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The peculiar potential transition metal dichalcogenides in regard to sensor and device applications has been exhibited
by both experimental and theoretical studies. The use of these materials, thermodynamically stable even at elevated
temperatures, particularly in nano and optoelectronic technology, is about to come true. On the other hand, the distinct
electronic and thermal transport properties possessing unique coherency, which may result in higher thermoelectric
efficiency, have also been reported. However, exploiting this potential in terms of power generation and cooling appli-
cations requires a deeper understanding of these materials in this regard. This perspective study, concentrated with this
intention, summarizes thermoelectric research based on transition metal dichalcogenides from a broad perspective and
also provides a general evaluation of future theoretical investigations inevitable to shed more light on the physics of
electronic and thermal transport in these materials and to lead future experimental research.
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I. INTRODUCTION

The need for clean and renewable energy, triggered by envi-
ronmental problems globally, has led to an increased interest
in thermoelectric (TE) materials, which is one of the alter-
natives'2. As a result of subsequent research efforts, these
materials are proposed to be used in several different appli-
cation areas such as Space exploration, industrial applications
in remote areas, automobiles, aircraft and helicopters, ships,
locomotive industries, recovery of waste heat in industries,
decentralized domestic power, and combined heat and power
(CHP) generation systems>. Indeed, successful applications
have been achieved for particular needs, but widespread use
has not been achieved yet due to the lack of highly efficient
TE materials at different temperature regimes. Therefore, op-
timization studies on this material-based technology are still
an active research area in both academia and industry. Re-
cently, in the search for materials and devices with better TE
performances, experts have focused mainly on the following
issues (i) generator modeling based on low-dimensional ma-
terials, (ii) finding superior TE materials to achieve the high-
est efficiency throughout the generator’s temperature range,
and (iii) applying new strategies to boost TE efficiency of ma-
terials. As a result, the tremendous potential of low dimen-
sional materials due to reduced dimensions and nanostructur-
ing, which opens ways to engineer the electrical and thermal
transport properties, has been exposed. In this context, two-
dimensional (2D) Transition Metal Dichalcogenides (TMDs)
have become particularly prominent materials that have gen-
erally possessed the crystal structures 2H and 1T with Dgj, and
D3, space groups, respectively. The engineering of electrical
and phonon transport properties and the controllable TE na-
ture of this material family has been reported by numerous
studies. These notable efforts point out the potential of these
materials in future TE applications.

In this review, we focus on recent updates in the TE prop-
erties of 2D-TMDs within the scope of the above-mentioned
aspects. Figure 1 summarizes all the considered alternative
materials. Also, we summarize state-of-the-art techniques for
the computational characterization of transport properties of
these materials with more accurate techniques previously used
in the literature. The structure of the review is organized as
follows: Introduction of Transport and Thermoelectric prop-
erty calculation methods and future perspective, particularly
on the computational methods for accurate determination of
Thermoelectric Properties of these materials.
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FIG. 1. The metal and chalcogen alternatives for transition metal
dichalcogenide crystals in our scope and the schematic representa-
tion of possible crystal structures for these 2D materials.

Il. INTRODUCTION TO THERMOELECTRICITY AND
TRANSPORT PHENOMENA

It is the material’s ability to conduct charge and heat, which
determines its TE properties, hence it is required to under-
stand the details of electron and phonon flow in given system.
The fundamental equations for electron and phonon flow, and
definitions for charge and heat conductivities will be given in
this section.

A. Electronic Conduction of Charge and Heat

To shed light on the TE potential of materials, we will first
introduce expressions for charge and electronic heat current
across the material. In the Landauer picture®, these find their
definitions as

=2 [a8.75) () - (B, <1>
o= [dE7E)E) - ENE-—w, @

where E is electron’s energy, U is the chemical potential, & is
Planck constant, f7 /g is the occupation factors at the left/right
reservoir, and 7 stands for the electronic transmission spec-
trum between the reservoirs. Electronic transmission spec-
trum is explicitly expressed as .7 (E) = M(E)t(E) with M(E)
being the number of available transmission channels, ¢(E) the
transmission probability.

The ratio between charge to heat current is the essential fac-
tor that determines the efficiency. In the bulk (diffusive) limit,



it is useful to use the transport distribution function (TDF) X in
place of 7. It is customary to define the transport coefficients
in terms of the integral .%;, as

o =%, (3)
ToS=eA, @)
Tky =2, &)
Ke = ko —T0S%, (6)
where
%= [ae (-5 )z E-0r.

In these definitions, o is the electrical conductivity, S is See-
beck coefficient, and kp and the kg stand for thermal conduc-
tivity (TC) at zero bias and zero current conditions. It is worth
noting the relation between the transmission spectrum .7 and
the transport distribution X can be expressed as’

2 !
L(E) = S MEN(E) = . MEAE),  ®)
where [ is the sample length and A is the electron mean-free-

path.

B. Seebeck and Peltier Effects

In its simplest terms, Seebeck effect enables driving elec-
tric current due to the temperature gradient across the mate-
rial. Quantitatively, the Seebeck coefficient (thermopower),
expressed as S = —AV /AT, corresponds to the effective po-
tential difference at the hot and cold ends per temperature dif-
ference. It is related to TDF through Equations 3, 4 and 7. Ef-
forts to enhance the electrical part of the ZT have been made
by increasing the Seebeck coefficient and electrical conduc-
tivity, which are unfavourably interdependent to each other.
Mott’s formula®’, which can be derived through the Sommer-
feld expansion of Eq. 4, express the o dependence of S is
given as;

kT d

30 qg "0 (E)lle-k;- 9

Defining conductivity as 6(E) = en(E)u(E), with n and
being the carrier density and mobility, one can write®~10
k3T { ldn 1 du}

3e ndE  WdE | p_ Ey

S:

S=- (10)
The two terms in Eq. 10 reveal two fundamental mechanisms
that enhance S. Sharp changes in the energy dependence of
DOS and of the scattering amplitudes around the Fermi level
are the key factors to increase S. Although Mott’s formula was
originally derived to estimate S for bulk materials, it enables a
prediction for 2D structures as well.

The reverse phenomenon, known as a Peltier effect!!, leads
to cooling of a junction between two dissimilar materials due
to the applied electric potential. The Peltier coefficient is de-
fined as IT = Q/I = TS, and its optimization conditions are
essentially the same with those of the Seebeck coefficient.

C. Vibrational Heat Transport

Phonons are the primary carriers of heat in insulators. In
other words, in TE generators most of the heat driven by the
temperature difference is carried by lattice vibrations without
generating electric current. Similarly in TE coolers, heat flow
due to lattice vibrations is in opposite direction with that of the
charge carriers. Therefore it is primarily important to suppress
lattice TC for TE applications. The simplest definition for
latlt;ce TC is given referring to the kinetic theory of gasses
as

1
KL= 3OV, (11)

where C is the specific heat, v is the average group velocity
and A, is the phonon mean-free-path. Above Debye temper-
ature, A decreases with temperature and hence the 7! de-
pendence of k1. An accurate computation of xj requires a
detailed account of multi-phonon processes. Thanks to the
computational tools developed during the last decades, it has
become possible to perform all quantum mechanical calcula-
tions of lattice TC of periodic systems, which will be reviewed
in the following sections.

D. Confinement Effect on Electronic and Vibrational Heat
Transport

Earlier studies, which have been considered milestones in
TE research revealed that ZT could reach extraordinary val-
ues by reducing the dimensionality of the system!3~1>. High
TE efficiency of low dimensional materials compared to bulk
counterparts is mainly induced by the confinement effect. Two
independently tunable TE parameters i.e. Seebeck coefficient,
S and the lattice TC, ki, are affected by the confinement effect.
As seen in Figure 2, sharp changes in the density of states
(DOS) are observed by reducing the dimension of the system.
Energy-dependent number of available channels M(E) is di-
rectly related to the DOS? as follows,

D(E) =Y k8(E —Ey) (12)
M(E) = %Zklvxlé(E—Ek) (13)

Here, vy is carrier velocity along x direction and L is the length
of the system.
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FIG. 2. Electronic DOS for (a) a bulk 3D crystalline semiconductor,
(b) a 2D quantumwell, (c) a 1D nanowire or nanotube, and (d) a 0D

quantum dot. Reproduced with permission from Advanced Materials
19, 1043 (2007). Copyright 2007 John Wiley and Sons.

