in
the TMDC materials have demonstrated that «; does not vary
significantly for the different TMDC compounds studied here.
With the above quantities in hand, the power factor, S20, and
the thermoelectric figure of merit ZT = S?o T/(k; + «.) are
determined.

lll. RESULTS

All of the thermoelectric parameters are derived from the
calculated electronic band structures. Therefore, we begin this
section with a discussion of the calculated band structures.
The band structure calculations produce considerably more
information than is required for calculating the thermoelec-
tric parameters. To preserve that information and contribute
towards a database of material parameters, extracted proper-
ties such as effective masses and energy gaps at high symme-
try points are tabulated.

Figure 1 shows the ab initio band structure of one-layer
(1L) through four-layer (4L) and bulk WS,. The large va-
lence band splitting at the K-point and the direct-indirect gap
transition as the film thickness increases above 1L are fea-
tures that occur in the other TMDC materials included as
part of this study. The last panel in Fig. 1 illustrates the ef-
fect of decreasing layer thickness on the bandgap for all of
the materials studied. The optimized lattice parameters of
the bulk TMDC compounds are listed in Table I. The re-
sults in Table I and Figure 1 are consistent with prior ex-
perimental characterization***? and theoretical calculations
of the bulk**** and thin film*®*” crystal structures and elec-
tronic band structures. The results of these electronic structure
calculations at the high symmetry points are summarized in
Tables II and III. Table II gives the relative effective masses,
and Table III gives the energy gaps.

A number of prior theoretical studies of the electronic
structure of monolayer and few-layer TMDCs did not include
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FIG. 1. Ab initio calculated band structures of WS,: 1L, 2L, 3L, 4L, and
bulk. The bottom right panel illustrates the variation of the bandgap of the
TMDC materials as a function of the number of layers.

spin-orbit interaction.*>*” As a result, the bandgaps reported
in those studies are slightly larger. For example, the bandgaps
reported in a prior PBE level calculation*’ are greater by 70
meV, 260 meV, and 284 meV for MoS, and MoSe,, WS,, and
WSe,, respectively, when compared to our calculation results.
Without the inclusion of spin-orbit interaction, our values for
the bandgap of the monolayer TMDCs are consistent with the
bandgaps reported in these studies. Including spin-orbit cou-
pling results in a splitting of the valence bands, Agp, at K. The
spin orbit interaction shifts up one of the degenerate valence
bands, and this reduces the bandgap. The degree of the energy
shift ranges from 39.6 meV for MoS; to 210.9 meV for WS,.
The second degenerate valence band is shifted down by an en-
ergy that is also unique to each TMDC material; this ranges
from 110.4 meV for MoS, to 316.2 meV for WSe,. For ex-
ample, the calculated Agp energies of the monolayer TMDCs
are 150 meV, 181 meV, 425 meV, and 461 meV for MoS,,
MoSe,, WS,, and WSe,, respectively. This is in good agree-
ment with a prior PBE level calculation*® that accounted for
spin-orbit interaction which obtained Ago values of 146 meV,
183 meV, 425 meV, and 461 meV for MoS,, MoSe,, WS,,
and WSe,, respectively, and a Agp energy of 188 meV ob-

J. Chem. Phys. 140, 124710 (2014)

tained for monolayer MoS, with the use of optical absorption
experiments.*

More sophisticated many-body ab initio calculations
which include HSE or GW calculations have been reported
in prior studies of the band structure of monolayer*® 33153
and bilayer’>? structures of the molybdenum and tungsten
dichalcogenides. The values for Ao resulting from these the-
ories are only slightly changed from those of the PBE model.
The Agp values reported for monolayer MoS,, MoSe,, WS,,
and WSe, with a GW (HSE) calculation are 164 (193) meV,
212 (261) meV, 456 (521) meV, and 501 (586) meV.*® The
primary difference between the PBE and the HSE and GW
calculations is an increase in the bandgap. However, the PBE
bandgap is large enough compared to the temperatures con-
sidered that the exact magnitude of the bandgap has no effect
on the thermoelectric parameters. An explicit comparison of
the electronic structure and the thermoelectric parameters cal-
culated from the PBE and the HSE functionals for 1L - 4L
MoS; is given below.

