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The thermoelectric properties of layered MoyAB; (A =S, Se, Te; B = Cl, Br, I) materials are systematically investi-
gated by first-principles approach. Soft transverse acoustic modes and direct Mo d—Mo d couplings give rise to strong anhar-
monicities and low lattice thermal conductivities. The double anions with distinctly different electronegativities of Mo, AB»
monolayers can reduce the correlation between electron transport and phonon scattering, and further benefit much to their
good thermoelectric properties. Thermoelectric properties of these Moy AB; monolayers exhibit obvious anisotropies due to
the direction-dependent chemical bondings and transport properties. Furthermore, their thermoelectric properties strongly
depend on carrier type (n-type or p-type), carrier concentration and temperature. It is found that n-type Mo,AB; monolayers
can be excellent thermoelectric materials with high electric conductivity, o, and figures of merit, Z7. Choosing the types
of A and B anions of Mo,AB5 is an effective strategy to optimize their thermoelectric performance. These results provide
rigorous understanding on thermoelectric properties of double-anions compounds and important guidance for achieving
high thermoelectric performance in multi-anion compounds.

Keywords: thermoelectricity, anharmonicity, lattice thermal conductivity, anisotropy, first-principles calcula-

tions
PACS: 73.50.Lw, 63.22.—m, 73.22.—f, 72.10.—d

1. Introduction

For the past few years, the problem of the fossil fuel cri-
sis and climatic issues has become more and more serious, and
thermoelectricity (TE) materials have been widely studied due
to their low-pollution-environmental-friendly application.!!=]
The energy conversion efficiency in TE technology is mainly
by the dimensionless figure of merit of the employed mate-
rial. It is calculated as ZT = S?6T/k, where S is the See-
beck coefficient, ¢ is the electric conductivity, k is the ther-
mal conductivity including charge carrier (k) and lattice (i)
contributions, 7 is the absolute temperature.[G] Several excel-
lent reviews describe the rules for enhancing TE efficiency

7-10] 1]

by energy-band engineering,! interfacial engineering,|

impurity doping,['>~'% mosaic microstructure,!>! and compo-
nent alloying.[16-18]

The key difficulty in obtaining high TE property with
high o and low « lies in reduce the correlation between elec-
tron transport and phonon scattering, which is usually hard

to carry out. From the definition of the thermoelectricity fig-
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ure of merit, it is clear that material with high electric con-
ductivity and Seebeck coefficient or low thermal conductiv-
ity can actually be an ideal TE material. Whereas, using a
straightforward way to get high TE performance is a difficult
work because of these strong coupling of properties above. It
is demonstrated that some special and complex crystal struc-
tures will reduce thermal conduction without decreasing elec-
tronic transport.'!%%1 The two-dimensional (2D) SnSe can get
ZT =~ 4.31 at 500 K, through properly adjusting interlayer
distance to restrain thermal transport and to improve elec-
tric transport.!?!l Excellent TE properties were achieved in
doped clathrate compounds, in which ¢ and k are weakly
correlated due to the weak coupling between guest atoms
and the clathrate framework.[?>! Theoretical and experimen-
tal works demonstrated that weak coupling between ¢ and kK
requires low-frequency phonon vibrations, resulting in ampli-
fied asymmetric atomic vibrations and enhanced anharmonic-
ities. This strategy was employed in many semiconductors,
such as a-MgAgSb!?! and Cu3SbSe;**! to obtain high TE
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performance.

It is established that low-frequency phonon vibrations
with strong anharmonicities usually appear in TE materials
with complex structures which usually exhibit bonding het-
erogeneity transport anisotropy.>>-?6! Double-anion semicon-
ductors have been proved to be promising TE materials with
complex structures. As a typical double-one, Bi;O;Se, actu-
ally achieves higher carrier transport and lower thermal con-
ductivity compared to Bi>Ses.[??8] Al,A,Se, (A = CI, Br, I)
exhibit anisotropic thermal conductivities due to the direction-

B and

dependent Al-Se bonding.!*’! Monolayer In,Cl,0,
GayI»S,?! show strong anisotropies in their power factors
and low-level thermal conductivity.