The sudden change in DOS with respect to the energy will
feed into the electronic transmission spectrum constructively.



Also, S is proportional to the energy derivative of carrier den-
sity and hence DOS as can be seen from the Mott-Jones re-
lation. Therefore, while scaling down the system size, the
occurrence of significant changes in DOS leads to an increase
in § and PF simultaneously.

In the vibrational heat transport aspect, decreasing the di-
mension from 3D to 2D and 2D to 1D leads to phonon con-
finement effect on k; of 2D structures'®!7. This alters the
phonon dispersion and contribution of the acoustic phonons
to the xz as well as causes to increase in phonon-boundary
scattering. Among 2D TMDs, lattice transport properties of
MoX; and WX, (X=S, Se) structures are mostly studied by
comparing their bulk structures. The results show that re-
duction from 3D to 2D as well as decreasing layer thick-
ness can be used as an effective tool to lower the x;, and en-
hance ZT'81°. In TMDs, reduction of k. is also achieved
for nanoribbon structures by nanostructuring®®. For further
details and discussions about the confinement effect on elec-
tronic and vibrational heat transport, there are well-written re-
views for interested readers®2!=24,

In this review, we focus on periodic 2D materials. How-
ever, it should be mentioned that in a device implementation,
the edge states may influence the electronic conductivity and
thermoelectric properties in a significant manner>3!. Fur-
thermore, these edge states can be tuned chemically (by lig-
ands, etc.) and/or topologically, leading to very peculiar ef-
fects?>32. This is beyond the scope of this work, but the reader
might find the following references interesting>34.

E. Thermoelectric Efficiency
1. Lorenz Number

The fact that electrons carry both charge and heat finds its
formulation in the Wiedemann-Franz Law, namely x,; is pro-
portional to 6T, and the proportionality constant L = k.; /0T
is known as the Lorenz number. Enabling an electrical mea-
surement of k;;, Lorenz number plays an important role in
materials characterization. For metals and fully degenerate
semiconductors Lorenz number is Ly = 7°k% /3¢*. Under non-
degenerate conditions lower bound for Ly is 2(kg/q)*. The
precise value of L is determined by the details of the electronic
band dispersion, scattering mechanisms, and carrier concen-
tration.> A Seebeck coefficient dependent Lorenz function
was introduced by Kim et.al. in order to obtain a more ac-
curate value*®. They consider a quadratic band dispersion and
acoustic phonon scattering to express the Lorenz number as

L=15+exp <_lf6>’ (14)

This equation uses S values which are obtained from exper-
imental data and it yields a reasonable accuracy for the con-
sidered cases. However its reliability is jeopardized when a
complex band structure is involved.

Wang et al. have shown that Lorenz number is affected by
both electronic band structure and energy dependent scatter-
ings.® They give a detailed definition for L and introduce a

descriptor, Sen(E), to predict effect of £ on L,

L(E)

Sen(E) = Y(E) (15)
They emphasized that, 2D and 3D parabolic bands are found
to have different sensitivity as a function of energy due to the
distinct profiles of the . Assuming acoustic deformation po-
tential scattering and parabolic bands, the behaviour of L is
identical in 1D, 2D and 3D. This method enables to obtain a
material-specific Lorenz number.?’.

The Wiedemann-Franz law has been recently exploited to
obtain Kk in 2D TMDs**3. For PdSe, and 1T-HfS,, for
example, Ly was assumed as in metals, where ZT > 1 was
reported for PdSe,.*2*. There are also other studies, where
L=15x10"3W Q K2 is used as in non-degenerate semi-
conductors.>8.

2. Power factor and thermoelectric figure of merit (PF and
ZT)

The power factor, PF = $>c, depends heavily on electronic
band structure of a material. Other factors that affect the
PF are carrier scattering mechanisms and the doping level.
The optimization of the PF is not straightforward. On the

one hand, a large DOS effective mass m); = N 3mz results
in high § and therefore it is in favor of PF. On the other

hand, if high m}, originated from large band effective mass

m; = (mim*)!/3, the Seebeck coefficient increases while mo-

bility and hence electrical conductivity decreases simultane-
ously. It is worth to note that the DOS effective mass de-
termines the Seebeck coefficient, while conductivity effective
mass which is expressed as m’ = 3(m; ' +2m; ")~ deter-
mines the mobility. Furthermore m; and m; are equal, only if

Conductivity
o=1/p

Power Factor
PF= S%0 N

Seebeck Coefficient
Electrical Conductivity

Log (Carrier Concentration)

FIG. 3. Dependence of S, o and PF on carrier concentration. S is
highest at lower concentrations, characteristically for semiconduc-
tors, whereas o is highest at higher carrier concentrations as in met-
als. The power factor is maximized at intermediate values of car-
rier concentration. Reproduced with permission from Reports on
Progress in Physics 51, 459 (1988). Copyright 1998 IOP Publish-
ing.



transverse and longitudinal effective masses are equal so they
are interchangeable for spherical carrier pockets® 8. As a
result, for optimizing PF one has to take the dominant factor
into account. In this case band/valley degeneracy N, plays a
key role in estimating the PF. Band/valley degeneracy N, in-
creases the m; as well as the number of conduction channels,
which are supposed to enhance both S and o. For example,
Cherniushok et al. reported that the multi-valley band struc-
ture of Cu7PSg—Cu;PSeq alloy leads to a significant increase
in the Seebeck coefficient and hence PF*. In addition, degen-
erate valleys/bands of 2D-TMDs like bilayer ZrSe; and HfSe;
results in remarkable ZT values>®. H-phase of TiS,, TiSe,
HfS,, HfSe;, and 1T-phase of ZrO; and HfO; presents a high
p-type PF compared to the others due to the small energy dif-
ference between the hole valleys at low symmetry points’!.
However large N, does not always enhance S and ¢ when in-
ter/intra valley scatterings are enhanced. In summary, tuning
S and o independently is a difficult task, if not impossible,
due to the their complicated relations carrier concentration.
Therefore, several different strategies are often employed to
increase PF and suppress lattice TC.

The maximum PF is achieved at intermediate carrier con-
centrations (Figure 3). It is important to note that the car-
rier concentration that maximizes PF is not the optimal one
for the overall performance because electronic contribution to
TC, which is not accounted for in PF, is also a major factor
for performance.

Dimensionless TE figure of merit gives the TE efficiency of
a material using its electronic and thermal transport properties.
In general, ZT increases with temperature for both bulk and
2D materials. ZT is also used to predict the value of TE con-
version efficiency and maximum coefficient of performance.
ZT plays the main role for determining the efficiency of a ma-
terial, and it is expressed as

_ S%c
oK

zZT T, (16)
where K = K + ki is TC with electronic and phononic contri-
butions. For a TE device to reach the efficiency of traditional
devices, the material should have a ZT value greater than 3.
Equivalent to Eqn. 16, using Wiedemann-Franz Law, ZT can
be written in terms of L,

k(R +k)S?
RS

Expressing ZT in terms of L is helpful for estimating the
threshold value of S, which is required for ZT to exceed the
target value when L is set depending on whether the material
is a degenerate or non-degenerate semiconductor>?.

For example, by equating, L = Ly for a degenerate semi-
conductor, ZT = 1 can be attained if S is at least 156 uV/K
under the assumption that &, /(k,; + k) = 1.

The major pathways that have been followed in thermo-
electrics research are to explore new materials that inherently
exhibit high ZT', or to improve ZT of known materials by uti-
lizing diverse strategies. Electronic band structure engineer-
ing, and suppression of lattice TC are essential ingredients for
optimization. For optimizing TE performance of 2D TMDs,

ZT (17)

tuning of band/valley degeneracy, optimization of DOS ef-
fective mass m; with band flattening and band gap tuning
have been proposed. Apart from electronic part, strategies
for reducing the ki include increasing phonon-phonon and
electron-phonon scatterings.

3. Thermoelectric Quality Factor (TEQF)

A key descriptor in determining the TE efficiency of mate-
rials is the dimensionless quality factor 8 (also known as the
material factor). The quality factor is often used to estimate
the TE potential of bulk materials. Several different defini-
tions exist in the literature for this quantity, one of which is>?,

2
B :nvuka—T. (18)
eKr,

Here, n, is the number of valleys, u, is the mobility of the
carriers in a single valley. Another version is given in closed
form as>*

%3/2

d
— 19)

B=Ho

where [y is the bulk carrier mobility and 72 is the DOS effec-
tive mass.