Calculation of the thermoelectric parameters requires the
density of modes extracted from the electronic band structure
using Eq. (7). Figure 2 shows the density of modes versus en-
ergy for bulk, 1L, 2L, 3L, and 4L MoS,, MoSe,, WS,, and
WSe,. To compare the density of modes of the bulk structure
with the thin-film structures, we divide the density of modes
of the thin-film structures by their respective thickness, 7. As
will be shown, for these TMDCs, small variations in the shape
of the density of modes near the band edges can enhance the
power factor and subsequently ZT. The thermoelectric prop-
erties of the bulk and thin-film structures are calculated from
Egs. (1)—(6) using the density of modes shown in Fig. 2.

The Seebeck coefficient, electrical conductivity, power-
factor (PF), and the thermoelectric figure-of-merit (ZT) as
a function of the reduced Fermi level, nr are shown in
Figures 3-6, respectively. The reduced Fermi-level is

= % for electrons in the conduction band, and
= % for holes in the valence band. E¢; and Ey; are

the energies of the conduction and valence band edges, re-
spectively. For each material and each thickness the maximum
power factor and ZT occurs for the conduction band states.
The peak conduction band and valence band power factor and
ZT for each structure and material at 77 K, 150 K, and 300
K are summarized in Tables IV and V, respectively. For all
materials, the few layer structures show a large increase in the
values of their power factor and ZT compared to those of the
bulk.

The peak n-type ZT values (and corresponding layer
thicknesses) for MoS;, MoSe;, WS,, and WSe, are 2.23

TABLE 1. Calculated properties of bulk TMDC materials: lattice constant ag, c-axis lattice constant co,
z-parameter z, and bandgap E,(eV). Experimental values**? have been included for comparison.

ap(A) cod) z agP @A) (A o E,eV)  EJ7'(eV)
MoS, 3.179 12.729 0.627 3.160 12.290 0.629 1.060 1.29
MoSe; 3.309 13.323 0.624 3.289 12.927 0.621 0.959 1.09
WS, 3.183 13.131 0.630 3.150 12.320 0.622 1.283 1.35
WSe, 3.319 13.729 0.627 3.282 12.960 0.621 1.188 1.20
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TABLE II. Ab initio calculations of the hole and electron effective masses at the valence band maxima and conduction band minima, respectively, for each
structure in units of the free electron mass (mg). The subscripts / and ¢ refer to the masses calculated at the symmetry point along the longitudinal and the

transverse directions.

Structure Point MoS; MoSe; WS, WSe; MoS, MoSe; WS, WSe;
Hole effective mass (mg) Electron effective mass (mg)

1L K, 0.543 0.578 0.339 0.341 0.506 0.502 0.349 0.345
K; 0.546 0.588 0.339 0.348 0.504 0.503 0.347 0.345

2L r 1.039 1.430 1.239 1.322
K, 0.548 0.595 0.345 0.349 0.521 0.539 0.359 0.411
K; 0.546 0.596 0.346 0.348 0.510 0.539 0.359 0.412

3L r 1.239 1.432 1.246 1.382
K; 0.549 0.602 0.366 0.368 0.559 0.544 0.376 0.434
K, 0.548 0.604 0.366 0.368 0.559 0.544 0.377 0.434

4L r 1.239 1.433 1.351 1.432
K, 0.548 0.604 0.366 0.367 0.554 0.542 0.376 0.435
K; 0.546 0.604 0.366 0.368 0.559 0.549 0.377 0.434

Bulk r 0.838 0.973 0.832 0.997 ... . .. .
% 0.590 0.521 0.569 0.489
z, 0.845 0.776 0.665 0.643

(t = 3L), 2.39 (t = 2L), 2.03 (t = 3L), and 1.91 (t = 2L)
which is an improvement by a factor of 6.4, 8.2, 7.2, and 7.5
over the respective bulk values. These peak ZT values occur
when the Fermi level is moved by 1.39 kT, 1.55 kT, 1.08 kT,
and 1.39 KT, respectively, below the conduction band at
T = 300 K. This corresponds to electron carrier densities of
6.26 x 10" cm™3, 5.74 x 10" c¢cm™3, 5.34 x 10" cm™3,
and 4.72 x 10" cm™3 for MoS,, MoSe,, WS,, and WSe,,

respectively. The peak p-type ZT values (and corresponding
layer thicknesses) for MoS,, MoSe;, WS,, and WSe; are 1.15
(t = 2L), 0.81 (t = 2L-4L), 0.76 (t = 2L-3L), and 0.62
(t = 1L-4L) which is an improvement by a factor of 14.4,
10.1, 9.5, and 5.2 over the respective bulk values. These peak
ZT values occur when the Fermi level is moved by 1.16 kT,
1.01 kT, 0.93 kT, and 0.85 kT, respectively, above the valence
band at T = 300 K. This corresponds to hole carrier densities