As another class of double-anion semiconductors, tran-
sition metal sulfide halides, TM>AB, (TM = Mo, W; A =S,
Se, Te; B = Cl, Br, 1) have been explored to have excellent
anisotropic electric transport properties.’?! The rather com-
plex crystal structures and low lattice symmetry of these mate-
rials make them promising TE semiconductors. Further stud-
ies to explore the TE properties of TM>AB, and the underly-
ing mechanism are in much desire. The unique natures with
respect to other aforementioned double-anion materials in the
TE properties of TMAB; are also far from explored.

In this context, we studied the structural and electronic
properties of layered Mo,AB, (A =S, Se, Te; B = Cl, Br,
I) materials to explore their promising TE performance by
first-principles approach. Excellent TE properties with high
o and low k are revealed. The low x is attributed to soft
Direct Mo—Mo

couplings further reduce the lattice thermal conductivities and

phonon modes with strong anharmonicity.

increase the anharmonicities by introducing low-frequency
phonon modes. TE properties of these Mo,AB, monolayers
exhibit obvious anisotropies due to the direction-dependent
chemical bondings and transport properties. The double an-
ions with distinct electronegativities of MoyAB; monolay-
ers benefit much to their good TE properties. These results
provide a theoretical understanding on the TE properties of
double-anion compounds, and provide instruction to realize
high TE performance in Mo,AB, semiconductors by selecting
the type of anions and regulating carrier type and concentra-
tion.

2. Methodology

Structural optimization and total energy calculations are
performed by first-principles methods as implemented in the
Vienna ab initio simulation package (VASP)!33! with the

projector augmented-wave method. 4]

Electronic exchange—
correlation is described by the Perdew—Burke—Ernzerhof
(PBE) functional within the generalized gradient approxima-
tion (GGA).?1 The cutoff energy of the planewave basis is set

as 400 eV. A 8 x4 x 1 k-point mesh in the first Brillouin zone

(BZ) is used in structural relaxation and total energy calcula-
tions. All the structures are fully optimized with a force toler-
ance of 107% eV/A on each atom. A vacuum layer larger than
15 A along the out-of-plane direction is adopted to eliminate
interactions between adjacent images. Detailed features of
chemical bonding of Mo,AB; are explored by calculating the
crystal orbital Hamiltonian populations (COHPs). *%! Through
post-processing the data from VASP calculations, projected
COHP (—pCOHP) results for chemical bondings can be ob-
tained by using LOBSTER software. 3]

Accurate electronic structures are calculated by using hy-
brid Heyd—Scuseria—Ernzerhof (HSE06) functional with the
default mixing parameter of 0.20, as implemented in PWmat
package.384%1 The phonon dispersion of all the employed
systematically calculated by density functional perturbation
theory method!*!! with the second-order interatomic force
constants (IFCs) considered, as implemented in PHONOPY
software.[*>*3] The third-order IFCs are obtained by resolv-
ing the irreducible set of atomic displacements with assist of
the THIRDORDER.PY script.[**l A 2 x 1 x 1 supercell with
the k-grid mesh of 2 x 2 x 1 is used in the second- and third-
order IFCs calculations with the energy and force convergence
criteria of 1078 eV and 107 eV/A, respectively. The cut-off
radius of the nearest interaction is set as 1.40 nm in the third-
order IFCs calculations. All the parameters related to the third-
order IFCs calculations are tested for convergence, as shown
in Fig. S3 in supporting information.

Based on the second- and third-order interatomic force
constants, the temperature-dependent lattice thermal conduc-
tivities (ki) are obtained by ShengBTE software package!**!
through solving the linearized phonon Boltzmann transport
equation (BTE)

K = Zfo fo+1)

viF} 1
kg T2_QN (heon ) v F. M

where kg stands for the Boltzmann constant, and 7T is absolute
temperature. 7 is the reduced Planck constant. fo stands for
the Bose—Einstein distribution. €2 is defined as the volume of
the unit cell and N is the number of Gamma-centered k-points,
N =10 x 10 x 1 in first BZ for this work. The ®@; and v,
are the angular frequency and phonon group velocity of the
phonon mode A, respectively. The component of the phonon
mean free path (MFP) along the b direction is represented as
F}.