One possible definition for low-dimensional materials with
complex band structures is given as®’

"B) ? o(E)T 20)
e Kj '

pien = (

The temperature and Fermi energy dependence of quality fac-
tor emerges when one writes the explicit expressions of k; and
o. Furthermore, orders of 7 and Fermi integral varies with the
electronic band dispersion, dimensionality, and the dominant
scattering mechanism. More recently, Bilc et.al*’ offer a new
quantity called as 2D effective mass quality factor B2® which
is proportional to the square of the degeneracy of carrier pock-
ets V, at a given myp as given below

2D
o _ _ Nvmy — N2 Q1)

m v

(mximyy )12

Taking the monolayer WSe; as an example, one has N, = 2
and N, = 6 for two different exrema in the conduction band
and hence B2P = 4 and B2P = 36 for n-type doping. In the case
of bulk WSe», B, 5 = 21.1 and ZT value of 0.55 is smaller
than that of one to three layers of WSe;.

4. Electronic Fitness Function (EFF)

Transport coefficients (S, ¢ and k) are counter correlated,
which complicates a systematic search for a superior TE ma-
terial. Therefore discovery of a high-performance TE material
by optimizing the individual components of ZT is a challeng-
ing endeavor. To address this difficulty, Xing et al.>>® devel-
oped the Electronic Fitness Function (EFF) after conducting



a thorough analysis of well-known TE materials. EFF repre-
sents the electronic part of the TE performance and acts as a
decoupler between conflicting ¢ and S. It is defined as
L _0 52
f - T N2/ 3

where represents the volumetric DOS. N is proportional to the

(22)

DOS effective mass and Fermi energy as N o< (m?)¥/2E}/? for
a parabolic band.

As stated, the EFF is well-known for capturing the trends
that signal good TE performance by high-throughput com-
putations in an efficient and cost-effective way 0!, It has
also been appplied to the TMD material family, extensively®?.
Since HfSe, and ZrSe; monolayers®? are potential TE materi-
als, the calculated EFF,,,x values of HfSe, and ZrSe, mono-
layers have been reported as 0.24 and 0.25 x 1071° W 53 m
s~1/3 K2 for p-type carrier and 0.35 and 0.31 x 10719 W
5/3 m s~1/3 K2 for n-type carrier at 300 K, respectively. The
corresponding Seebeck coefficients reported as around 500 u
V/K. These results revealed out that EFF can also be used as
an effective way to classify promising 2D TE materials as in
the case for bulk and half-Heusler alloys>>©!.

5.  Maximum efficiency

In order to introduce the maximum TE conversion effi-
ciency of a device, it is necessary to take into consideration
two factors, ZT and the Carnot efficiency. The theoretical
maximum for the performance of a TE generator (TEG) is
the Carnot efficiency which is achieved when ZT approaches
infinity.%3 TE conversion efficiency is defined as

P,y AT V1I+ZT -1 23)

1 Qin Ty \/1+ZT+Tc/TH7

where AT = Ty — Tc. The first term in the above equation
is the Carnot efficiency (Ncgrnor) and the second term, which
is a function of ZT is the reduced efficiency factor®*%>. The
power conversion efficiencies of the TE devices consisting of
new generation TE materials have been reported as high as
15%. Mostly, PbTe, Skutterudite, half-Heusler, Mg, Sn; —,Siy,
SnSe, CuyQ (Q=S,Se,Te) and Yb;4MnSb; based modules are
considered in these new generation TEGs®. In the case of
atomically thin 2D materials, unconventional design features
are required for flexible TE modules®’-%®. Rapid progress
in the fabrication of optimized large-area 2D material films
paves the way for implementing 2D materials in flexible TE
modules. Among 2D single crystalline TMDs, MoS, and
WSe, outperform compared to commercially used inorganic
materials in terms of their PF. 2D MoS, and WSe, possess
n-type PF value of 8500 uWm~'K~? and p-type PF value of
3700 uWm~'K~2, respectively®-70 In like manner, the maxi-
mum cooling coefficient of performance COP,,,, is defined by
the ratio of the amount of cooling to the input electrical power,
which can be obtained by optimizing the applied current as’!

Qc_E.\/l-‘rZT—TH/TC. 24)

P AT J1+ZT +1

COPpax =

Theoretical estimations have shown that the COP can be as
high as 35% for ZT = 4 and exceeds 60% when ZT = 2072
However, obtaining these ZT values, even for 2D materi-
als, is impossible without utilizing any engineering. Exper-
imental studies reported that maximum cooling COP can ex-
ceed 17374, Recent research efforts conducted by Wang et
al. on thermionic converters, which operate in the ballistic
regime, suggests that the 2D van der Waals Heterostructures
(p-type Pt-G-WSe,-G-Pt and n-type Sc-WSe;-MoSe,-WSe;-
Sc) could exhibit cooling efficiency over 30% of the Carnot
efficiency above 450K”>.

I1l. ELECTRON TRANSPORT
A. Simulation Methods
1. Landauer Formalism

Landauer approach is sometimes faultily limited only to
ballistic transport phenomena but it is equally valid in diffu-
sion and localization regimes, as well. It uses quantum me-
chanical transmission probabilities to study transport proper-
ties of materials and devices. At zero temperature, equilib-
rium conductance is given as

2
G= 2% 7. 25)

Comparing with Eqn. 8, it is seen that the transmission prob-
ability #(E) and the number of channels have determinantal
roles on both Landauer conductance G and transport distribu-
tion function X. In the diffusion limit, t = A /(A +1) =~ A/
In the localization regime transmission probability decays ex-
ponentially with length, ¢ ~ e 5/, & being the localization
length. Not only the ballistic regime, but also diffusion and
localization regimes emerge using the transmission probabili-
ties in the Landauer picture.

2. Boltzmann Transport Equation (BTE)

The semi-classical Boltzmann Transport Equation (BTE)
qualifies both electrons and phonons in position and momen-
tum space via the distribution function f(x,v,7). For elec-
trons, the reasonable assumption for the distribution function
is using the Fermi-Dirac distribution function. The BTE com-
bined with density functional theory (DFT) is the most preva-
lent formalism in order to investigate TE transport properties
of materials, specifically in diffusive limits. TE transport co-
efficients are obtained based on BTE by replacing the TDF
Y(E) in Eq. 7 with,

Y(E) = ng(%)r(%)s(b: —E(k)). (26)
k

Here, X(E) depends on band velocity of charge carrier along
the transport direction v, (k) with k being the wave vector

—

and total relaxation time 7(k) which can be calculated using



Matthiessen’s rule i.e, 7! = ¥, 7!, where 7; composed of

all different scattering mechanisms.

To date, several studies based on BTE discussed the shape
of the TDF that will maximize ZT or PF. Mahan and Sofo,
who pioneered these studies, proposed that the TE perfor-
mance will reach its maximum value when the TDF has a
Dirac-delta shape76. However, the fact that the materials have
an exact Dirac-delta shaped TDF is rather unlikely, therefore,
efforts to explore the most effective TDF form for optimiz-
ing the TE performance are carried on’”-’®. Rudderham et
al.”® have been performed a comprehensive study that can
elucidate how TE properties change with the scattering mod-
els, electronic band dispersion and dimension of the structure.
Sevingli®® studied ballistic TE properties of 2D hexagonal
group-VA structures within Landauer framework and reported
that step-like transmission spectrum .7 (€) = 0(g, — €)(k; +
ky)a/m give rise to high PF. Very recently, boxcar function
227 (%) = Epan [0 (x—x,) — (6 (x—x;,)] and Heaviside function
Ypr (xX) = Ear0 (x — x ) are found to be best TDF models to
obtain upper limit values for ZT and PF'. In these expressions
while x;Ab is a function of S and ZT, x depends on S8 TItis
obvious that from the definition of TDF, accurate prediction of
relaxation time plays an important role in order to determine
the TDF. For the case of common scattering type i.e. electron-
phonon scattering, relaxation time (only electron-phonon me-
diated) is mainly evaluated from deformation potential theory
or full electron-phonon coupling matrix elements which are
discussed in detail. It should be noted that several study set T
as a constant’®.