TABLE III. Ab initio calculations of the bandgap energies and energy transitions between the valence (v) and conduction (c¢) band valleys for each structure
and material. The splitting of the valence band at the K-point due to spin-orbit coupling and the inter-layer interactions are denoted as K, and K. X is the
mid-point between I' and K. The bandgap at each dimension is highlighted in bold text. Experimental values when available***#>% have been included for
comparison. (Note: The bandgap of 2L, 3L, and 4L WSe; occurs between the K, and X ¢. The 2L, 3L, and 4L bandgaps of WSe; are 1.216 eV, 1.1594 eV, and
1.1345 eV, respectively.)

Structure Transition MoS,; MoSe; WS, WSe; MoS; MoSe; \WAY WSe;
Calculated (eV) Expt. (eV)
1L I, to K, 1.705 1.768 1.849 1.776
r,toX, 1.922 1.862 1.929 1.806
Ky to K, 1.600 1.375 1.573 1.254 1.900 1.660 1.950 1.640
K, to K, 1.750 1.556 1.973 1.715 2.050 1.850 2.360 2.040
2L I, to K, 1.564 1.368 1.507 1.586 1.600 1.730
r,to X, 1.775 1.373 1.542 1.562
Ky to K, 1.600 1.373 1.549 1.269 1.880 1.910 1.590
Ky to K, 1.760 1.556 1.977 1.788 2.050 2.340 2.000
3L Iy, to K, 1.150 1.334 1.458 1.586
I, to X, 1.171 1.372 1.482 1.508
Ky to K, 1.620 1.376 1.485 1.265
Ky2 to K, 1.780 1.564 1.873 1.783
4L I, to K, 1.120 1.351 1.438 1.546
I, to X, 1.139 1.374 1.439 1.434
Ky to K 1.630 1.356 1.459 1.259
Ky2 to K, 1.780 1.574 1.877 1.753
Bulk Iyto X, 1.060 0.959 1.283 1.188 1.290 1.090 1.350 1.200
K, to K, 1.590 1.349 1.453 1.258 1.880 1.350 1.880 1.580
Ky2 to K, 1.780 1.588 1.889 1.737 2.060 1.380 2.320 1.950
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FIG. 2. Distribution of modes per unit area versus energy for (a) MoS;, (b) MoSe», (c) WS,, and (d) WSe; for bulk (black), 1L (blue), 2L (red), 3L (green),

and 4L (purple) structures. The midgap energy is set to E = 0.

of 7.12 x 10" em™3, 5.84 x 10!° cm~3, 4.02 x 10'° cm™3
and 3.91 x 10! cm™3 for MoS,, MoSe,, WS,, and WSe,, re-
spectively. Of the four TMDC materials studied, MoS, is the
only material to exhibit a p-type and n-type ZT > 1. In con-
trast to Bi, Tes, the peak value of ZT does not occur in any of
the materials at a monolayer thickness.

The Seebeck coefficients at the maximum n-type (p-type)
ZT for each material are 275 (245.6) uVK™!, 287 (230.7)
wVK=!, 279 (230.1) uVK~!, and 276 (216.7) uVK~! for
MoS,, MoSe,, WS,, and WSe,, respectively. However, the
Seebeck coefficients at the maximum n-type (p-type) power
factor for each material are 167 (90.4) uVK~!, 100 (185.8)
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uVK=!, 165 (177.1) wVK™!, and 171 (172.1) wVK~! for
MoS;, MoSe;, WS,, and WSe,, respectively. This is gener-
ally consistent with the conclusion of a report on engineering
the Seebeck coefficient to obtain the maximum thermoelectric
power factor.>

Without the inclusion of spin-orbit interaction our val-
ues of the ballistic ZT for the monolayer TMDC materials
are consistent with a prior report on the monolayer thermo-
electric properties of these TMDC materials.”> Our calcu-
lations show that without the inclusion of spin-orbit inter-
action the peak n-type ZT values for all materials continue
to occur at thicknesses above a single monolayer. The peak
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FIG. 3. Seebeck coefficient at 300 K for (a) MoS,, (b) MoSe,, (c) WS,, and (d) WSe; for bulk (black), 1L (blue), 2L (red), 3L (green), and 4L (purple)
structures. The n-type Seebeck coefficients are plotted with a solid line and p-type coefficients with a broken line as a function of the reduced Fermi energy, nr.
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(black) structures. The n-type electrical conductivity is plotted with a solid line and p-type conductivity with a broken line as a function of the reduced Fermi

energy, 1r.