The electric transport properties as functions of carrier
concentration and temperature are calculated using BOLTZ-
TRAP code.*! The electric conductivity ¢ and Seebeck co-
efficient S are expressed as

G:ez/de(—??>20kvk1k, )

_ ekp dfop\e—n
Sc/d(e( ag) T kavkrk, 3)
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where fj represents the equilibrium Fermi distribution func-
tion. 7 is the chemical potential. 7; and vy stand for the car-
rier relaxation time and group velocity of an electron at the k
state, respectively. The deformation potential (DP) theory is
employed to calculate the carrier mobility and carrier relax-
ation time, and the details of these calculations are given in
supporting information.

3. Results and discussion

Bulk Mo,AB, (A =S, Se, Te; B = Cl, Br, I) holds space
group of Pmma with layered structure. Figure 1(a) shows the
crystal structure and the first BZ of monolayer Mo,AB,. The
unitcell of monolayer Mo,AB; contains total 30 atoms due to
its relative low symmetry in comparison with transition metal
dichalcogenides. The in-plane lattice constants of monolayer
Mo,AB; are listed in Table S1. Due to the orthogonal crystal

structures, these monolayers present obvious anisotropic fea-

tures in their structural and transport properties. 32!
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Fig. 1. (a) Crystal structures of Mo,AB, monolayer. The interlayer
direction is redefined to along the ¢ direction. Its first Brillouin zone
with high-symmetry points labeled is also plotted here. (b) Calculated
Young’s modulus (blue and orange points), ¥, and bulk modulus (red
points), K, of MoAB; monolayers.

To evaluate the thermodynamic stability of these mono-
layers, the phonon dispersions are calculated in Fig. 2. It is
found that monolayer Mo,;SB, (B = Cl, Br, 1), Mo,SeCl,,
and Mo, SeBr, show no imaginary frequencies in their phonon
spectra, indicating they are dynamically stable. While phonon
dispersions of other four Mo,AB, monolayers employed in
this work present an imaginary frequency at S (0.5 0.0 0.0)
point. It is found that heavier A and B anions tend to reduce
the dynamic stability of Mo,AB, monolayer. Additionally, for
a given vibration mode, its phonon frequency decreases as the

atomic masses of A and B increases. Consequently, the speed
of sound also decreases with the atomic number of A and B
ions, following the inverse proportionality between the speed
of sound and the atomic mass.

Exploring the mechanical properties of a material is usu-
ally helpful to evaluate its thermal transport properties. In
Fig. 1(b) and Table S1, elastic constants, C11, Cz, Ci2, Ceg
and associated Young’s modulus Y, and bulk modulus K, are
calculated. The elastic constants of all the structures satisfy the
thermostable rules in orthogonal symmetry (C;; > 0 & Cop >
0& Cye6>0&C11-Crp > C%z). Our results indicate that all the
Mo,AB; monolayers exhibit good mechanical stability with

1321 High anisotropies are observed

moderate Y and K values.
in their Young’s modulus due to their anisotropic characters of
chemical bondings. Especially, as the atomic sizes of A and B
atoms increase, the anisotropies of mechanical properties are
enhanced. Detailed analysis of their crystal structures can pro-
vide clear evidence for the increasing anisotropy. Specifically,
it is observed that the Mo-A bondings exhibit high-covalency
characters along the b direction, which results in the larger
Young’s modulus along this direction than along the a direc-
tion. As a result, the acoustic velocity and associated thermal
conductivity along the b direction is expected to be higher than
the a direction. Furthermore, it is noted that these Mo,AB;
monolayers have low bulk modulus about 50 N/m. So relative
weak chemical bonding is expected in Mo,AB, monolayers. It
can be assumed that these Mo,AB, monolayers should exhibit
low thermal conductivities due to their soft lattices with high
ionic bondings.

From the phonon dispersions in Fig. 2, we also found
that acoustic velocities corresponding to transverse acoustic
(TA), longitudinal acoustic (LA) and the third acoustic (ZA)
modes are different from each other. It should be mentioned
that all these three acoustic modes exhibit weak dispersions
in the image, resulting in low acoustic velocities. Further-
more, there is no energy gap between acoustic modes and
low-frequency optical phonon modes, indicating the existence
of strong phonon scattering between low-frequency optical
modes and acoustic modes. These results reveal that there ex-
ists relative strong three-phonon scattering in Mo,AB> mono-
layers. Consequently, lattice thermal conductivity can be re-
stricted by this three-phonon scattering restrains the thermal
conductivity, severely enhancing the thermoelectric perfor-
mance of these materials.

