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ABSTRACT: Using first-principles electronic structure calculations performed within — !Sywmmztssooc, croperiors|
the B1-WC hybrid functional, we study the thickness and strain dependency of electronic
and thermoelectric (TE) properties of transition-metal dichalcogenides (TMDs). We f
consider both 2H (MoS,, MoSe,, MoTe,, WS,, WSe,, WTe,) and 1T (SnS,, SnSe,, os kﬂe/z/,:fi\::;"" a0
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HfS,, HfSe,, HfTe,, ZrS,, ZrSe,) structures and identify those TMDs with a high TE o2 10 o

potential (WSe,, MoTe,, and SnSe,). The thickness and strain significantly change the O s
electronic properties near the forbidden band gaps. We rationalize at an atomic level g —Twomx
these changes in terms of the interplay between in-plane bonding/antibonding X—
X(M—M) interactions through sp® hybridization and the stronger antibonding/
nonbonding M—X interactions due to sp>d and sp>d* hybridizations inside TMD layers
(X, chalcogen; M, transition metal, Sn). Thickness and in-plane strain appear as effective
ways to tune electronic band structures, increase the degeneracy of carrier pockets, and
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optimize the TE properties of TMDs. We estimate the anisopropy of carrier pockets and
introduce the effective mass quality factor B, for the maximization of TE performance at a given carrier density and temperature.
High-potential TMDs have B, and power factors comparable to PbTe and Bi,Te;.

1. INTRODUCTION

Transition-metal dichalcogenides (TMDs), having the chem-
ical formula MX, (M = Mo, W, Hf, Zr, Sn, and X = S, Se, Te),
are two-dimensional (2D) materials consisting of XMX atomic
layers with strong chemical bonds inside the layers and weak
van der Waals (vdW)-type interactions between the layers.
They offer huge flexibility in tuning electronic and transport
properties since their electronic structure is found to change
dramatically from a bulk to a single XMX layer (monolayer,
ML)."'~® TMDs possess high strength and can sustain strains of
up to 10%," allowing effective tuning of electronic properties
also by strain. TMDs are emerging as next-generation
semiconductor materials possessing unusual properties such
as the lattice-symmetry-induced valley Hall effect,”® the spin
Hall effect,” valley polarization,®~"’ anomalous giant magneto-
resistance,'’ and superconductivity.””~'” In single MLs of
TMDs, high carrier mobilities are expected at room temper-
ature based on theoretical predictions."®™° TMDs exhibit
novel topological electronic phases® ~** being closely related
to Bi,Te; and Bi,Sey layered thermoelectric (TE) materials,
which were the first demonstrated topological semiconductors.
There are specific advantages of 2D materials, both for specific
applications (requiring low mass, flexibility, integration, etc.)
and for their ease of assembly and emergent behavior of record
high thermal insulation across ultrathin TMD heterostructures
having a low effective thermal conductivity of 0.007—0.009 W/
(m K) at 300 K.** The low-dimensional character of electronic
tra.nsport,zs’26 high carrier mobilities along the transport
direction,”” carrier pocket degeneracy,”” and highly anisotropic
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electronic bands active in transport’”" are key ingredients to
maximize TE performance defined by the dimensionless figure
of merit, ZT = (S*6T)/k,, where 6 is the electrical
conductivity, S is the thermopower or the Seebeck coefficient,
T is the absolute temperature, kg is the total thermal
conductivity including electronic and lattice contributions,
and $%6 is the power factor (PF). Improving the TE efficiency
is not obvious because the transport parameters entering ZT
are interdependent. From these perspectives, TMDs are good
candidates to decouple the interplay between transport
parameters and improve the TE efficiency,’’ by exploiting
their 2D nature and the effect of thickness and strain on
electronic properties. TMDs have the most stable bulk
structures formed under either 2H or 1T polymorphs. The
3R polymorphs have only been seen in few-monolayer-thick
structures and remain a great challenge to achieve in bulk or
thicker films of TMDs, with a larger lateral size, as is required
for practical TE applications.”

Many first-principles studies of electronic properties of
TMDs and their monolayers have been reported in the
literature. TE properties were theoretically estimated for
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HfS,,*** HfSe,, > 71S,°*** ZrSe,,® SnS,,>*° SnSe,,***”
MoS,,** MoS, ML and WSe, ML,**** MX, ML (M = Mo, W,
Zr, Hf; X = S, Se, Te),*"** and HfS, ML* predicting high TE
performance. The thickness dependence of electronic proper-
ties for SnS,, SnSe,,** MX, (M = Mo, W; X = S, Se),” and
MoS,* and the strain effect on the electronic band structure of
TMD MLs*"~* show the tunability of electronic band gaps
with thickness and strain. In this work, the structural,
electronic, and TE properties of TMDs with 2H (MoSe,,
WSe,, MoS,, WS,, and MoTe,) and 1T (ZrSe,, HfSe,, SnSe,,
ZrS,, HfS,, and SnS,) structures were studied within the B1-
WC° hybrid functional, which gives simultaneously good
accuracy for their structural (g, c lattice parameters and c/a
ratio) and electronic (band gap) properties. The thickness
dependence for 1—5 monolayers (MLs) and for the first time
the strain dependence for bulk TMDs were studied identifying
their effect on the electronic and TE properties. The electronic
properties (band structures) of TMDs were found to be
strongly dependent on the layer thickness and the applied
epitaxial strain and more specifically on the ability of
exchange—correlation functionals to describe ¢/a structural
ratios. The epitaxial strain can be used to increase the energy
degeneracy of carrier pockets in the conduction and valence
bands to optimize TE properties. We also analyzed the
anisotropy of carrier pockets and introduced a new effective
mass quality factor B, which maximizes TE performance (ZT)
at a given carrier concentration n and T. B, is directly
proportional to the TE quality factor B that maximizes ZT for
very large B values.