n-type ZT values (and corresponding layer thicknesses) with-
out spin-orbit interaction for MoS,, MoSe,, WS,, and WSe;
are 1.38 (t = 3L), 1.52 (t = 2L), 1.13 (t = 4L), and 1.28 (t
=2L). However, the peak p-type ZT values without spin-orbit
interaction occurs for a single monolayer for each TMDC
material. The p-type ZT values without spin-orbit interac-
tion for MoS,, MoSe,, WS,, and WSe, are 1.42, 0.84, 0.90,
and 0.69.

—{L=—2[ —3L—4L —Bulk

Recent electronic structure calculations using the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional®® give a bandgap
that more accurately matches known experimental values.>
To assess whether the trends in the thermoelectric parameters
predicted with the PBE functional are the same as those re-
sulting from the HSE functional, we calculate the electronic
band structure of 1L, 2L, 3L, and 4L. MoS, with both the PBE
and the HSE functional and plot the results in Fig. 7. Near the

—1L—2[ —3L=—4L —Bulk

—1L =2l —3L=4L —Bulk
- (d) WSe,

10

FIG. 5. Power factor (PF) at 300 K for (a) MoS,, (b) MoSe», (c) WS,, and (d) WSe; for bulk (black), 1L (blue), 2L (red), 3L (green), and 4L (purple) structures.
The n-type power factors are plotted with a solid line and p-type PFs with a broken line as a function of the reduced Fermi energy, nr.
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ZT is plotted with a solid line and p-type ZT with a broken line as a function of the reduced Fermi energy, nr.

TABLE IV. Peak n-type (p-type) power factor of 1L, 2L, 3L, 4L and bulk MoS,, MoSe,, WS,, and WSe; at 300 K, 150 K, and 77 K. The maximum power
factor for each material at a given temperature is in bold.

Temperature 1L 2L 3L 4L Bulk

Maximum n-type (p-type) power factor (WK=2 m~2)

MoS 300 K 0.130 (0.150) 0.140 (0.110) 0.280 (0.041) 0.220 (0.031) 0.0320 (0.010)
150 K 0.093 (0.072) 0.093 (0.071) 0.190 (0.032) 0.120 (0.024) 0.012 (0.0042)
77K 0.072 (0.043) 0.072 (0.053) 0.13 (0.021) 0.063 (0.022) 0.012 (0.0031)
MoSe, 300 K 0.340 (0.071) 0.330 (0.094) 0.230 (0.082) 0.230 (0.071) 0.022 (0.0061)
150 K 0.151 (0.050) 0.200 (0.051) 0.100 (0.051) 0.100 (0.052) 0.013 (0.004)
77K 0.062 (0.031) 0.120 (0.032) 0.062 (0.031) 0.052 (0.032) 0.013 (0.0032)
WS, 300 K 0.240 (0.062) 0.280 (0.061) 0.270 (0.071) 0.240 (0.092) 0.022 (0.0052)
150 K 0.110 (0.042) 0.160 (0.042) 0.150 (0.041) 0.130 (0.051) 0.010 (0.0043)
77K 0.051 (0.031) 0.081 (0.032) 0.070 (0.032) 0.081 (0.031) 0.010 (0.0022)
WSes 300 K 0.260 (0.054) 0.240 (0.052) 0.190 (0.053) 0.160 (0.053) 0.022 (0.014)
150 K 0.141 (0.030) 0.140 (0.031) 0.081 (0.031) 0.070 (0.031) 0.010 (0.004)
77K 0.071 (0.031) 0.082 (0.031) 0.050 (0.031) 0.043 (0.022) 0.011 (0.0021)

TABLE V. Peak n-type (p-type) thermoelectric figure of merit, ZT, of 1L, 2L, 3L, 4L and bulk MoS,, MoSe;, WS, and WSe; at 300 K, 150 K, and 77 K.
The maximum ZT for each material at a given temperature is in bold.