Electronic properties and orbital coupling characters are
intimately related to the thermoelectric properties of a ma-
terial. From the electronic band structures in Fig. S1, it is
found that all Mo,AB, monolayers have direct bandgaps at
the S (0.50.00.0) point of the first BZ (Fig. 1(a)). Accurate
electronic structures are obtained by using HSE06 functional
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method. As shown in Fig. 3(a), the bandgap of Mo,AB, mono-
layer shows significant dependence on the atomic number of
A and weak dependence on that of B anions. Further evidence
can be obtained from their projected density of states (PDOS)
in Fig. S2. Compared to chalcogenide A ions, B ions have ma-
jor contributions to conduction band states. The VBM states
are mainly composed of Mo 4d and A p orbitals. Addition-
ally, Mo,AB; monolayers are expected to have similar magni-
tude of Seebeck coefficients due to their rather similar general

features in their electronic structures near the Fermi level. In
Fig. 3(a), energy positions of bandedge states, the VBM and
CBM states, of these Mo,AB; monolayers with respect to the
vacuum level are calculated on the HSEQ6 level. For given A
in M0yAB,, energy positions of the VBM and CBM increase
with the atomic number of B. As the atomic number of A in-
creases, the VBM states shift up, but inverse trend for CBM
state. This is mainly attributed to the increasing atomic level
of B (or A) p orbitals.

Frequency (THz)
Frequency (THz)

Frequency (THz)

Frequency (THz)
Frequency (THz)

Frequency (THz)

Frequency (THz)
Frequency (THz)

Frequency (THz)

G X Y S G

Fig. 2. The phonon band structure of monolayer (a) M0,SCly, (b) M02SBr», (¢) M0,SI,, (d) M0,SeCly, (e) Mo,SeBr,, (f) Mo, Sel,, (g) Mo, TeCl,,

(h) Mo, TeBr, (i) Mo, Tel,.

It is known that the electric and thermal conductivities as
well as associated thermoelectric properties severely depend
on the chemical bonding characters of the bandedge states. To
reveal the chemical bonding characters of the bandedge states,
the VBM and CBM states, of Mo,AB, monolayers, Mo, SCl,
monolayer is taken as an example to calculate the -pCOHP In
Fig. 3(b). It can be seen that the CBM state is mainly com-
posed by the antibonding states of Mo—Mo, Mo-S, and Mo—
Cl bonds. While the VBM state is formed by bonding state
of Mo—Mo bond and antibonding states of Mo—S and Mo—Cl
bonds. With increasing atomic numbers of A or B, weakened
antibonding coupling of Mo d-Mo d orbitals tend to reduce
the energy positions of the CBM state. As given in Tables 1

and 2, carrier effective masses, m, and my, of Mo,AB; mono-
layer decrease with increasing atomic number of A due to the
enhanced band dispersion. While from Mo,ACl,, M0,ACl,,
to MoyAly, my and me along the b direction increase, which
can be ascribed to the decreasing electronegativity from Cl, Br
to L. It has been proved that this d—d coupling is responsible for
the high carrier mobility and strong anisotropies in mechani-
cal and electronic properties.??) Of more importance is that
the coupled Mo—Mo dimers can enhance the anharmonicity
and the scattering of acoustic phonons, which should be bene-
ficial to achieve low lattice thermal conductivity. This unique
d—d coupling can be essential to the thermoelectric properties
of Mo,AB; monolayer.

107304-4
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Fig. 3. (a) Energy positions of bandedge states and bandgaps of
Mo,AB; monolayers. (b) The -pCOHP analysis for the Mo—Cl, Mo-S,
and Mo—Mo bondings in Mo,SCl, monolayer. —-pCOHP values on the
left side of the dashed line indicate the anti-bonding states and the those
on the right side mean the bonding states.

Table 1. The calculated carrier effective mass m*, carrier mobility u (in
units cm?/(V-s)) and carrier relaxation time T (in unit ps) along the a and
b directions of Mo,AB, monolayers for electrons. my is the static mass of
electron.