2. TECHNICAL DETAILS

The structural, electronic, and TE properties of TMD
structures are studied within the density functional theory
(DFT) formalism using the B1-WC hybrid functional.”” B1-
WC describes the electronic (band gaps) and structural
properties with better accuracy than the usual simple
functionals and is more appro riate for correlated materials
with d electronic states.”’ > The electronic structure
calculations were performed using the linear combination of
the atomic orbitals method as implemented in the CRYSTAL
code.> We used localized Gaussian-type basis sets including
polarization orbitals and considered all of the electrons for
Zr,>* $,° and Se.>® Hartree—Fock pseudopotentials for Mo,
W,%° HE®! Sn,%” and Te®” were used. The exponents of the
most diffuse valence and polarization Gaussian functions were
optimized in B1-WC to minimize the total energy of bulk
TMDs (Supporting Information). It is known that the spin—
orbit interaction (SOI) is important for the qgtical properties
of TMDs but not for structural or vibrational®” ones. We have
checked the effect of SOI on the TE properties for the
monolayer and bulk structures of WSe, and SnSe, within the
B1-WC partial hybrid implementation of the WIEN2K’” code:
TE properties (PF) are not significantly affected by SOI at
optimal doping (Supporting Information).

Brillouin zone integration is performed using the following
meshes of k-points: 6 X 6 X 6 for bulk TMDs and 6 X 6 X 1
for 1-5 MLs of TMDs. The self-consistent-field calculations
were considered to be converged when the energy changes
between interactions were smaller than 107% hartree. An
extralarge predefined and pruned grid consisting of 75 radial
points and 974 angular points was used for the numerical
integration of the charge density. Full optimizations of the
lattice constants and atomic positions were performed with the

optimization convergence of 5 X 107> hartree/bohr in the
root-mean-square values of forces and 1.2 X 107> bohr in the
root-mean-square values of atomic displacements. The level of
accuracy in evaluating the Coulomb and exchange series is
controlled by five tolerance parameters (107°Y, j = 1-5).%
The ITOL values used in our calculations are 7, 7, 7, 9, and 30.

The transport properties are calculated within the
Boltzmann transport formalism and the constant relaxation
time approximation using the BoltzTraP transport code.”?
Other approaches have been used in the literature, within the
Boltzmann approximation, but with an ab initio relaxation time
based on phonon or impurity scattering, e.g., refs 20 and
63—65. These show interesting effects but are much heavier to
calculate: our goal is to be systematic and compare the
different TMDs on the same footing. We estimate
experimental relaxation times and include a generic 1/T
temperature dependence for the acoustic and optical phonon
scatterings at high T. The transport coeflicients were very well
converged for the energies calculated on k-point meshes of 67
X 67 X 37 for TMDs with a 2H structure, 47 X 47 X 41 for
TMDs with a 1T structure, and 167 X 167 X 1 for 1—5 MLs of
TMDs (non-self-consistent calculations of the DFT eigen
energies).

The effective masses were obtained by calculating energies
close to the conduction band (CB) minimum and valence
band (VB) maximum while moving from the extremum points
along the three directions of the orthogonal reciprocal lattice
vectors k; (i = «, y, z). The energy values, €7, were expanded
about the extremum points and fit up to 10th-order
polynomials in k; yielding

2m, M. 2 10
e Z " k2 + -+ O(k!) "

where m;; are the components of the effective mass tensor (i =
%, ¥, z) and m, is the free electron mass.

3. RESULTS

3.1. Structural and Electronic Properties of Bulk
TMDs. The structural and electronic properties of TMDs
studied within B1-WC using optimized Gaussian basis sets are
presented in Tables 1 and 2. The lattice parameters a and ¢ and
the ¢/a ratio within B1-WC are described with good accuracy
(the largest deviation from the experiment is ~4.5% for ¢ and
the c/a ratio of ZrSe, and SnS,) and compare well with the
values obtained within the PBE + D3/D2°® functional, which
includes D3/D2°” dispersion corrections for van der Waals
interactions (the largest deviation from the experiment is
~0.9% for ¢ and ~1.8% for the c/a ratio of HfSe, and SnS,).
The indirect band gaps E, obtained within BI-WC are in very
good agreement with the experiment for TMDs with the 1T
structure (except for ZrSe,) and slightly overestimated by
~0.2—0.3 €V for TMDs with the 2H structure. PBE + D3/D2
underestimates E, values in some cases, up to ~1—2 eV. The
electronic properties of TMDs are better studied with hybrid
functionals (PBE0,°*®” B3LYP,*® HSE®*’%7*7%) or meta-
generalized gradient approximations (meta-GGAs) like the
modified Becke—Johnson potential’**® or the GW’"7>”* and
GVJ-2e”® methods. All give good agreement with the
experiment for E; whether at the experimental lattice
parameters or using optimized values from PBE + D3/
D2,”*”* PBE0 + D3,”” and vdW-TS"® calculations. B1-WC
gives a good agreement with the experiment simultaneously for
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Table 1. Lattice Parameters a and ¢, the c¢/a Ratio, and
Indirect Band Gap E; of TMDs with the 2H Structure
(Space Group P6,/ mmc) Estimated within B1-WC’

a (A) c (A) c/a E, (eV)

MoS, B1-WC 3.137 12235 3.90 1.58

PBE + D3 3.16 12.34 391 092

exp 3157 12272 3.89 1.23-1.29¢
ws, B1-WC 3.158 12194  3.86 1.7

PBE + D3 3.16 12.42 3.93 1.04

exp 3.154 12360  3.92 1.35—1.44"
MoSe, B1-WC 3256 12782 393 141

PBE + D3 329 13.03 396 0.87

exp 3.289 12927 393 1.09-1.1°
WSe, B1-WC 3284 12900  3.93 1.67

PBE + D3 3.8 12.99 396 096

exp 3.268 12925 3.96 1.2-1.447
MoTe,  BI-WC 3.441 13.629  3.96 L1

PBE + D3 3.1 14.04 400 074

exp 3510 13940 397  0.88°

“Refs 77—79. "Refs 77 and 80. “Refs 77 and 78. “Refs 77 and 80.
“Refs 81. Theoretical values estimated within PBE + D3 from ref 74
and experimental lattice constants from ref 76 are included for
comparison.