Temperature 1L 2L 3L 4L Bulk

Maximum n-type (p-type) ZT

MoS» 300 K 1.35 (0.970) 1.35 (1.15) 2.23 (0.510) 1.78 (0.390) 0.350 (0.081)
150 K 0.590 (0.350) 0.590 (0.450) 1.03 (0.220) 0.660 (0.160) 0.110 (0.034)
77K 0.240 (0.140) 0.240 (0.190) 0.420 (0.093) 0.210 (0.062) 0.031 (0.012)
MoSe; 300K 1.39 (0.800) 2.39 (0.810) 1.66 (0.810) 1.65 (0.810) 0.290 (0.081)
150 K 0.450 (0.310) 1.06 (0.320) 0.610 (0.320) 0.570 (0.320) 0.100 (0.033)
77K 0.130 (0.120) 0.410 (0.120) 0.220 (0.120) 0.170 (0.120) 0.030 (0.014)
WS, 300K 1.52 (0.70) 1.98 (0.720) 2.03 (0.760) 1.85 (0.760) 0.280 (0.082)
150 K 0.411 (0.280) 0.613 (0.280) 0.770 (.280) 0.721 (0.350) 0.104 (0.030)
77K 0.120 (0.110) 0.181 (0.113) 0.211 (0.113) 0.271 (0.113) 0.034 (0.012)
WSe, 300 K 1.88 (0.620) 1.92 (0.620) 1.44 (0.620) 1.13 (0.620) 0.260 (0.120)
150 K 0.590 (0.220) 0.750 (0.220) 0.490 (0.220) 0.380 (0.220) 0.091 (0.032)

77K 0.180 (0.100) 0.270 (0.100) 0.170 (0.100) 0.130 (0.100) 0.031 (0.014)




124710-8 Wickramaratne, Zahid, and Lake

i L -

E 1L i’, 2L
Luu. 0._ - UJu- O -
] I
- \/% \f B \é
e M K G = M K G

E-E.(eV)
E-E.(eV)

R)

3 M K G e M K G

FIG. 7. Ab initio calculated electronic structure of MoS,: 1L, 2L, 3L, and
4L structures using a PBE (blue) and hybrid HSE (red) functional. The HSE
functional provides a correction to the underestimated PBE bandgap while
the salient features of the electronic structure that would affect the density-
of-modes calculation remain the same.

band edges, the HSE energies appear to be shifted with re-
spect to the PBE energies. The effective masses for the HSE
band structures are lower by up to 17% for the conduction
band valleys at K and ¥ and are lower by up to 11% for the
valence band valleys at K and T".

To verify that the HSE functional leaves the thermo-
electric trends predicted from the PBE functional unchanged,
we compute the density-of-modes and thermoelectric perfor-
mance of 1L, 2L, and 3L MoS, using the HSE functional
with the inclusion of spin orbit coupling. Figure 8 illustrates
the DOM, Seebeck coefficient, power factor, and ZT for the
1L, 2L, and 3L structures of MoS, computed with the HSE
functional. The quantitative values do differ. For the MoS,
trilayer structure, the HSE (PBE) functionals give a peak n-
type power factor of 0.41 (0.28) WK~2m~2 and a peak n-
type ZT of 2.4 (2.2). However, the HSE results for few-layer
MoS, structures demonstrate the same trends in the shape of
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the density of modes and the same trends in the values for
the power factors and ZT. Both the HSE and PBE calcula-
tions show that the turn-on of the density of modes is sharpest
for the tri-layer structure resulting in maximum values for the
power factor and ZT. Since the primary effect on the low en-
ergy states of the exact exchange in the HSE functional is to
shift the band edges with respect to those of a PBE calcu-
lation, the trends resulting from the shape of the density of
modes should be preserved.

Figure 9 summarizes the values from the PBE calcula-
tions for the peak n-type and p-type ZT and power factors
for each TMDC material and layer thickness. In the n-type
MoSe,, WS,, and WSe, structures, the peak power-factor,
and the peak ZT do not occur at the same film thickness. For
example, in MoSe,, a single monolayer has the highest power
factor, and a bilayer has the highest ZT. This can be explained
by the increase in the electronic thermal conductivity, k. as
the Fermi level is moved into the conduction band.

Figure 10 shows the ratio of the total thermal conductiv-
ity, ko, With respect to the lattice thermal conductivity, &,
for each TMDC material. The two guide lines on each figure
illustrate the reduced Fermi level position at which the max-
imum n-type power factor and ZT occurs. The ratio «/k;
= 1 + k./k; is higher at the Fermi level position where the
maximum power factor occurs. This increase in «, explains
why the peak power factor and ZT occur at different Fermi
energies and film thicknesses.