Materials Electron
Ha Wy Ta T my/m  my/m
Mo, SCl, 17045.51 59147 411 0.15 0.99 1.03
Mo, SBr; 9220.26 620.21 425 0.39 0.81 1.11
Mo, SI, 10158.50 618263 4.11 044  0.71 1.26
Mo, SeCl, 228.37 1187.15 0.11 0.14  0.82 0.21
Mo, SeBr; 463.11 114391 0.18 0.16  0.70 0.25

Mo, Sel, - - - - 1.02 0.65

Mo, TeCl, 978.52 5012.35 034 029 061 0.10
Mo, TeBr, 1187.29  4019.18 036 0.25 0.54 0.11
Mo, Tel, 1868.24  3074.72 0.51 024 047 0.14

Insights into electrical transport properties of Mo,AB>
can be obtained from carrier mobility (u), carrier relaxation
time (7), and effective mass (m*) in Table 1 and Table 2. Our
results show that electrons in Mo,SB> and holes in Mo,SeB»
and Mo, TeB; have ultra-high carrier mobilities along the a
direction and long carrier relaxation time due the weak LA
scattering. We confirmed this by calculating the deformation
constants in the LA mode, as given in Table S2 in supporting
information. Weak LA scattering in Mo,AB; monolayers re-
sults in large carrier relaxation time and high carrier mobility,
especially along the a direction. According to Egs. (2) and
(3), Mo,AB; monolayers can achieve high electric conductiv-
ity and large Seebeck coefficient due to the high carrier relax-
ation time. Our results indicate that excellent charge transport

property and strong anisotropy widely exist in these Mo,AB;
semiconductors, which indicates that Mo,AB, can be utilized
as optoelectronic and thermoelectricity devices.

Table 2. The m*, u (in unit cm?/(V-s)), and 7 (in unit ps) of M0,AB;
monolayers for holes in two directions. my is the static mass of electron.

Materials Hole
Ua Up Ta T omy/m my/m
Mo, SCl, 171.55 1051.64 0.12  0.13 1.25 0.22
Mo, SBr; 217.29 868.96 0.15 0.12 1.17 0.25
Mo, SI, 221.75 802.29 0.18  0.15 1.40 0.32
Mo, SeCl, 2921.19 3102.58 1.33 032 0.80 0.18
Mo, SeBr; 1869.64 2580.88 0.83 029 0.78 0.19

Mo, Sel, - - - - 0.83 0.22

Mo, TeCl, 3407530 11156.61 833 0.63 043 0.10
Mo, TeBr,  25726.60  9428.11 629 054 043 0.10
Mo,Tel,  42791.10 707227 1095 044 045 0.11

As a typical Mo,AB, monolayer, Mo, SCl, monolayer is
employed to investigate its thermoelectric performance to pro-
vide a comprehensive understanding on the physics of ther-
moelectric properties of Mo,AB; monolayers. In Fig. 4, the
direction-dependent electrical transport properties of Mo, SCl,
monolayer at different temperatures and carrier concentra-
tions are calculated by solving the BTE, implemented in the
BOLTZTRAP code.*] We find in Figs. 4(a) and 4(b) that the
Seebeck coefficient S shows no obvious direction-dependent
variations and decreases with carrier concentration. At 300 K
|S‘ of MOzsCIZ
in the a direction and

with carrier concentration of 10'2 cm™2
monolayer for n-type are 363 pV-K~!
322 pLV~K’1 in the b direction, which are much larger than
those of SnTe (< 150 uV-K~! for p-type carriers)!*! and PbTe
(< 120 wV-K~! for p-type carriers).!47!

Figures 4(c) and 4(d), show that the calculated electric
conductivities, o, of Mo,SCIl, monolayer increase with the
carrier concentration, n. More importantly, for p-type conduc-
tivity, ¢ along the b direction is much higher than that along
the a direction due to the smaller hole effective mass along the
b direction. While in the case of n-type conductivity, electron
mobility along the a direction is higher than that along the b di-
rection. Low scattering rates of the LA mode to electrons give
rise to the high electric conductivity, especially in Mo,SCl,
along the a direction.