Table 2. Lattice Parameters a and ¢, the c¢/a Ratio, and
Indirect Band Gap E; of TMDs with the 1T Structure
(Space Group P3m1) Estimated within B1-WC*

a (A) ¢ (A) c/a E, (eV)

Z1S, B1-WC 3.647 5.905 1.62 1.6

PBE + D3 3.65 5.87 1.61 0.85

exp 3.630 5.850 1.61 1.68—1.78"
HES, B1-WC 3.625 5.994 1.65 2.04

PBE + D3 3.61 5.87 1.63 0.16

exp 3.622 5.848 1.62 1.8-2.13"
SnS, B1-WC 3.656 6.046 1.65 2.41

PBE + D2 3.68 5.89 1.60 1.27

exp 3.649 5.899 1.63 2.07—-2.48°
Z1Se, B1-WC 3755 5.914 1.58 0.70

PBE + D3 377 6.18 1.64 0.26

exp 3.773 6.133 1.63 11-127
HfSe, B1-WC 3.734 6.084 1.63 1.02

PBE + D3 3.73 6.21 1.67 0

exp 3.746 6.155 1.64 1.13¢
SnSe, B1-WC 3.828 5.926 1.55 1.2

PBE + D2 3.83 6.17 1.61 0.61

exp 3.807 6.128 1.61 0.97-1.06"

FRefs 82—85. PRefs 82, 84, and 85. “Refs 82, 87, and 88. “Refs 83 and
86. “Refs 82. /Refs 82, 87, and 89. ETheoretical values estimated
within PBE + D3/D2 from refs 74 and 75 and experimental lattice
parameters from ref 76 are included for comparison.

the structural and electronic properties of bulk TMDs. As a
result, the effect of thickness and strain on the electronic
properties can be studied consistently by optimizing the
structure within the same method used for transport.

The electronic band structures of bulk TMDs with 2H and
1T structures are shown in Figures 1 and 2. The indirect band
gaps of 2H structures are formed between a CB minimum
along the I'K direction, a point conventionally called A, and a
VB maximum at the I" point (or at A for WTe,) in the
Brillouin zone. The top VB (resp. bottom of CB) states of 2H
structures have a chalcogen p and a transition-metal d,> (resp.

d; 2 and d,) orbital character since M 1s trigonal
bipyramidally coordlnated by chalcogen atoms,” and the
strong bonds inside the atomic layers are formed through sp*d
hybridization. The electronic band dispersions of 2H structures
show similar features; the most important dissimilarities
between 1T and 2H are the energy differences between (i)
the CB minimum at the K point and the main CB minimum A,
AEgY; and (ii) the VB maximum at the K point and the main
VB maximum at the I pomt AEXF (resp AE, for WTeZ,
Figure 1). The values of AEF®, and AEY} (resp AE(, for
WTe,) should be as small as possible to optimize TE
performance (PF) through the increase of carrier pocket
degeneracy. In this regard, 2H structures possess good n- or p-
type PFs.

The indirect band gaps of 1T structures are formed between
a CB minimum lying at the L point (or along the ML direction
for SnS, and SnSe,) and a VB maximum at I" (or A for SnS,
and SnSe,). For 1T structures, the strong bonds inside the
atomic layers are formed through sp*d® hybrldlzatlon since M
is octahedrally coordinated by chalcogen atoms.” As a result,
the top VB (resp. bottom of CB) states have a chalcogen p
(resp. M tye or Sn s and p) orbital character. The electronic
band dispersions show significant differences between 1T
structures based on Zr (resp. Hf) and Sn (Figure 2). The 1T
structures based on Zr and Hf have a second CB minimum at
the A point, whereas those based on Sn have a second CB
minimum at I'. These minima are deeper in the CB and are not
active in electronic transport. Moreover, only SnS, and SnSe,
have their second VB maximum at the A point, which is close
in energy to the main VB maximum A. SnS, and SnSe, have
small energy differences AE)") between the second and the
main VB maxima, and they show the largest PF among the 1T
structures.

3.2. Dependence of Electronic Properties on Thick-
ness and Strain. The dependence of electronic band
structures on thickness and strain is shown in Figure 3 for 1
ML of WSe,, HfSe,, SnSe,, and in Figures S$4—S6 (Supporting
Information) for 1-5 MLs of WSe,, MoTe,, and SnSe,. The
electronic band structures depend sensitively on layer thickness
(1 ML compared to bulk): the 1 ML of WSe, and MoTe, and
all 1 MLs of the other TMDs with a 2H structure have direct
band gaps at the K point in the Brillouin zone (Figures 3a, S4a,
and SSa). Multiple MLs (2—S MLs, Figures S4b—e and SSb—
e) show indirect band gaps between CB minima at the A point
and VB maxima at I, similar to bulk TMDs with the 2H
structure. The 1—5 MLs of SnSe, and all MLs of the other
TMDs with the 1T structure show indirect band gaps between
a CB minimum lying at the M point or along the I'M direction
and a VB maximum lying along I'M or I'K similar to bulk
TMDs with the 1T structure (Figure S6a—e).

The electronic properties of TMDs depend significantly on
the applied in-plane strain due to the mixed hybridized nature
of both band edges. In ML of 2H structures, the top VB states
near I are shifted down in energy below the highest states at K,
with a direct band gap at the K point (Figure 3a). For 2H
structures, a compressive in-plane strain shifts the top VB
states near the I' point down in energy and the lowest CB
states along the KH direction up (Figure 3b,c), whereas tensile
strain has an opposite effect (Figure 3c,d). For 1T structures,
the compressive in-plane strain (1) shifts the degenerate
electronic VB at I' up in energy, such that it becomes the main
VB maximum, and (2) shifts the CB minimum at L down in
energy (Figure 3fg), whereas tensile strain has the opposite
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Figure 1. Electronic band structure within B1-WC for bulk (a) MoS,, (b) WS,, (c) MoSe,, (d) WSe,, (¢) MoTe,, and (f) WTe,.
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Figure 2. Electronic band structure within B1-WC for bulk (a) ZrS,, (b) HfS,, (c) SnS,, (d) ZrSe,, (¢) HfSe,, and (f) SnSe,.

effect (Figure 3gh). The position of the degenerate CB at I' is
also affected by the in-plane strain. In the case of 1 ML, the VB
maximum at the I point is significantly lowered in energy (~1
eV) with respect to 1T bulk structures, and it lies at ~—1.5 eV
in the VB (Figure 3e,h). For SnS, and SnSe,, the compressive
strain shifts the VB maximum along I'K down in energy and
CB states near I up in energy (Figure 3j,k), whereas tensile

strain has the opposite effect (Figure 3k|). The electronic band
that forms the VB maximum of SnS, and SnSe, is significantly
lowered in 1 MLs, ~—2.2 eV in VB. The compressive in-plane
strain has a similar effect with the quantum confinement in
SnS, and SnSe, 1T structures.