A number of recent studies report on the theoretical®*>>
and experimental values®®>’ of the lattice thermal conductiv-
ity on monolayer and few-layer TMDC materials with values
of «; ranging from 19 Wm~'K~! to 83 Wm~! K~!. Experi-
mental measurements of the in-plane «; in suspended samples
of MoS,> find a value of 34.5 Wm~! K~! for 1L MoS, and
52 Wm~! K~! for few-layer MoS,. To assess whether the in-
equivalent «; values for the monolayer and few-layer TMDC
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FIG. 8. HSE calculation of the (a) density-of-modes, (b) Seebeck coefficient, (c) Power factor, and (d) ZT 1L (blue), 2L (red), 3L (green) MoS,. The n-type
thermoelectric parameters are plotted with a solid line and the p-type parameters are plotted with a broken line as a function of the reduced Fermi energy, nr.
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films leave the predicted thermoelectric trends unchanged,
we computed the thermoelectric parameters using «; = 34.5
Wm~! K~! for the monolayer and «; = 52 Wm~! K~! for the
few-layer TMDC films of each material. The values of ZT
differ compared to using k; = 19 Wm~' K~! for each film
thickness. For MoS,, the room temperature n-type ZT values
using the thickness dependent (constant) «; for the 1L, 2L,
3L, and 4L structures are 0.87 (1.35), 0.63 (1.15), 1.11 (2.23),
0.89 (1.78). The maximum n-type ZT still occurs for the 3L
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structure and the minimum n-type ZT still occurs for the 1L
structure. The trends for all of the n-type materials are pre-
served when a thickness dependent thermal conductivity is
used. All of the values are shown in Fig. 11(b). For the n-type
materials, changes in the density of modes are the dominant
factor determining the trends. For p-type MoSe,, WS,, WSe,,
ZT varies little for different layer thicknesses when using a
constant «; as shown in Fig. 9(a). For p-type MoS,, the dif-
ference between the maximum ZT of a bilayer and the second
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FIG. 10. Ratio of total thermal conductivity («;+«.) over the lattice thermal conductivity (k) at 300 K for (a) MoS,, (b) MoSe;, (c) WS,, (d) WSe; for 1L
(blue), 2L (red), 3L (green), and 4L (purple) structures. The n-type ratio is plotted with a solid line and p-type ratio with a broken line as a function of the
reduced Fermi energy, nr. The two vertical dashed lines show the reduced Fermi level position at which the maximum n-type power factor and ZT occur.
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FIG. 11. Maximum ZT for (a) p-type and (b) n-type of MoS», MoSe,, WS>, WSe; at 300 K for 1L (blue), 2L (red), 3L (green), 4L (purple) structures accounting
for thickness-dependent lattice thermal conductivity. x; = 34.5 Wm™! K~! used for the 1L structures and k; = 52 Wm~! K~ used for the few-layer structures.

highest value of a monolayer is small. Therefore, reducing
the value of «; for a monolayer from 52 to 35.4 WM~ K~!
is sufficient to cause the peak value of ZT to occur at
monolayer thickness for all 4 p-type materials as shown in
Fig. 11(a).

In an attempt to study the transition of the thermoelectric
performance from few-layer films to bulk like performance,
we calculate the thermoelectric parameters for an 8L film of
WS,. Figure 12 illustrates the density of modes and the ZT
for bulk, 3L and 8L WS,. The n-type 0.974 ZT value of the
8L film is a factor of 1.9 smaller than that of the 4L film, but
it is still a factor of 3.5 larger than that of the bulk. The p-type
0.163 ZT value of the 8L film is a factor of 4.7 smaller than
that of the 4L film, and it is a factor of 2.0 larger that that
of the bulk. Even at 8 monolayers, there is still an enhance-
ment of the ZT value compared to that of the bulk, and the
enhancement is larger in the n-type material.

The thermoelectric performance in the low dimensional
structures is enhanced by the more abrupt step-like shape of
the density of modes distribution.> It is clear from Eq. (4),
that with Er < 0, a step-function density of modes removes
all negative contributions to the integrand of /; giving a max-
imum value for /;. The conduction band DOM distribution
for the maximum and minimum ZT structures for each ma-
terial are plotted in Figure 13. In all cases, the DOM with
the sharper turn-on at the band edge gives rise the maximum
value for ZT.