a. Deformation Potential Theory Deformation potential
theory (DP theory) was originally formulated by Bardeen and
Shockley®” in 1950’s for long-wavelength acoustic phonon
scatterings in non-polar crystals. In this approximation, the
occurrence of degenerate energy bands is ignored and the en-
ergy surface is accepted as isotropic in the Brillouin zone.
Also, only coupling between electrons and acoustic phonons
is considered. Several reports on TE properties of 2D mate-
rials treat the electron-phonon coupling by using DP theory
combined with an effective mass approximation which is a
traditionally employed approximation for simplicity as given
below,

2 h3c2D
po = L @7)
m* ~ 3kgTm*’E;

where, C?P is the elastic modulus along the transport direction
calculated from quadratic curve fitting of the total energy of
the unit cell defined as C = [0%E /9 82]/S°. Here, E is the total
energy of the system, § is the applied uniaxial strain, S is the
cross-sectional area of the relaxed structure, m™ is the effective
22EK) ]!
k2
which is energy shift of the band edge position with respect to
the lattice deformation E; = AEcpy(vau)/(Al/lp). Mobility
definition has been derived assuming that system possesses a
single, parabolic and isotropic band structure. However most
of systems have more complex band structures exhibiting el-
lipsoidally shaped pockets as well as valley/band degeneracy.

mass m* = h?

and E; represents the DP constant

For anisotropic 2D materials, generalized form including vari-
ables in different directions can be expressed as®3

32D
‘u)%D - 3k Tzizlﬂcx*l/zEZ ’ (28)
B1 Ny my Ix
32D
’u)%D = 3k Tzil?/ch*fa/ZEZ : (29)
B1Lm, I’I’ly Iy

Note that m* in above Egs. for systems that possess multiple
valley band structures, conductivity effective mass m should
be used in Eq. 27 instead of m*. The DP theory based mobility
calculations of 2D systems possessing electronic band struc-
ture with valley/band degeneracy shows this approximation
results in significantly larger relaxation-time 7 and charge car-
rier mobility p values when compared with the full electron-
phonon interaction calculations. The source of this overesti-
mation attributed to the following reasons. Intravalley scat-
terings, which can be the dominant scattering mechanism,
are neglected and the material can be anisotropic, which af-
fects not only the effective mass, but also the elastic modulus
and DP constant. Since most of the materials do not exhibit
purely parabolic valence band peaks or conduction band val-
leys, anisotropy in the deformation response should not be ig-
nored in the implementation of DP theory®*.

Over the past few years, studies focusing on e-ph inter-
action have shown that, DP theory cannot successfully pre-
dict mobility in 2D-materials with buckled geometry. It was
revealed that ZA, TA intervalley, and ZA intravalley scat-
terings become predominant caused by buckled geometry of
stanene®. Therefore DP theory misestimates T and g in
stanene, and similarly silicene and germanene where horizon-
tal symmetry is broken®®37. However, DP theory works in a
good accuracy in graphene and MoS; in which out-of-plane
mirror symmetry exist®. Still, in most of the studies investi-
gating the TE properties of 2D-TMD materials via Boltzmann
Transport Theory, 7 is estimated with DP theory.

b. Electron-Phonon Coupling Electron-phonon scatter-
ing plays an important role in determining the transport prop-
erties. The relaxation time in Eq. 26 depends on the electron-
phonon interaction matrix elements, which can be obtained
using density functional perturbation theory (DFPT). For the
scattering of an electron from state yj;, (bare Bloch eigenstate)
t0 Wk 44, the e-ph coupling matrix element is described by38

1/2
gﬁ(k,Q)=< ) (Wik-+alAqn Vics|Wir), (30)

2M g 5,
where Agy Vs is the derivative of the self-consistent Kohn-
Sham potential with respect to the atomic displacement asso-
ciated with the phonon mode A and wavevector q. Assuming
a constant relaxation time, e-ph scattering relaxation time Ty
can be calculated as

1 2n
R R Y g%k, q)? 31
’ jar

X {[ffitq+702)8(Ejktq — & —hOgr)  (32)
+ (14103 = Fiktql 6 (Ejktq — € +10g2) }.(33)




and carrier mobility can be expressed within the Boltzmann
transport theory as®®,

£ T kv (i k) (;’f;) dk
Y[ fodk

L=e (34)

Note that, in order to obtain an accurate e-ph coupling ma-
trix, Wannier function-based interpolation techniques as im-
plemented in EPW code (mentioned below) can be used.
Since, this approach is computationally expensive an alter-
native method electron-phonon averaged EPA was developed
and tested>>%°. Here, electron DOS and phonon DOS are typ-
ically treated independently of each other, and their equilib-
rium values are used.

In thermoelectrics, carrier mobility plays a key role as seen
in the definition of electrical conductivity, ¢ = neyt. In gen-
eral, 2D TMDs have low e/h mobility at room temperature
where upper limit is around 300 cm?V ~'s~!. Relatively small
U values of 2D TMD’s compared to bulk silicon and gallium
arsenide (1366 and 8500 cm?V~'s~1)° have prompted re-
searchers to discuss to improve strategies specially for the use
of 2D TMDs in field effect transistors (FETs)?!. Recent stud-
ies elaborately investigating the origins of low u in these ma-
terials show that intrinsic carrier mobility is suppressed by
LO phonon scattering in most TMDs. Unlike other com-
pounds, for MoS, and WS,, the mobility is limited by LA
phonon scatterings”. Another study focusing on the mo-
bility values of six prototype 2D materials including MoS,,
WS, and WSe, points out the critical role of intervalley scat-
terings, band anisotropy, and doping density. Their findings
show that, u takes the value of 144 and 60 em?V 1571 for
MoS, and WS, based on BTE calculations with EPC matrix
elements °>2. Among 2D TMDs, WS, has the highest i of 246
em®V 1571 | followed by MoS, (183 cm?V~'s~1), while the
u for all the others are below 100 cm?V ~'s~! as demonstrated
in Figure 4%3. Besides carrier mobility calculations, there
are on-going efforts to determine the TE coefficients of 2D-
TMDs with the inclusion of e-ph coupling. Electron mobility
and PF (47 em®V~1s~1 and 2.93x 10 3Wm~'K~2) of MoS,
move closer to experimentally obtained values with consider-
ing e-ph interaction®*. Comprehensive study on TE propet-
ties of 1T”-phase MX, (M = Mo, W; X = S, Se, Te) family
shows that MoS; and MoSe; have the strongest and weakest
e-ph coupling, respectively’>. Among them, MoSe, exhibits
hole carrier mobility and PF values of 690cm®V~!'s~! and
6x1073Wm~'K~2) at room temperature due to the weak e-
ph coupling. These findings reveal that 1T” MoSe, can be a
potential TE material. Furthermore, dramatic differences are
observed in o, and PF for ZrS, when 7 is obtained from DP
theory and from full determination of e-ph coupling®®. For
bulk MoSe, it is reported that S is negligibly affected by ac-
counting e-ph interaction®”.

The effect of electron-phonon interaction on lattice themal
conductivity of TMDs was addressed only a few works. It
was shwon for MoS, and PtSSe; that strong suppressions of
Kk takes place due to strong e-ph interaction and characteristic
band structure of PtSSe,”8
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FIG. 4. Intrinsic electron mobility at room temperature of the 2D
semiconductors commonly studied in experiments. Results of ma-
terials without strain are shown in red, and those with a 3% uni-
form tensile strain are shown in blue. The inset figures show the
side views of those 2D materials. Reproduced with permission from
Physical Review Letters 125, 177701 (2020). Copyright 2020 Amer-
ican Physical Society.

IV. PHONON TRANSPORT
A. Analytical Models

1. Slack Model

Approximations proposed by Slack® back in 1973 work
reasonably well for estimating the lattice TC of a diverse
amount of materials. Slack suggested that, under several con-
ditions and assumptions, it is possible for a material to exhibit
high lattice TC if it meets four criteria, including (1) light av-
erage atomic mass, (2) strong interatomic bonding, (3) non-
complex crystal structure and (4) low anharmonicity. The first
three criteria are related to the harmonic properties. In this
model, only the acoustic phonons contribute to heat transport
and Umklapp scattering dominates in Kg;,;. Slack derived the

following equation for ki of 3D materials®®1%0,
m@p sn'/3
KStack = AT? (35)

where 82 is the unit-cell area per atom, n is the number
of atoms in the unit cell, A is a constant given in terms of
average Griineisen parameter () of phonon modes, as A =
243 x 1078 x [1 —0.514/y+0.228/9*]~", and m is the aver-
age atomic mass of the unit cell. Although this equation was
originally derived by considering 3D materials, it is also quite
successful in estimating the TC of 2D materials.