It should be mentioned that electronic thermal conduc-
tivity, ke, of these monolayers does not vary by much due to
their similar general features in their chemical bonding, fol-
lowing the Wiedemann—Franz law (48] (k. = LoT, where L is
the Lorenz factor which can be estimated from the Seebeck
coefficient, and L = 2.45 x 1078 W-Q-K~2. In Figs. 4(e) and
4(f), the carrier thermal conductivities, K. of Mo,SCl, are cal-
culated. It is revealed that k. of M0, SCI, monolayer as n-type
or p-type semiconductor exhibit similar variations as functions
of n. It is found that along the a direction, o and k of n-type
Mo,SCl, are significantly larger than corresponding values of
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p-type one. These results are in line with the results of carrier
mobility and carrier relaxation time in Tables 1 and 2.

In Figs. 4(g) and 4(h), the power factor (PF = SZG) val-
ues of Mo, SCI, monolayer as n-type or p-type semiconductor
are calculated. Along the b direction, PF values of n-type
and p-type Mo,SCl, monolayers exhibit rather similar varia-
tions with carrier concentrations with the maximum value of

8.86 mW/mK?2. Along the a direction, Mo,SCl, monolayer
has much higher PF values as an n-type semiconductor than
a p-type one due to the larger Seebeck coefficient and electric
conductivity along this direction. The maximum PF value of
n-type Mo,SCl> monolayer at 300 K is 73.85 mW/mK? along
the a direction. The high PF value implies that Mo, SCl, will
have excellent thermoelectric performance.
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b . Y
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Fig. 4. Calculated thermoelectric parameters of Mo, SCl, monolayer at different temperatures and carrier concentrations. The p-type (a) and n-type (b)
Seebeck coefficient S. The p-type (c) and n-type (d) carrier conductivity o. The p-type (e) and n-type (f) electronic thermal conductivity k., the p-type (g)

and n-type (h) power factor, PF.

In Fig. 5(a), Mo,SCIl, monolayer is taken as an exam-
ple to calculate its detailed phonon dispersion and phonon
density of states. It is found that, (i) high-frequency vibra-
tions (> 8 THz) are mainly contributed by the covalent Mo—
S bondings. (ii) Mo-Cl bondings give rise to vibrations at
about 4.5 THz-8.5 THz.
inate from high ionic Cl and Mo ions exhibit weak disper-

(iii) Acoustic phonons that orig-

sions. As a result, sound velocity in Mo,SCl, monolayer is
relatively low. (iv) The three acoustic modes (TA, ZA, and
LA) show direction-dependent dispersions, indicating differ-
ent sound velocities along the a and b directions. Anisotropies
in lattice thermal conductivity and thermoelectric performance
are predicted. (v) Large amount of low-frequency optical vi-

brations (1.0 THz—4.0 THz) are flat and mainly contributed by
Mo atoms with minor contribution of Cl atoms, which corre-
spond to the relative weak d—d bondings of Mo atoms. Ad-
ditionally, LA and TA phonon modes at the high-symmetry
S and X points become softened. The thermal conductiv-
ity along the a and b directions will be significantly reduced
by these soft modes. Furthermore, these phonon modes
show weak dispersions, indicating corresponding vibrations
are highly localized and introducing the nearly zero-velocity
optical phonon modes. These existing low-frequency local-
ized vibrations have significant contribution to the reduced

thermal conductivity.

102
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: Q@ Optical 5
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[}
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[a W}
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o

Fig. 5. (a) Phonon dispersions and phonon density of states of Mo, SCl, monolayer. (b) Calculated Griineisen parameters, ¥, of three acoustic
phonon modes and optical phonon modes of Mo, SCl, monolayer at 300 K. (c) The phonon relaxation time of acoustic and optical phonons of

various frequencies at 300 K.

In addition to the phonon frequency, anharmonicity fea-
tured by the Griineisen parameter, is another important factor
in lattice thermal conductivity. In Fig. 5(b), Griineisen param-

eters of the three acoustic and optical modes are calculated.

Our results reveal that ZA modes have large Griineisen pa-
rameters, which means that strong anharmonicity exists, while
Griineisen parameters for LA, TA, and optical modes are much

smaller. The strong phonon anharmonicity enhances phonon
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scattering and greatly reduces thermal conductivity. Further
support for the low thermal conductivity of Mo,SCIl, mono-
layer comes from the phonon lifetime calculations, as shown
in Fig. 5(c). Itis revealed that the acoustic modes exhibit much
longer lifetimes than optical modes, implying the major roles
in the thermal conductivity. Specifically, all the three acous-
tic phonon have low lifetimes (~ 10 ps) compared to other
results, ?-3!1 which results in low thermal conductivity.