IV. DISCUSSION

The enhancement in the thermoelectric performance of
Sfew monolayer TMDC materials is in contrast to the enhanced
thermoelectric performance observed for only a single quin-
tuple (QL) layer of p-type Bi,Te;. Above 1 QL of Bi,Tes,
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the thermoelectric figure of merit approaches the bulk ZT.!%-17

The enhancement of ZT in n-type monolayer Bi, Te; is mini-
mal. This difference in the effect of layer thickness on ZT in
the two different classes of materials can be explained by dif-
ferences in the effect of thickness on the band-edge degener-
acy and the density of modes. The valence band of monolayer
Bi,Tes is a ring in k-space that covers much of the Brillouin
zone as shown in Fig. 4(d) of Ref. 17. Thus, the integration
over k; in Eq. (7) jumps from zero in the bandgap to a fi-
nite number at the band edge resulting in a step-function turn-
on of the valence band density of modes as seen in Fig. 3 of
Ref. 16 and Fig. 2 of Ref. 17. The size of the ring in k-space
quickly collapses for thicknesses above a monolayer, and the
large enhancement in ZT dissappears. In a parabolic band, the
band edge is a point in k-space, and, in two-dimensions, the
density of modes turns on smoothly as ~/E.>* The band edge
of n-type monolayer Bi,Tes; remains parabolic resulting in a
smooth turn-on of the density-of-modes and no significant en-
hancement of ZT.

The bands of the TMDC materials also remain parabolic
at the band edges, however the conduction bands at the K. and
the X, valleys become nearly degenerate for few monolayer
thicknesses as shown in Fig. 1. Since the X, valley is 6-fold
degenerate, and the K, valley is 2-fold degenerate, this results
in a near 8-fold degeneracy of the conduction band edge. This
increases the density of modes in the conduction band by a
factor of 8 from that of a single valley. Furthermore, with in-
creasing film thickness from 1L to 4L, the splitting of the X,
bands resulting from interlayer coupling is on the order of
kgT. In MoS,, the splitting at X ¢ is 0.4 meV for the 2L and
40 meV for the 4L structure. The other materials show similar
magnitudes of the energy splitting as a function of thickness.
Therefore, the near-degeneracy of the bands at X, increases
linearly with the film thickness, so that the number of modes

T T

—3L —8L = Bulk]

0.5

9

FIG. 12. (a) Density of modes and (b) ZT as a function of the reduced Fermi level for 3L (green), 8L (orange), and bulk (bulk) WS,.
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FIG. 13. Conduction band density of modes (DOM) for (a) MoS,, (b) MoSe», (c) WS», and (d) WSe; at film thicknesses where the maximum and the minimum

ZT occurs with respect to the energy away from the conduction band edge, Ec.

per layer becomes relatively insensitive to the layer thickness
for few monolayer thicknesses.

The interlayer coupling of the out-of-plane d,> and p, or-
bitals result in the strongest interlayer hybridization and en-
ergy level splitting.’® In MoS, the orbital composition of the
conduction band X. valley is 36% d2, 22% dyy, 23% dy>_ 2,
6% p., and 5% p, and p,. The d-orbital composition of the K,
valley is 67% d,.. With increasing layer number, the K. val-
ley splitting is larger than kg7 so that the number of modes
contributed by the K, valleys remains 3 independent of layer
number. Thus, when the X valley falls within kg7 of the K.
valley, its contribution to the density of modes dominates for
few-layer thicknesses. Beyond 4 layers, the total splitting be-
comes larger than 2 kg7, and the number of accessible modes
at X, no longer increases linearly with thickness.

Beyond a monolayer, the valence band shifts to I', for
MoS,, MoSe;, and WS,. The energy difference between I',
and K, varies as a function of the film thickness and material.
For MoS, the energy difference between I', and K, increases
from 35 meV for the bilayer to 470 meV and 510 meV for the
3L and 4L structures, respectively. The near degeneracy of the
', and K, valleys leads to the largest p-type density of modes
for 2L MoS,. For MoSe,, the I', and K, valleys are nearly
degenerate above a single monolayer. In WS,, the energy dif-
ference of the I', and K, valleys decreases from 42 meV to
21 meV as the film thickness is increased from a bilayer to
four layers. For WSe;, the valence band maxima continues
to reside at K, beyond a monolayer. Once the valence band
K, valleys begin to contribute in MoSe,, WS,, and WSe,,
the density of modes per layer becomes relatively indepen-
dent of layer thickness, since there is little splitting of the K,
valleys due to the interlayer coupling.’® The K, valley orbital

composition contains no d,2 or p, components. In MoS,, the
splitting varies from 0.2 meV for the 2L structure to 7.6 meV
for the 4L structure. The other materials show similar magni-
tudes of the energy splitting as a function of thickness. Thus,
at room temperature, the number of contributed modes per
layer within kgT of the K, valley minimum remains constant
for thicknesses in the range of one to four monolayers.