Muratore et al.'%! showed that the Slack Model can accu-
rately predict the cross-plane TCs of hexagonal TMD com-
pounds i.e. MoS;, WS, and WSe,. However, the experimen-
tal measurements show roughly an order of magnitude reduc-
tion in in-plane lattice TC of thin film TMDs. Since Slack’s
equation regards only the phonon-phonon interactions, effec-
tive TC can be defined with combining g, and boundary
scattering which is essential for 2D materials'?!

1 1 1
Vi

= (36)
KMeasured KSiack

where C, is the volumetric heat capacity, v, is the phonon
group velocity, T, = L/V, is the relaxation time with L being
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FIG. 5. Comparison of TCs of some 2D materials calculated from the
Slack equation (x-axis) and from the first-principles-based PBTE (y-
axis). Reproduced with permission from Review of Modern Physics
90, 041002 (2018). Copyright 2018 American Physical Society.

the scattering length. In a recent paper'9?, x; of several 2D
materials including TMDs are reported by comparing Peierls-
Boltzmann transport equation and Slack’s equation. Figure 5
shows a comparison of ki, values of some 2D materials as ob-
tained from Slack equation against those from more sophisti-
cated methods. We note that, even though the trends are well
captured by Slack’s equation, one should be very careful to
use it for the calculations that require a high accuracy, such as
TE efficiency prediction.

2. Modified Debye-Callaway Model

Another widely used method to predict ki, is the Debye-
Callaway method. The modified version, built upon the tra-
ditional Debye-Callaway theory, developed on the calculation
of lattice TC by averaging the contributions from acoustic and
optical branches based on their specific heat. The total phonon
scattering rate (1/7¢) is the sum of normal phonon scatter-
ing (1/ty) which does not contribute to the direct thermal re-
sistance, and the Umklapp phonon-phonon scattering (1/7y)
which is the resistive rate. Also, the contribution of the three
acoustic modes to the lattice TC into transverse and longitu-
dinal modes is expressed as K = k74 + K74 + K'/T 4~ Finally, the
partial conductivities k; of longitudinal and transverse acous-

tic modes (i corresponds to LA, TA or TA’ modes) are written
103-105
as

6;/T
K = ;C,-T3{ /O T (x)I(x)dx (37)

+

/T __1i(x)
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6,/T Ti(x) z
[ b T},-V(X)I(x)dx] }

Here, 6; is the Debye temperature for each acoustic branch i,
C; =k} /(2n*1°v;), I(x) = x*¢*/(e* — 1)? and x = ha/ (kgT).
Using this approach the final value of lattice TC can be cal-
culated via producing the required parameters i.e. 6, phonon
velocity (v), and Griineisen parameter () by quasiharmonic
approximation. The modified Debye-Callaway model has
been implemented in a novel software tool named AICON',
Here, the contribution of optical branches is also included
and 0, v, and Y are obtained from DFT calculations. The
room temperature ki, value for penta-graphene estimated with
this code, 568 Wm—'K~! is close to the one calculated with
the highly accurate approach adopted in ShengBTE code!?’.
Also, for the Penta-BCN monolayer the obtained room tem-
perature ky, value, 98 Wm K1 s comparible with the lit-
erature'®®. When other scattering mechanisms, i.e boundary
scattering, are included, it can be concluded that the ki, of
many low-dimensional materials can be calculated with the
AICON package. The Modified Debye-Callaway Model via
AICON has not been used for 2D TMDs materials yet. Fur-
ther details about the capabilities of AICON can be found in
Section V.

3. Modified Callaway-Klemens Approach

The Modified Callaway-Klemens approach, which has been
used to investigate graphene by Nika e al.'?, is another alter-
native to calculate lattice TC of 2D materials. It treats three-
phonon scatterings exactly using accurate phonon dispersions
of 2D materials, hence the 2D nature of the systems is in-
corporated more accurately. The model was also applied to
calculate the sample length and temperature-dependent lattice
TC of single-layer and multilayer hexagonal boron nitride by
D’Souza et al.''°. Within this model, lattice TC is expressed
by the following equation

1 qmax
- haoy(q)]*v? 38
= s L, ol @) 69
712)3(;1)
e ks
X has(q) qdq’

e o —1p

where 7y is the three-phonon umklapp scattering corre-
sponding to branch s at the wave vector q expressed as

Mv;(q)op s
,s

T R@kToi(g) >
The 2D character manifests itself in the phonon DOS and
restrictions on the phonon Umklapp scattering phase-space.
When compared to experimental findings, the modified
Callaway-Klemens model results in compatible values for lat-
tice TC of bulk h-BN. However for single layer h-BN, it mis-
estimates k of monolayer h-BN due to the RTA!%%110 haged
solution of BTE.



B. Simulation Methods
1. Phonon Boltzmann Transport Equation

The phonon BTE was first formulated by Peierls!!'! in 1929
as the microscopic description of the phonon heat conduction
in dielectric crystals, where he defined heat flow in terms of
motions and scatterings of phonon gas, using the BTE. Let
us assume that a small temperature gradient VT causes to de-
viation of the phonon distribution function from its equilib-
rium distribution, ng; = ngj + né ; Where the ng; represents
non-equilibrium distribution function. Linearized Peierls-

Boltzmann transport equation is given as'!2,

L o anj . anl?j
Vt?j~VT <8T> B <8l) scanering’ 0

where V;; is the velocity of a phonon with wavevector g in
branch j. The left hand side of the Eq. 40 represents phonon
diffusion induced by the thermal gradient while the right hand
side shows different scatterers like impurities, boundaries, de-
fects and other phonons. Here, we will not go into details of
this approach, since calculation steps of solving BTE by im-
plementing iterative method are reviewed in a number of pa-
pers!13114 The use of the BTE method in combination with
the DFT calculations has worked very well in predicting the
TC of 2D materials!'>~!17. Therefore solving BTE becomes
one of the most powerful and widely used approaches to ob-
tain TC through the equation

Kap = 3, CijVajaVijB Tip: 1)
q,J

where Cj; = (hwqj)V’lc?ngj /9T is the volume-normalized
mode-specific heat and the o, 8 denote direction in Cartesian
coordinates. The velocity of phonon mode (¢, j) and mode
specific heat capacity C;; which are the two of three compo-
nents of the TC are obtained from the harmonic force con-
stants while the relaxation time is obtained from the anhar-
monic force constants.

2. Nonequilibrium Green’s Functions (NEGF)

The fully quantum mechanical non-equilibrium Green
function (NEGF) formalism can be applied to both electron
and phonon transport. Vibrational heat current at the harmonic
limit, where only elastic processes are taken into account, can
be written as

> d
J= /0 ﬁmm(w)(fsw,n)—fs(vaRD- “2)

Here, Tp,;,(®) phonon transmission spectrum and fz(®,77),
(fB(o,Tg) is the Bose—Einstein distribution function at tem-
perature 7 (Tg). Phonon transmission spectrum is expressed
through the Caroli formula as,

T(0) = Trl'L(®)Ge(0)TR(@)GE (o)), (43)
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where GZ/ “(w) = (G4(w))" is the retarded (advanced) Green
function for the central part of the device, while I';(g)(®) is
the broadening matrix due to the left (right) contact. Conse-
quently, the thermal conductance is expressed as

1 [ df(0,T)
Opp==—1[ hoT(0)———do. 44
P o8 /o (@) oT “44)
As temperature goes to zero, thermal conductance approaches
to the limiting value G, = My G[?h, where M, is the number
of acoustic phonon branches and

o0 — k3T
PR 30
is the quantum of thermal conductance. Phonon transmission
spectra and thermal conductance values of most of 2D-TMDs
are reported by implementing NEGF formalism®!. Transition
from the ballistic to diffusive regime can be simply achieved
by describing the phonon transmission spectrum as

M)
(@) = T i)

The term M () is the number of phonon modes at frequency
@, lp being the phonon mean free path and L is the device
length!!8. The effects of inelastic processes are included by
calculating the appropriate self-energy terms. They require
to be computed self-consistently therefore increase the com-
putational cost and limit the applicability of the method to
systems containing large number of atoms. Further details
NEGF formalism for lattice thermal transport can be found in
Refs_[119—128]

(45)

(46)

3. Molecular Dynamics (MD)

The other powerful tool to predict lattice TC is molecu-
lar dynamics (MD) simulations. Classical MD simulations
are well-founded under the assumption that all of the phonon
modes are fully excited above Debye temperature. Therefore
quantum corrections should be included at lower tempera-
tures'?®. Classical MD simulations benefit from the knowl-
edge of the dynamics of each particle based on Newton’s sec-
ond law of motion and interatomic potentials. There are two
frequently used MD methods to predict the TC. (1) Equilib-
rium Molecular Dynamics (EMD) - uses Green-Kubo rela-
tion, where thermal transport properties are computed from
the fluctuation-dissipation theorem. Due to the high sta-
tistical errors within the nature of the method, it is debat-
able how much this method is efficient when applied on
monolayer systems with low TC (> IWm~'K~1). (2) Non-
equilibrium Molecular Dynamics (NEMD) simulations are
based on Fourier’s law in which temperature gradient is gen-
erated by two thermostats along the transport direction.