We analyze more carefully the nature of the band edges of
TMDs, in terms of the interplay between ¢ and 7 in-plane X—
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Figure 3. Electronic band structure estimated within BI-WC of: WSe, (a) monolayer (ML), (b) —2% strained, (c) bulk, and (d) 2% strained;
HfSe, (e) 1 ML, (f) —2% strained, (g) bulk, and (h) 2% strained; and SnSe, (i) 1 ML, (j) —2% strained, (k) bulk, and (1) 2% strained.
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Figure 4. Crystal orbital Hamilton population (COHP) method to extract bonding information for different pairs of atoms and their orbital
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Table 3. Effective Masses m;(m,.) (i = x, y Orthogonal Directions, and m, = Free Electron Mass), Carrier Pocket Degeneracy
(or Band Multiplicity) N,, and 2D Effective Mass Quality Factor B2> = N for CB Minima and VB Maxima of WSe, 1—2 MLs"

conduction band (CB), n-type doping

valence band (VB), p-type doping

extremum point, its

localization My iy m,, R
WSe, 1 ML K(1/3,1/3,0) 037 038
A(0.18,0.18,0), 0.44 0.38
+0.32
WSe, 2 ML K(1/3,1/3,0) 030 031
0.47 0.46
A(0.18,0.18,0), 0.43 0.38
+0.04
WSe, bulk A(0.18,0.18,0), 0.42 0.37 0.46 12
+1% strain
+0.06
K(1/3,1/3,0) 0.49 0.47 138 287.6
H(1/3,1/3,1/2), 0.32 0.33 5.51 17
+0.002
WSe, bulk A(0.19,0.19,0) 0.37 0.34 0.37 1
—2% strain
K(1/3,1/3,0), 0.49 0.51 14.4 28.8
+0.56
K(1/3,1/3,0), 0.23 0.24 377.9 1608
+0.56
H(1/3,1/3,1/2), 0.41 0.41 3.0 3.7
+0.59
WSe, bulk A(0.19,0.19,0) 040 036 042 1.1
K(1/3,1/3,0), 042 042 39.0 93
+0.16
H(1/3,1/3,1/2), 0.35 0.55 9.2 21
+0.16

[ S8}

B/  extremum point, its B/

B localization My my, m,, R N, B,

4 K(1/3,1/3,0) 0.51  0.52 2 4

36 1'(0,0,0), 454 454 1 1
—0.37
M(1/2,0,0), 0.80  0.06 3 9
—0.40

4 1'(0,0,0) 1.39 139 1

4 K(1/3,1/3,0), 0.50  0.52 2 4

36 —-0.35
K(1/3,1/3,0), 0.50 0.52 2 4
—0.47

21.1 1'(0,0,0) 0.6 0.6 .72 29 1 1.4

21 K(1/3,1/3,0), 045 047 129 28 2 4.5
—0.51

82 A(0,0,1/2), 132 131 004 003 1 0.3
—0.15

19.8 1(0,0,0) 096 096 131 1.4 1 1.1

9.7 K(1/3,1/3,0), 0.52 053 11 2.1 2 4.1
—0.09

372 A(0,0,1/2), 4.5 4.6 003 001 1 0.2
—-0.19

4.9

20.1 '(0,0,0) 069 069 160 23 1 1.3

14.4 K(1/3,1/3,0), 048 049 121 25 2 4.3
—0.37

8.8 A(0,0,1/2), 217 208 004 002 1 0.3
—-0.16

“Effective masses m;(m,) (i = x, y, z), carrier pocket degeneracy N,, anisotropy ratio R = m,,/ (mxxmyy)” %, and effective mass quality factor B =
N33 R'3 in the ab plane, for CB minima and VB maxima of WSe, strained and unstrained bulk. The extremum points are specified in the fraction
of primitive reciprocal space vectors k; (j = 1—3), and their localization in electronvolt is relative to CB minimum and VB maximum.

X (M—M) bonding through sp® hybridization and the strong
M—X bonding inside MX, layers. We use the crystal orbital
Hamilton population (COHP) method to extract the bonding
information for different pairs of atoms and their orbital
contributions.”" Figure S8 shows COHP for M—Se and Se—Se
intralayer bonding, Se—Se interlayer bonding (van der Waals),
and Se—Se and M—M in-plane bonding through sp*
hybridization in the ab plane (see Figure S7 for Se—Se
interactions). In the case of bulk structures, all of these pairs of
atoms have contributions to the top VB (resp. bottom CB)
states through antibonding and bonding interactions (Figure
S8). There are significant differences between the WSe, bulk
and 1 ML: the states responsible for in-plane and intralayer
Se—Se interactions of WSe, 1 ML are better stabilized in
energy compared to the WSe, bulk, being localized below —1.5
eV in the VB and above 1.3 eV in the CB (Figure 4a,b). The 1
MLs of HfSe, and SnSe, also have p, contributions to VB
states from the 7 in-plane Se—Se bonding and 7* intralayer
Se—Se antibonding interactions lower in energy by —1.5 eV
compared to the bulk (Figure 4c—f). The d,, contributions to
CB states from o (resp. 6*) in-plane Hf—Hf interactions of
HfSe, 1 ML are shifted up in energy above 1.5 eV (resp. 3eV)
(Figure 4c,d). The COHP analysis shows that the in-plane Se—
Se and M—M bonding interactions achieved through the sp*

hybridization and intralayer Se—Se bonding can be signifi-
cantly affected by the quantum confinement and applied
epitaxial strain.