For the 8 layer WS, structure, the conduction band K,
and X, valleys are still nearly degenerate. The K, valley lies
21 meV above the X, valley. However, at both valleys, the
total splitting of the 8 bands contributed from the 8 layers is
much greater than kT at room temperature. At X, only two
of the 8 bands are within 26 meV of the valley minimum.
The overall energy splitting of the 8 bands at ¥, is 193 meV.
In the valence band, the K, valley is 22 meV below the I',
valley. However, the 8 bands from the 8 monolayers are split
over a total range of 180 meV, and the second band is 40 meV
below the K, valley maximum. Thus, as the number of layers
increase, the total energy splitting of the bands contributed
from each layer increases, and the number of modes per layer
within kgT of the valley minimums decreases.

As the number of layers becomes macroscopic such that
the crystal is periodic in all three dimensions, the total split-
ting of the bands evolves into the width of the dispersive band
along k, for the bulk crystal. For bulk WS, the width of the
band along the vertial k, direction from X, to R at the top of
the Brillouin zone is 208 meV which is 15 meV larger than
the total splitting of the 8 layer stack. Furthermore, in the bulk,
the K. valley is 126 meV above the ¥, minimum, so the K.
contributes no modes to the density of modes near the conduc-
tion band edge. In the valence band, the K, valley maximum
is 225 meV below the 'y, maximum, so that the density of
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modes near the valence band edge, is entirely from the I',, val-
ley. The lack of valley near-degeneracy and the width of the
bulk dispersive bands along k,, result in a minimum density
of modes per layer near the band edges compared to those of
few layer structures. The reduced number of modes per layer
within kg7 of the band edges results in reduced per-layer val-
ues of the thermoelectric figure of merit.

For both material systems Bi, Te; and the semiconducting
TMDCs, the enhancement of ZT results from the increased
degeneracy or near-degeneracy of the band edges. The origin
and nature of the degeneracy is different. In the Bi, Tes, the va-
lence band edge becomes inverted into a ring as a result of the
coupling of the topological surface states. In the TMDCs at
few-layer thicknesses, different valleys become nearly degen-
erate. In the conduction band, the X, valleys become nearly
degenerate with the K, valleys, and they contribute 6 more
modes to the 2 modes from the K, valleys. In the valence
band, the K, valleys become nearly degenerate with the I,
and they contribute 2 more modes. Furthermore, because of
the weak interlayer coupling at K, and X, the additional
bands from additional layers lie within kT of the band edges
for few layers. The increased band-edge degeneracy results in
a sharper turn-on of the density of modes and an increased
value of ZT.

V. SUMMARY

The electronic structure of one to four monolayers of
the semiconducting transition metal dichalcogenides MoS,,
MoSe,, WS,, WSe, are calculated using DFT with spin-orbit
coupling and the PBE functional. Comparisons are made to
results in the absence of spin-orbit coupling, and the PBE re-
sults are compared to HSE calculations for MoS,. The peak
n-type value of ZT increases by a factor of 6-8 over the bulk
value for all materials. Among the 4 materials and 4 thick-
nesses, bilayer MoSe; gives the maximum n-type ZT value of
2.4. The peak p-type value of ZT increases by a factor of 5-14
over the bulk value for all materials. The maximum p-type ZT
value of 1.2 occurs for bilayer MoS,. The maximum power
factor generally occurs for a different layer thickness and at
a more degenerate Fermi level than the maximum value of
ZT. This difference can be explained by the increased electri-
cal thermal conductivity at the Fermi level corresponding to
the maximum power factor. For all materials, the maximum
value of ZT coincides with the sharpest turn-on of the density
of modes distribution at the band edge. The sharper turn-on is
driven by the near valley degeneracy of the conduction band
K. and X, valleys and the valence band I', and K, valleys.
For few layer structures, the degeneracy is enhanced by the
weak interlayer coupling at the ¥, and K, valleys.
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