The accuracy of an MD calculation rests predominantly
on the used interatomic potential. Recently, temperature-
dependent phonon properties of 2D TMDs, namely, MoS,,
MoSe;, WS,, and WSe; are calculated by utilizing previously
derived Stillinger-Weber—type potentials!3%-132. Phonon life-
times and mode contributions are obtained by employing the



spectral-energy-density (SED) method. Although the SED
method is computationally expensive, it is commonly used for
phonon properties of 2D materials since it considers all non-
harmonic effects as well as further phonon scatterings. The
calculated room temperature values 91.66, 89.43, 39.94, and
29.05 Wm~! K~! for WS,, MoS,, WSe,, and MoSe,, respec-
tively!32.

V. COMPUTATIONAL TOOLS FOR CALCULATING
TRANSPORT COEFFICIENTS

A. Charge Transport
1. PERTURBO

The open-source software package PERTURBO, which has
been proposed by Zhou et al.'33, provides efficient and gen-
erally applicable ab initio techniques for quantitatively in-
vestigating electron—phonon interactions and carrier dynam-
ics in metals, semiconductors, insulators, and 2D materials.
Currently, PERTURBO code requests electronic structure and
electron-phonon coupling data (DFT and DFPT calculations)
obtained by Quantum Espresso!3*133 code and Wannier inter-
polated'*® localized orbitals as implemented in WANNIER90
code!37:138 to minimize the computing cost. PERTURBO is a
powerful tool to investigate electron-phonon interactions, re-
laxation times, electrical conductivity, carrier mobility, and
Seebeck coefficient, either within the relaxation time approx-
imation (RTA)!3? or with the iterative solution of the BTE'#.

2. EPW

Electron-phonon Wannier (EPW)141142 is 3 DFPT and
Maximally Localized Wannier Function!*? based simulation
tool that calculates electron-phonon interactions and related
properties such as the total electron-phonon coupling strength,
the transport spectral function, and the temperature-dependent
electron and hole mobility within the Boltzmann transport
formalism. It uses a highly accurate approach to character-
ize the TE transport properties of semiconductor materials
and has been recently applied 2D materials such as ZrS,%,
antimonene*, and Janus GaQSSel‘M, successfully. Accurate
determination of carrier relaxation times is highly critical in
order to correctly estimate the TE potential of a material. In
this regard, the EPW code comes into prominence as a critical
tool for TE research.

3. EPIC-STAR

Energy-dependent Phonon- and Impurity-limited Carrier
Scattering Time AppRoximation (EPIC STAR) software'#?
is developed by Deng et al. to calculate the intrinsic semi-
conductor charge transport properties such as carrier mobil-
ity, electrical conductivity, Seebeck coefficient, and electrical
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TC for inorganic materials. Within this software, a general-
ized Eliashberg function was used for short-range electron-
phonon scattering whereas analytical expressions developed
from first-principles for long-range electron-phonon and elec-
tron—impurity scattering mechanisms. For well-known mate-
rials (polar, non-polar isotropic, anisotropic) with high mobil-
ity and high TE performance such as Si, GaAs, Mg,Si, and
NbFeSb, EPIC STAR approach is validated by comparing the
results with both available experimental data and the output of
other theoretical approaches'*.

EPIC STAR is based on DFPT calculations and semi-
classical BTE. Deng et al.'® revealed that they successfully
reduced the computational cost of first-principles calculations
within EPIC STAR by at least one order of magnitude com-
pared to other accurate first-principles-based methods such as
EPW method!#!. This novel technique provides great fidelity,
particularly for non-polar and polar semiconductors, with ex-
tremely low computing cost following DFPT calculations by
incorporating a modified Eliashberg function and adding po-
lar optical phonon contribution, impurity scattering, and free
carrier screening.

4. BoltzTraP

BoltzTraP'# and it is updated version BoltzTraP2'%7 are
open-source codes that can be used to calculate TE coef-
ficients such as Seebeck coefficient, electrical conductivity,
electrical TC as functions of temperature and chemical po-
tential. These codes are based on semi-classical Boltzmann
transport theory with constant relaxation time approximation
(CRTA). BoltzTraP uses the linearized BTE to compute a
smoothed Fourier expression of energy bands. BoltzTraP2
also calculates Onsager transport coefficients for extended
systems using BTE.

The usage of both BoltzTraP and BoltzTraP2 have been
particularly common, especially in high-throughput thermo-
electrics studies %148-150 dye to their numerical reliability and
being efficient approach for calculating analytic representa-
tions of quasi-particle energies.

5. AMSET

Ab initio Scattering and Transport (AMSET) is developed
by Ganose et al.'>! to predict carrier scattering rates of semi-
conductors and insulators based on first-principles computa-
tions. It is a powerful tool for computing electron lifetimes
and transport parameters in solid-state materials. The code
is based on a combined Fourier-linear interpolation scheme
by using electronic eigenvalues obtained by DFT as imple-
mented in BoltzTraP2 package!*’. The main objective for this
software is to be used in conjunction with DFT based meth-
ods such as EPW!#! and PERTURBO!??, which have much
higher computational resource requirements.



6. BoltzWann

Using maximally localized Wannier function interpolation,
Pizzi et al."> developed a novel algorithm for assessing the
TE transport features of solid-state materials. Briefly, within
the algorithm, the CRTA based solution of semi-classical BTE
for the homogeneous periodic systems is obtained using band
energies and band derivatives derived from Wannier interpola-
tions. Here, exponential localization of the Wannier functions
enables a highly accurate solution of the Brillouin zone inte-
grals with very moderate computational costs. With this ap-
proach, the band derivatives can be evaluated analytically at
an arbitrary point without the need to rely on finite-difference
methods, producing numerically stable results even at band
crossings and near weakly avoided crossings. Similar to the
BoltzTraP'46:147 case the relaxation times for electrons must
be evaluated with another approach or empirically to end up
with final transport properties with this software.

TE coefficients (S, o) of pristine and Janus Pd dichalco-
genides were evaluated by Moujaes ef al.'> using BoltzZWann
code previously. Here, they estimate the relaxation time pa-
rameters by using the electron-phonon coupling values as im-
plemented in EPW code.

7. TransOpt

TransOpt (formerly named as Transoptic)'>* allows to eval-
uate electrical transport coefficients such as electrical con-
ductivity, Seebeck coefficient, electronic TC, Lorenz number,
power factor, and EFF using BTE. Within this software, the
carrier relaxation times are determined by the recently devel-
oped constant electron-phonon coupling approximation. The
code is interfaced with both the Vienna ab initio Simulation
Package (VASP) and Quantum Espresso. In the latter case,
the code uses full first-principles electron-phonon data.

In general, the BTE based codes neglect dependence of re-
laxation time on the electronic structure. However, taking it
into account, TransOpt predicts electrical transport properties
with better accuracy. Moreover, the implemented momen-
tum matrix method results in an efficient solution to the well-
known band crossing problem.

8. Phoebe

Phoebe (a collection of PHOnon and Electron Boltzmann
Equation solvers), proposed by Cepellotti et al.'> is an
open-source software package to investigate the electron and
phonon transport properties. A scattering matrix formal-
ism has been implemented to develop and solve the BTE
for crystals in the project. The electron-phonon, phonon-
phonon, boundary, and phonon isotope scattering contribu-
tions to transport characteristics have been considered within
the framework.