3.3. Effective Masses and Anisotropy of TMD
Electronic Bands. It is important to look in a more
quantitative way at the effect of anisotropy and degeneracy
of electronic bands on TE performance (ZT and quality factor
B). For this reason, we introduce the effective mass quality
factor B, which is directly proportional to B. Large B, values
maximize ZT at a given constant density of states effective
mass my = const., which translate to a constant carrier density n
at a given T (Supporting Information). For cubic materials and
other trigonal materials having ellipsoidal pockets tilted with
respect to crystallographic directions, B, is defined as

Nm
B:vd

m

= le“R“(z + i)
my 3 R 2)
where my is inertial or conductivity mass (m. = m;), N, is the
band multiplicity/degeneracy, and R = my/m, is the band
anisotropy ratio between longitudinal and transverse effective
masses of the ellipsoidal carrier pockets. In the case of highly
anisotropic TMDs, the longitudinal ellipsoidal axis is parallel to
the ¢ crystallographic direction such that the effective mass
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Table 4. Effective Masses m;(m,) (i = x, y Orthogonal Directions, and m, = Free Electron Mass), Carrier Pocket Degeneracy
(or Band Multiplicity) N,, and 2D Effective Mass Quality Factor B2® = N2 for CB Minima and VB Maxima of SnSe, 1—2 MLs"

Conduction band (CB), n-type doping

Valence band (VB), p-type doping

extremum point, its

localization My m,, m,, R N,
SnSe, 1 ML M(1/2,0,0) 0.60 0.39 3
SnSe, 2 ML M(1/2,0,0) 0.70 0.41 3
M(1/2,0,0), 0.66  0.44 3
+0.27
SnSe, bulk ML(0.57,0,0.34) 0.57 0.37 0.25 0.5 6
+2% strain
'(0,0,0), 0.1 0.1 0.11 1.1 1
+0.12
K(1/3,1/3,0), 0.78 0.78 0.33 0.4 2
+0.61
SnSe, bulk ML(0.55,0,0.35) 0.52 0.34 0.30 0.7 6
—2% strain
1'(0,0,0), 0.11 0.11 0.14 1.3 1
+0.79
K(1/3,1/3,0), 0.58 0.58 0.32 0.6 2
+0.58
SnSe, bulk ML(0.56,0,0.34) 0.55 0.36 0.27 0.6 6
1'(0,0,0), 0.11 0.11 0.12 1.1 1
+0.45
K(1/3,1/3,0), 0.64 0.64 0.32 0.5 2
+0.56

B/ extremum point, its B/

Bab localization My m, my, R N, B,u.

9 'M(0.14,0,0) 125 0.3 6 36
'(0,0,0), 033 033 11
-0.14

9 'M(0.15,0,0) 136 051 6 36

9 1'(0,0,0), 031 031 1 1
—0.16
A(0.13,0.13,0), 151 167 6 36
-0.07

15.7 A(0.05,0.05,0) 157 17 019 01 6 92

1 A(0,0,1/2), 483 57 222 04 1 07
—0.66 0.21 0.21 2.22 10.6 1 2.2

2.3

17.6 I'L(0.15,0,0.14) 1.06 0.43 1.42 2.1 6 254

11 A(0.08,0.08,0), 152 139 036 03 6 133
—-0.02

27 A(0,0,1/2), 675 428 237 04 1 07
-0.14 0.18 0.18 2.37 13.2 1 2.4

16.7 A(0.07,0.07,0) 113 132 027 02 6 116

1 A(0,0,1/2), 919 324 218 04 1 07
—0.41 0.19 0.19 2.18 11.5 1 2.3

2.5

“Effective masses m;(m,) (i = x, y, z), carrier pocket degeneracy N,, anisotropy ratio R = m,,/ (mxxmyy)l/ %, and effective mass quality factor B =
N33 RY3 in the ab plane, for CB minima and VB maxima of SnSe, strained and unstrained bulk. The extremum points are specified in the fraction
of primitive reciprocal space vectors k; (j = 1—3), and their localization in eV is relative to CB minimum and VB maximum.

quality factors By, ,, (resp. B, ) for transport in the ab plane
(resp. along the ¢ direction) of the TMD bulk and B2 of TMD
MLs are defined as (Supporting Information)

Nymy $/3p1/3
'm,ab = = Nv R
m, 3)
N m _
B, =~ 4 _ Nf/3R 2/3
m (4)
N.m2P
BiD _ Ny Nf
m, (8)
12 12 2D
where m = my, My = (mxxmyy) / yR= mzz/(mxxmyy) / ) and my

= Nv(mxxmyy)l/ % is the 2D density of states effective mass of
TMD MLs given in terms of orthogonal effective masses.
Tables 3 and 4 show the effective masses m;; (i = x, y, z) of
charge carriers, anisotropy ratio R for bulk structures,
multiplicity N, of electronic bands (resp. degeneracy of carrier
pockets), and effective mass quality factors BX> and B,, for
carrier pockets of 1—2 MLs and strained (unstrained) bulk
structures of WSe, and SnSe,. These values were also
estimated for extremum points located up to 0.8 eV above
(below) the main minimum (maximum) of CB (VB) to
compare the effect of strain. Secondary valleys located up to
~0.5 eV from the CB minimum and the VB maximum can still
be active in electronic transport at high T and large carrier
concentrations. The effective masses mxx(myy) for CB minima
at K and A points of WSe, 1—-2 MLs are in the range 0.3—

0.47m,, comparable to those of WSe, bulk (0.36—0.42m,). The
strain affects m,,(m,,) values only slightly but significantly
changes the energy position of CB minima. For the +1% strain,
all three CB minima at K, A, and H points are close in energy
and contribute to electronic transport and, together with the
large B, ;, ~ 21 and R ~ 290 values, produce an increase in TE
performance. In the case of p-type doping, m,.(m,,) around the
maximum at K point for WSe, 1-2 MLs is ~0.5m,,
comparable to that of the WSe, bulk. For the maximum at
T, my(m,,) values are ~1.4—4.5m,, quite higher than that of
the WSe, bulk (~0.7m,). The applied epitaxial strain to the
WSe, bulk significantly changes the position of maxima at K
and I" points. A compressive strain of ~—2% increases the
degeneracy of these two maxima, resulting in an enhanced p-
type TE performance of WSe, with B ,, ~4 and R ~ 2 at K
maximum.