Then we turn to calculate the lattice thermal conduc-
tivity at 300 K, xj3, of Mo,SCl, monolayer, as shown in
Fig. 6(a). It is found that k; decreases with temperature. At
the room temperature (7" = 300 K), Mo,SCIl, monolayer ob-
tains rather low & of 1.14 W-m—1.K~! for the a direction and
2.29 W-m~!1.K~! for the b direction, respectively. Figure 6(b)
shows the cumulative lattice thermal conductivity along both
directions. It is revealed that the acoustic modes make ma-
jor contribution (75% for the a direction and 69% for the b
direction) to k. Optical phonon with high frequencies have
more influence on the thermal conductivity in the b direction.
The phonon frequency @ is proportional to the sound velocity
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in the long-wave limit (or at the center of BZ). Actually, the
phonon group velocity indicates the strength of interatomic
bonding. In Fig. 6(c), the phonon group velocity, V,, along
the a and b directions are calculated. In the high-frequency
range, V, along the b direction is a larger than that along the
a direction. While for low-frequency vibration modes, V, of
b direction are slightly smaller than that of the a direction due
to the direct d—d coupling along the b direction. Therefore, kj
in the b direction is significantly influenced by high-frequency
optical modes and is improved by the high V;, despite its small
phonon lifetime. Further insights into the anisotropic thermal
conduction can be acquired by the calculation of phonon mean
free path (MFP), as shown in Fig. 6(d). The MFPs for the a-
axis and b-axis phonons are 52.04 nm and 132.75 nm, respec-
tively. Longer phonon MFP along the b direction than that
along the a direction indicates reduced phonon scattering rate
and enhanced thermal conductivity along this direction, which
is consistent with the results in Fig. 6(a). These results confirm
anisotropic and excellent thermoelectric properties of Mo,AB,
monolayers.
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Fig. 6. (a) The lattice thermal conductivity x; of Mo,SCl, monolayer as a function of temperature. (b) Cumulative lattice thermal con-
ductivity and (c) phonon group velocity along a and b directions. The grey area in panel (b) represents the frequency range where acoustic
modes make major contributions. (d) The variation of cumulative kj versus phonon mean free path for two directions. Temperature is set as

T =300 K in panels (b)—(d).

As expected, good anisotropic thermoelectric properties
of M0,SCl, monolayer are confirmed by the calculated ther-
moelectric figure of merit, ZT, in Figs. 7(a) and 7(b). For
the case of p-type carriers, ZT in the b direction is slightly

higher than that in the a direction. While for the case of n-
type carriers, the situations are just the reverse. In the b direc-
tion, ZT's of n-type and p-type Mo,SCl, show rather similar

variations with carrier density. The maximum ZT's at 300 K
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are 0.71 for p-type Mo,SCl; in the b direction and 3.61 for
n-type Mo,SCl, in the a direction. Moreover, ZT's for both
n-type and p-type can be significantly improved by increasing
the temperature. The n-type Mo, SCIl, monolayer exhibits a
very high ZT larger than 5 at 700 K along the a direction.
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Fig. 7. Variations of the thermoelectric figure of merit (Z7') in the a
direction (a) and b direction (b) of Mo, SCl, monolayer as functions of
carrier density.

4. Conclusions

In this paper, we employed first-principles approach to
explore the electric and thermal transport properties of layered
MoyAB; (A =S, Se, Te; B = Cl, Br, I) materials. Our re-
sults reveal that Mo,AB; monolayers can be excellent thermo-
electric materials with high electric conductivity ¢ and figures
of merit ZT. The low lattice thermal conductivities, kj, orig-
inate from strong anharmonicities of ZA mode. Direct d—d
couplings between Mo atoms, which introduce low-frequency
phonon modes, further reduce k; and improve thermoelec-
tric performance. Furthermore, the direction-dependent Mo—-A
bonding and Mo d-Mo d couplings have significant influence
on the anisotropies in anharmonicities and transport proper-
ties. The thermoelectric properties of MoyAB, monolayers de-
pend strongly on crystal orientation and carrier density. These
results provide rigorous understanding on thermoelectric prop-
erties of double-anions compounds and can be very beneficial
for designing materials with good thermoelectric performance.
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