The goal in creating this program was to use the relation-
ship between thermal and electrical conduction to create a sin-
gle framework for characterizing electron and phonon trans-
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port features of materials. In addition, this software package
has also been designed to handle the intense computational
effort of ab initio transport computations by taking into ac-
count MPI-OpenMP hybrid parallelism, distributed memory
data structures, and GPU acceleration. To acquire the first-
principles coupling strength of the phonon-phonon interac-
tion, Phoebe was interfaced with Phono3py!®, and Sheng-
BTE!%7, while the electron-phonon interaction was interfaced
with Quantum ESPRESSO'34133 Fourier/Wannier interpola-
tion'3® methods or EPA approximation®® are used to accom-
plish accurate integration of the BTE and associated transport
features.

9. AICON

AICON (Ab Initio Conductivities)' is a software devel-
oped in Python for computing lattice TC of crystalline bulk
materials using the modified Debye-Callaway model, which
is outlined above. The implemented approach considers the
contributions from both acoustic and optical branches based
on their specific heat unlike traditional Debye—Callaway the-
ory. The empirical parameter-free algorithm requests phonon
spectrum, phonon velocity, and Griineisen parameter, which
can be calculated using third-party ab initio packages. There-
fore, the fast and accurate approach implemented on AICON
enables high-throughput calculations of lattice TC even in
large and complex systems. Moreover, the program results
in different scattering processes rates which are highly benefi-
cial for understanding the phonon transfer behavior. Recently,
it has been applied for bulk 3R-TMD crystals'>® with reason-
able accuracy.

AICON2!'% is the recent fast and more accurate version
based on the generalized Kane band model and perturbation
theory in the framework of the RTA. The algorithm considers
the three scattering mechanisms that affect the total relaxation
time; acoustic phonon scattering, polar optical phonon scatter-
ing, and ionized impurity scattering. Again, all the requested
input data can be obtained from the first principles calcula-
tions. The code was tested on a group of semiconductors, and
a reasonable agreement with the experiment was presented !0,

10. elphbolt

The elphbolt software solves the coupled electron-phonon
BTEs from first principles. The code has a critical advantage
due to its ability to calculate the effect of the non-equilibrium
phonons on the electronic transport (phonon drag) and non-
equilibrium electrons on the phononic transport (electron
drag) in a fully self-consistent scheme. The charge (mode
resolved electronic charge conductivity and electronic TC),
lattice (mode resolved phonon TC and phonon Peltier coeffi-
cient), and therefore TE transport coefficients (mode resolved
electronic Seebeck and Peltier coefficients) and the effect of e-
ph drag on all of the above quantities for the temperature gra-
dient and electric fields can be predicted with it. The code can



be applied to 3D and 2D insulators, semiconductors, semimet-
als, and metals'®!,

It has been applied to investigate TE properties of n-doped
gallium arsenide'®?. The predicted low-temperature enhance-
ment in the Seebeck coefficient which can not be captured
with the uncoupled electron BTE clearly shows the advantage
of the fully coupled electron-phonon BTEs and thus elphbolt.

11. Non-equilibrium Transport

Non-equilibrium Green’s function-based electron trans-
port codes are also useful to estimate the thermoelec-
tric performance of in particular nanostructured materi-
als. The open-source examples which can be used to
investigate transport properties via tight-binding or den-
sity functional theory Hamiltonians are TranSiesta'®3, GOL-
LUM'®, SMEAGOL'®’, OpenMX'%, Kwant'®’, Kite!68,
and CP2K!%°. The pros and cons analysis of each framework
depends on the crystal and structure you investigate.

The non-equilibrium prediction of phonon transmission and
transport has been also readily implemented in some codes
such as GOLLUM.

B. Vibrational Heat Transport

The thermal transport properties of semiconductors can
be predicted by MD Simulations but this approach requires
highly accurate interatomic-potentials. In fact, for struc-
tures with complex chemical composition and bond order,
interatomic potential generation is complicated and time-
consuming work. Therefore, in order to investigate the TE
properties of crystalline semiconductor solids, one of the best
options is the first principles-based solution of phonon BTE.
Within this approach, the phonon properties and lattice ther-
mal transport coefficients can be obtained with second-order
harmonic and third-order anharmonic interatomic force con-
stants calculated from first-principles simulations. In this re-
gard, the well known options are reiewed below.

1. ShengBTE

ShengBTE'" is a software package calculating the lattice
TC of crystalline bulk materials and nanowires with diffusive
boundary conditions. The code is capable of both RTA and
the full iterative solution of the BTE. The current version use
second-, third-, and fourth-order interatomic force constants
calculated by first-principles approaches as the main input.
Then, it computes converged sets of phonon scattering rates
and uses them to obtain many related quantities such as mean
free paths and relaxation times. The software is useful in the
search of novel materials with targeted thermal conduction
properties, and for the in-depth understanding of experimental
measurements of thermal transport in solids. It has been ap-
plied to many different solids for defect-free bulk- and nano-
crystalline solids accurately!’>”-17%, Tt has been also used for
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different TMD crystals and captured results in good agree-

ment with both other predictions and available experimental
data 150171172

FourPhonon!”3 is an extension module to ShengBTE for

calculating the four-phonon scattering rates with an adaptive
energy broadening scheme and determining the corresponding
TC. Inspired by the work of Feng and Ruan’s four-phonon cal-
culation framework!7#, which has led the community to revise
the understanding of thermal transport theory, the developers
implemented this extension.

2. Phono3py

The software Phono3py!3® addresses the phonon-phonon

interaction and related properties using the supercell approach
in a way similar to the Phonopy!”> code which is developed
by the same authors to perform phonon calculations at har-
monic and quasi-harmonic levels. Thermal transport-related
quantities such as lattice TC, phonon lifetime/linewidth, imag-
inary part of self-energy, the joint density of states (JDOS),
and weighted-JDOS can be obtained with this code via the
solution of BTE both within the RTA and including the full
scattering operator.

Lattice TCs of zincblende- and wurtzite-type compounds
with 33 combinations of elements are calculated with the
single-mode relaxation-time approximation and a full solu-
tion of the linearized phonon Boltzmann equation from first-
principles anharmonic lattice dynamics calculations. The re-
sults are in very good agreement with available experimental
data'36,

3. AlmaBTE

AlmaBTE!7® is another tool that can be used to solve BTE
for phonons from first-principles. With the advantage of the
futures such as specialized models to address in-plane and
cross-plane TC of thin films!”7, a variance-reduced Monte
Carlo solver of the BTE for the steady-state regime!’®!7? in
one dimension the code predictively tackles phonon transport
not only in bulk crystals but also in thin films, superlattices,
and multiscale structures with size features in the nm-um
range. The recent version also includes FourPhonons, a tool
that, as the name suggests, can handle four-phonon scattering.
In addition to the general transport quantities, thermal conduc-
tances and effective TCs, space-resolved average temperature
profiles, and heat-current distributions resolved in frequency
and space can be obtained with AlmaBTE. The capabilities
implemented in AlmaBTE are well suited to use for novel ma-
terials and nanostructure characterization.

4. xALDo

The software kALDo!'8 is introduced as a versatile and
scalable open-source software to compute phonon transport
not only in crystals but also in glasses, and nanostructured



solids. The code is based on a unified workflow, which im-
plements both the BTE and the Quasi Harmonic Green-Kubo
(QHGK)'3! methods to take into account material disorder.
The code includes different solvers for the BTE, the RTA, the
self-consistent solution, and the direct inversion of the scat-
tering matrix. Moreover, It is also feasible for systems with
few tens of atoms per cell which is not possible with the other
available BTE solvers in the literature. As noted by the de-
velopers, the advantages of Kk ALDo are based on both the ap-
proach implemented and its versatile architecture that takes
advantage of both CPU multi-threading and GPU. The modu-
lar design enables this code to couple seamlessly to a variety
of force calculators, using either interatomic force constants
or first-principles approaches.

The thermal transport properties of crystalline and partially
disordered silicon-based systems and silicon-germanium al-
loy clathrates with largely reduced TC were successfully char-
acterized with this approach!80.

5. OpenBTE

OpenBTE!®2, is a solver for the first-principles, multi-
dimensional phonon BTE that can obtain space-dependent
heat transport deterministically. It is particularly capable of
the calculation of the temperature and heat flux maps, and
also the prediction of mode-resolved effective TC. The used
anisotropic-mean-free-path BTE approach'®3, a method based
on the interpolation of the phonon populations onto the vecto-
rial mean-free-path space, has proven to yield results with the
desired accuracy much faster than its counterparts. This code
has capabilities to be used in nanoscale heat transport simu-
lations and therefore may lead to the development of novel
nanomaterials for thermal energy applications.