The M valley effective masses mxx(myy) of SnSe, 1-2 MLs
around the minimum at M point have values in the range of
0.39—0.70m,, slightly higher than those corresponding in the
ML direction of the SnSe, bulk. Strain applied to the SnSe,
bulk does not significantly change the effective masses of CB
minima along the ML direction and at I" and K points. As in
WSe,, the applied strain significantly changes the energy
position of the CB minimum of SnSe, and other TMDs. A
strain slightly higher than +2% increases the energy degeneracy
of minima along the ML direction (B,,,, ~ 16) and at the I"
point, enhancing only slightly the TE performance for n-type
doping. In the case of p-type doping, m,,(m,,) values of SnSe,
1-2 MLs for the VB maximum along the I'M direction are

'm,ab
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slightly smaller than for the A maximum of the SnSe, bulk.
The strain modifies the effective masses of maxima along the
I'L direction and at A and A points and also the energy
positions of these maxima with respect to the top of VB. A
—29% strain puts the main maximum along I'L (B, ,;, ~ 25, R ~
2), which is almost degenerate with A (B, 4, ~ 13, R ~ 0.3),
and moves to ~—0.14 eV the anisotropic hole pocket at the A
point (B, ~ 2, R ~ 13). All of these maxima are active in
hole transport and responsible for the very good p-type TE
properties of the SnSe, bulk under a compressive strain of
—2%. We also estimate B,, and R values for PbTe and Bi,Te;
to compare with those of high-potential TMDs. Equation 2
gives By, = 15 using R = 9.6 for n-type PbTe’>”” and B,, = 28
using R = 7.6 for n-type Bi,Te;.”*” For the main CB minima
of n-type doped WSe, and SnSe,, B,, ,;, values are comparable
to those of n-type PbTe and Bi,Te;, whereas the anisotropy
ratio R is much weaker for TMDs.

3.4. Thermoelectric Property Dependence on Thick-
ness and Strain. In the constant relaxation time approx-
imation, the relaxation time 7 is considered independent of
energy and T, and 7 = 7, is estimated by fitting the
experimental values of electrical conductivity 6°® at a given
carrier concentration 7 and T. The relaxation time within B1-
WC was determined by fitting 6;® values measured in the ab
plane of TMD monocrystalline materials at different n values
and 300 K (see Table S). The value of 7, in the a direction for

Table 5. Relaxation Time 7, Estimated within B1-WC by
Fitting the Electrical Conductivity 6;* Measured in the ab
Plane of SnSe,, MoSe,, and MoS, Monocrystalline Materials
at Different Carrier Concentrations n and 300 K

6™ (S/m) n (cm™3) 7, (107 5)
SnSe, tip-n® 100 2 x 107 0.48
MoSe, tip-n” 20 3.5 X 10% 1.04
MoS, tip-n® 3 6 x 10 1.04
WSe, tip-p” 600 3 x 107 39

9Ref 96. PRef 97.

n-type doping is ~1 X 10™'* s, and this value was used in the
study of TE properties of TMDs. The electrical conductivities
6.® measured in the ¢ direction are 2 orders of magnitude
smaller than 6%® (6%%/6%% ~ 0.01).””° By fitting 0%, the
relaxation time 7, is ~1 X 107'¢ s. This confirms that the
preferential transport direction is along TMD layers (ab
plane). Many TMDs including sulfides, MoSe,, ZrSe,, and
HfSe, have in-plane lattice/phonon thermal conductivities «;,
larger than 10 W/(m K) at 300 K,'* which will reduce their
ZT. The dependence of the TE properties on thickness and
strain is studied for the most promising TMDs (WSe,,"®
MoTe,,'"% and SnSe,'?"'%%), which also have Ky, values
smaller than 10 W/(m K) at 300 K.

The PF values estimated as a function of the chemical
potential ¢ at 300 K for 1-3 MLs and strained/unstrained
bulk structures of WSe,, MoTe,, and SnSe, are shown in
Figures S9—S11. The dependence on layer thickness and strain
for the power factor component PF,, along the a direction,
estimated at experimentally accessible optimal y values, is
summarized in Figure S. The PF,, of WSe, 1-3 MLs has
values of ~1.2—6 mW/(m K*) at optimal u ~ 1-14 eV
relative to the middle of the band gap, which corresponds to u
lying near the CB minimum, at K (1 ML) or A (2—3 MLs)
points (Figure S4a—c). The maximum PF,, of ~6 mW/(m K?)

is found in the 2 ML structure by increasing the energy
degeneracy of CB minima at K and A points (Figure S4b).
This maximum value of ~6 mW/(m K?) is comparable to that
of Bi,Te; (PF ~ 5—6 mW/(m K?) at 300 K). PF,, values of
~12—6 mW/(m K*) at 300 K for WSe, 1—-3 MLs are
comparable to the estimated experimental values of ~4 mW/
(m K?) (~3 mW/(m K?)) for p-type (n-type) gate-doped
ultrathin WSe, single crystals consisting of ~1—2 MLs.”” For
WSe, 1 ML, a theoretical value of ~0.86 mW/(m K*) (~0.83
mW/(m K?)) was estimated for n-type (p-type) doping at 300
K.** In the case of strained bulk WSe,, PF,, was ~3.2 mW/(m
K?) at optimal y ~ 0.8 eV and a tensile strain of +1% (Figures
5 and S9f). PE,, of the WSe, bulk is ~2.9 mW/(m K?),
comparable to that of PbTe at 300 K (Figures 5 and S9¢). For
p-type doping at optimal y ~ —1.4eV, PF,, is ~2.8 mW/(m
K?) for 1 ML and ~3.8 mW/(m K?) for bulk WSe, under a
compressive strain of —2% (Figures S and $9a,d).

The n-type PF,, of MoTe, 1—3 MLs is ~2.7—5.8 mW/(m
K?) at optimal u ~ 0.8—1 eV (Figures S and S10a—c). The
maximum PF,, of ~5.8 mW/(m K?) corresponds to the 1 ML
structure, achieved through the energy degeneracy of CB
minima at K and A points (Figure S5a). For MoTe, 1 ML, also
a theoretical value of ~0.97 mW/(m K*) (~1.06 mW/(m K?))
was estimated for n-type (p-type) doping at 300 K.** A tensile
strain of +2% almost doubles the n-type PF,, of the MoTe,
bulk from ~1.6 to ~2.9 mW/(m K?) (Figures S and S10e,f),
while a compressive strain of —2% increases the p-type PF,, of
the MoTe, bulk from ~2.1 to ~2.6 mW/(m K?) (Figures S
and S10d,e). The n-type PF,, of SnSe, 1—3 MLs has values of
~1.4-3.1 mW/(m K?) at optimal y ~ 0.7—0.8 eV (Figures 5
and Slla—c). The maximum PF, of ~3.1 mW/(m K?)
corresponds to a 3 ML structure, being achieved by the
contribution in transport of a very anisotropic band at the M
point, which forms the CB minimum (Figure S6¢). The
maximum n-type PF,, value of ~1.6 mW/(m K?) for the SnSe,
bulk is similar to the maximum experimental value of ~1.2
mW/(m K?) measured in n-type doped SnCuggosSe; osBro s
polycrystals nanostructured through grinding and spark plasma
sintering (SPS) in which Cu intercalates between SnSe, layers
accordin% to transmission electron microscopy (TEM)
analysis'” and smaller than the values of ~0.8 mW/(m K?)
for n-type doped SnSe;gsBrog, SPS nanostructured poly-
crystals,"”> ~0.8 mW/(m K?) for n-type doped SnSe; o5Clo 015
SPS pellets of oriented nanoplates,'”* and ~0.35 mW/(m K?)
for n-type doped SnggoAgyo;Se; SPS nanostructured poly-
crystals at 773 K.'” Theoretical n-type PF,, values of ~0.38
and ~15.6 mW/(m K?) for the SnSe, bulk were estimated
using a smaller value of 7, = 0.128 X 107'* s fitted on 65 of
SnSe, single crystals®® and a larger theoretical value of 7, = 6.9
X 107" s at 300 K. The —2% compressive strain increases
the p-type PF,, of the SnSe, bulk by a factor of ~5.6, from
~0.8 to ~4.5 mW/(m K?) for the optimal doping that can be
achieved experimentally at 4 ~ —0.6 eV (Figures 5 and
Slild,e).

At high T (T > 600 K), the constant relaxation time
approximation overestimates the PF. We went beyond this
approximation considering a 1/T temperature dependence for
relaxation times due to the scattering of charge carriers by
acoustic and optical phonons, which are dominant at high T.*
PF values estimated as a function of u at 800 K for 1-3 MLs
and strained/unstrained bulk structures of WSe,, MoTe,, and
SnSe, are shown in Figures S12—S14. PF,, dependence on
layer thickness and strain estimated at optimal y values and
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800 K is also included in Figure 5. WSe, 1—3 MLs show an n-
type PF of ~2.4—5 mW/(m K?) at 800 K and optimal u
(Figures S and S12a—c). WSe, bulk under a +1% tensile strain
has a maximum n-type PF,, of ~3.8—4 mW/(m K?) (Figures 5
and S12f). For p-type doping, the maximum PF,, at 800 K is
~3.8 mW/(m K?) in WSe, 1 ML and ~5.2 mW/(m K?) in the
WSe, bulk under a —2% compressive strain (Figures S and
S12d). For MoTe, MLs and strained bulk at 800 K, the
maximum n-type PF,, is ~4.6 mW/(m K?*) in MoTe, 1 ML
and the maximum p-type PF,, is ~3.6 mW/(m K?) for —2%
strain (Figures S and S13a,d). In the case of SnSe, 1—3 MLs,
the maximum n-type PF,, at 800 K is comparable to that at
300 K, whereas for strained bulk SnSe,, the maximum n-type
PF,, at 800 K is ~3 mW/(m K?). For p-type doping of SnSe,
1—3 MLs, the maximum PF_, at 800 K is ~3.3 mW/(m K?),
whereas for strained bulk SnSe,, the maximum p-type PF,, at
800 K is ~4.9 mW/(m K?) (Figures 5 and S14).

The dependence of ZT on layer thickness and in-plane strain
for WSe,, MoTe,, and SnSe, at optimal y values is summarized
in Figure 6, while ZT(u) values along the a(c) directions are
shown in Figures S15—S17. The lattice/phonon thermal
conductivities &, (k) along the a (c) directions used in the
estimation of ZT were taken from experimental or theoretical
data. The values of k, (k;,) at 300, 600, and 800 K for WSe,
are 10 W/(m K) (1.5 W/(m K)), S W/(m K) (0.75 W/(m
K)), and 3.75 W/(m K) (0.56 W/(m K));'” for MoTe,, they
are 9.8 W/(m K) (1.9 W/(m K)), 4.9 W/(m K) (0.95 W/(m
K)), and 3.68 W/(m K) (0.71 W/(m K));'* and for SnSe,,
they are 7.3 W/(m K) (0.8 W/(m K)), 3.65 W/(m K) (0.4
W/(m K)), and 2.74 W/(m K) (0.3 W/(m K)).'"”"'°* The
maximum n-type ZTs at 300 K are ~0.1—0.15 for 1—3 MLs of
WSe,, MoTe,, and SnSe,. The ZT values are larger than the
theoretical ZT ~ 0.005—0.075 of WSe, 1 ML estimated at 300
K using &, = 19.5 W/(m K) and considering the effect of
substrate, interface phonons, and dynamic screemng ? n- Type
ZTs ~ 0.33," ~0.9, *'and ~1*° of WSe, 1 ML and ZT ~ 0.46
of MoTe, 1 ML** were estimated theoretlcally at 300 K using
theoretical xj, = 0.66"* and 0.3 W/(m K),*' an experimental
K, = 34.5 W/(m K),* and a theoretical Ky, = 0.54 W/(m K),*
respectively. These larger n-type ZTs are mainly due to the
smaller used «j,, and in the case of ref 40 are due to the larger
relaxation time of 7, ~ 2.3 X 1072 s that we estimate for a 14
nm mean free path of charge carriers. Quantum confinement in
1-3 MLs of WSe,, MoTe,, and SnSe, increases the maximum
ZT for n-type doping at 800 K compared to bulk structures.
The maximum ZT values are ~0.8, ~0.8, and ~0.7 at 800 K
for 1-3 MLs of WSe, MoTe, and SnSe, respectively
(compared to ~0.55, ~0.4, and ~0.5 at 800 K for bulk WSe,,
MoTe,, and SnSe,, respectively). The ZT value of ~0.5 at 800
K for the n-type SnSe, bulk agrees well with experimental
values of ~0.6 at 800 K for n-type doped SnSe; 95Cly ;5 SPS
nanostructured pellets'®* and ~0.63 at 800 K for
SnCuy,gosSe; 9sBrog, '~ and ~0.4 at 773 K for Sn0.99Ag0_OISe2mS
n-type doped SPS nanostructured polycrystals. The nano-
structured SnSe, polycrystals have ;, values of ~0.52 W/(m
K) at 800 K,"** ~0.98 W/(m K) at 800 K,'® and ~0.7 W/(m
K) at 773 K,'® which are smaller than the value of the SnSe,
bulk, but at the same time, their PF,, is decreased through
nanostructuring. The theoretical n- type ZT values of ~0. 9%6
and ~3"7 for the SnSe, bulk were estimated using K, = 0. 55%°
and ~2.54 W/(m K).”” The maximum ZT for p-type doped
WSe, 1 ML is ~0.55 at 800 K. A ZT of ~0.14 at 600 K for the
p-type WSe, bulk compares well with experimental values of

~0.14—0.22 measured in Nb-doped W,_,Nb,Se, S, textured
polycrystals under high-pressure pressing, which have PF ~
0.3—0.8 mW/(m K?) and x;, ~ 1.7-2 W/(m K) at 650 K.'*
The tensile epitaxial strain increases ZT at 800 K to ~0.6 and
~0.55 for n-type doped bulk structures of WSe, and MoTe,,
respectively. The compressive epitaxial strain increases p-type
ZT values to ~0.65, ~0.55, and ~0.9 at 800 K for bulk
structures of WSe,, MoTe,, and SnSe,, respectively. These ZT
values of ~0.6—0.9 at 800 K estimated in MLs and bulk
structures of WSe,, MoTe,, and SnSe, under epitaxial strain
are comparable to those of PbTe (ZT ~ 0.8—1 at 650 K),
highlighting the TE potential of these materials for applications
at high temperatures (T ~ 600—800 K). The epitaxial strain
imposed by the substrate of films based on these high-potential
TE materials is an effective way to increase the carrier pocket
degeneracy, in order to exploit both the anisotropic electron
pockets at the K point of WSe, (R ~ 288) and MoTe, (R ~
64) and the A point hole pocket of SnSe, (R ~ 13).

We also considered the explicit Nb doping at the W site in
WSe, and Sb doping at Sn and Se sites in SnSe, using a
supercell approach and performed spin-polarized calculations
including nonmagnetic, ferromagnetic, and antiferromagnetic
orders on the doping elements and their nearest neighbors to
check the nonmagnetic ground state and spin degeneracy of
WSe, and SnSe, doped semiconductors and the validity of TE
properties as predicted by rigid band approximation for low
doping levels. The explicit Nb doping in WSe, and Sb doping
in SnSe, preserve their nonmagnetic semiconducting behavior.
Nb at the W site is a p-type dopant in WSe,, and Sb at the Sn
site acts as a p-type dopant in SnSe, with the Sb ion in a 3+
charge state (Sb**), while Sb at Se sites acts as an n-type
dopant with the Sb ion in a 1— charge state (Sb'~), consistent
with the experimental results (Figure S18). 97 The ma netism-
enhanced thermoelectricity is a hot research topic,'*”'* and
to study the interaction of charge carriers with localized
magnetic spins, the doping of TMDs should be conducted with
magnetic elements such as Mn, Fe, and Co.

4. CONCLUSIONS

The first-principles study of the TMD monolayer and bulk
structures under in-plane strain shows that their electronic
properties depend significantly on the layer thickness (1-3
MLs) and the applied strain. This makes them promising
candidates for electronic band structure engineering: the
applied in-plane strain can be used to increase the carrier
pocket degeneracy of CB and VB bands and to optimize the
TE properties (ZT and PF) of textured and strained thin films.
The accuracy of calculated electronic and TE properties in 2D
materials depends on the ability of the exchange—correlation
functional to describe the structural properties (especially the
c/a ratio) compared to the experiment. COHP analysis reveals
that the electronic charge describing the in-plane and intralayer
X—X interactions is lower in energy for single monolayers than
for bulk TMDs with the 2H structure (X = S, Se, and Te), such
that the carrier transport in single monolayers of 2H TMDs is
mostly achieved through in-plane TM—TM and TM-X
antibonding states. Single monolayers of 1T structures also
have the electronic charge from p, orbitals, which describe the
7 in-plane X—X bonding and 7* intralayer X—X antibonding
interactions, again lower in energy compared to bulk 1T
structures, such that hole transport is achieved through the o*
in-plane X—X antibonding states with sp> hybridization,
whereas the electron transport remains similar to that of
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bulk 1T structures. In spite of the fact that carrier pocket
degeneracy can be tuned by strain and layer thickness, the
effective masses mxx(myy) in the preferential transport direction
of the electron pockets are relatively large (~0.1—3.1m, and
even larger for hole pockets ~0.2—94m,) com4pared to n-type
PbTe”” (~0.025m,) and n-type Bi,Te; " (~0.06m,),
which will limit TMD carrier mobilities. Although the effective
mass quality factors B, , for the main electron pockets of
TMDs are comparable to B, of PbTe and Bi,Te; the
anisotropy R of TMD electronic pockets is much weaker than
that of PbTe and Bi,Te; due to the large effective masses
mxx(myy). Another detrimental effect to TE performance of the
nanostructured TMDs is their weak dielectric screening (in-
plane static dielectric permittivity values of ~15, ~18, and ~10
for WSe,, MoTe,, and SnSe,, respectively), which will result in
scattering of carriers by grain boundary regions, decreasing the
carrier mobilities of polycrystalline TMDs.''® In this respect,
the nanostructuring should be achieved through artificial
heterostructures/superlattices, formed by TMDs with a high
TE potential, which will allow at the same time the reduction
of kj and the use of in-plane strain imposed by the superlattice
periodicity along c. Such superlattices with large thicknesses
and imposed in-plane strain are the most natural routes for
practical TE applications.
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