6. ALAMODE

ALAMODE"*185 is a software designed for analyzing
lattice anharmonicity and lattice TC of crystalline solids.
The code is based on the versatile first-principles data-driven
model potentials that pave the way to investigating the lat-
tice thermal transport properties of solids either by BTE or
MD. Within this code, in addition to finite displacement, an-
harmonic force constants can be extracted from the trajectory
of first-principles MD simulations at high temperatures. The
code successfully estimates the phonon lifetimes and lattice
thermal transport properties of severely anharmonic materials
via combining the perturbation theory with the solution to the
self-consistent phonon theory'3¢. Moreover, the implemented
potential represented as a Taylor expansion with respect to
atomic displacements enables users to perform NEMD sim-
ulations for thermal transport, which is another powerful and
reliable tool to estimate the effects of impurities and interfaces
that could be of great significance in TE materials.
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7. hiPhive: a Machine Learning Algorithms

The Hiphive Python package'®’ enables the construction of
force constant models up to arbitrary order. In order to cal-
culate thermal transport properties via first-principles based
solution of BTE, the efficient extraction of force constants
(FCs) is crucial to obtain accurate phonon relaxation rates.
The approach implemented in the Hiphive enable users to ef-
ficiently calculate high-order FCs both in large systems and
systems with low-symmetry. The code is interfaced with most
of the well-known first principles codes via the atomic simu-
lation environment (ASE) package'3®. With the advantage of
various powerful machine learning algorithms, the code can
reach considerable accuracy by using much lower number of
FCs than the ones used in regular first principles approaches.
Therefore, hiPhive becomes genuinely advantageous for ob-
taining thermal transport properties for large and/or low sym-
metry systems (defects, interfaces, surfaces, large unit cells,
etc.). The code successfully applied to different TMDs and
Janus SnSSe, adn PtSTe!8%-190,

VI. THEORETICAL AND EXPERIMENTAL STUDIES ON
THERMOELECTRIC PROPERTIES OF TMDS

In this section, we review the recent progress and research
updates in the study of transport and TE properties of TMDs
and related nanostructures. Note that the comparison of TE
property calculations is a quite complicated issue due to the
variety of approaches used in both electronic and thermal
transport calculations. In particular, the variety of considered
approaches to estimate relaxation times of carriers and the
length of non-periodic material dimension in thermal trans-
port characterization of 1D and 2D materials have strong in-
fluence on the final efficiency. Therefore, here we discuss the
potential of TMDs as TE materials considering only reported
ZT values to take your attention to how the current state of
the art in transport property calculations is far from clearly
explaining the TE materials due to the lack of avaliable the-
oretical approach to accurately determine carrier relaxation
times including the effect of scattering sources such as struc-
tural defects and disorders. Considering this fact, we asses the
promising TMDs for future TE applications in three different
groups, as a result of an intense review of TE performance
measures obtained with different theoretical and experimental
approaches.

A. TiXy, ZrX,, HfX, (X=S, Se, Te)

Single-layer 1T-ZrS, was experimentally synthesized about
a decade ago'!192. Subsequently, several research groups
investigated structural, electronic, thermal, as well as TE
properties of this material. In this regard, based on first-
principles calculations combined with Landauer-Biittiker for-
malism, Ozbal et al.>! reported the n-type ballistic ZT values
of 1T-ZrS; as 0.57 and 1.75 at 300 K and 800 K, respectively.
The p-type ballistic ZT values (0.23 and 0.87) are lower than



that of n-type, which is attributed to higher effective mass
of the electrons compared to holes. Implementing the BTE-
based approaches with the help of BoltzTraP and BoltzTraP2
packages, the highest p-type ZT value for ZrS, at 1000 K was
calculated as 0.12!%3, and 2.4 was reported under %6 strain at
300 K38, At higher temperatures, the optimum performance
for n- and p-type ZT values of 5.1 for 1T-ZrS, were reported
again under %6 strain33. Moreover, Sharma er al.”® examined
the impact of e-ph coupling on TE properties of this material
by using EPW software. In this work, 7 values were computed
from the imaginary part of electron self-energy and compared
with the ones obtained from the DP theory. Since the S is in-
sensitive to the 7, for both the cases it follows the same behav-
ior and has the nearly same magnitude. However, for o and
PF, an order of magnitude difference in ¢ and PF were ob-
tained. Therefore, the strong influence of the chosen approach
to characterize T was reported by EPW and DP calculations on
ZI‘Sz.

A similar material, 1T-ZrSe; was investigated along with
TE properties by Abdulsalam ez al.'%3. The ZT value, 0.43
was predicted for ZrSe; at 1000 K with hole doping'®3. An-
other study’! has revealed that the 1T-ZrSe; shows moder-
ate p-type TE performance compared to 2H counterpart at the
ballistic limit. On the other hand, 2H-ZrSe, possesses a rea-
sonably high ZT value of around 1.5 at 300 K both for p-
and n-types as shown in Figure 6. Qin et al.’® adopted the
BTE approach within the rigid band and constant relaxation-
time approximations (RBA and CRTA) as implemented in the
BoltzTraP code and they reported that the material under the
7.5% tensile strain have a remarkable high ZT values 4.58 and
3.84, respectively.

TE properties of hafnium dichalcogenides were also con-
sidered!?? and maximum Z7 values of 1.65 (1000 K) and 0.43
(600 K) were obtained for HfS, and HfSe;, respectively. BTE
approach based calculations clearly revealed that the maxi-
mum ZT values of monolayer ZrSe, and HfSe, are around
1 for optimal p- and n-doping concentrations®?>. Here, both
lower electronic transport coefficients and higher k;, of HfSe;
results in comparable ZT value with that of ZrSe,. Within the
ballistic limit, Ozbal et.al’' obtained that p- and n-type ZT
can be as high as 1.57 and 1.28, respectively at 300 K as de-
picted in Figure 6. The strain engineering was also applied
to the 1T-HfS, and outstanding TE performance of this ma-
terials was obtained above %6 biaxial strain at room temper-
ature*?. Here, electronic transport properties were calculated
by implementing BoltzTraP software package whereas k;, val-
ues were predicted by ShengBTE. In unstrained case, Wang et
al. reported the maximum n(p)-type ZT value as 1.09 (0.09)
which is in good agreement with previously reported values,
0.96'%* and 0.13'% for n- and p-types, respectively. n-type
ZT value reaches its maximum of 2.29 at %6 while p-type
ZT reaches its peak value of 2.29 at %7 biaxial stain. How-
ever, the values 0.6 and 0.67°! obtained for ballistic limit are
not compatible with these values. Similarly, prominent en-
hancement in p- and n-type ZT has been calculated by using
same methods for 1T-HfSe,. As strain increases, the collec-
tive effect of the increase in PF and decrease in k7, leads to an
improvement in p- and n-type ZT up to 2.47 and 1.91 respec-
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tively, at room temperature!®®. In another study
ing the kg values from a previously reported results
strong influence of strain on ZT values was also depicted for
TiSe, via BoltzTraP2 calculations.

Before moving on to the nanostructuring strategies, we treat
the TE properties of TiX, monolayers. Ozbal et al.>! reported
that, HSEQ6 correction exhibits a transition from semimetal-
lic to semiconducting behavior for 1T-TiS;. Opening bandgap
results in an n-type ZT exceeding 1 when the temperature
reaches 800 K. 2H-TiS; possesses larger p-type ZT com-
pared to 2H-TiSe, and TiTe, while n-type ZT values of all
are around 1 at 300 K. A considerable enhancement in ZT has
been found at an %8 biaxial strain by utilizing the Boltzmann
transport theory with the BoltzTraP code. The maximum ZT
value of 0.95 (0.82) is obtained for the p-type (n-type) doped
system!??. From the experimental point of view, enhancement
in ZT of layered 1T-type TiS; powders which were pretreated
by following the shear pulverization approach has been ob-
served with a maximum value of 0.7 at 673 K*%°. The source
of this remarkable improvement in ZT is due to the increase in
o and decrease in k7, as a result of enhanced grain boundary
scattering.

Wang et al.?"! exfoliated the 2D TiS; nanosheets from lay-
ered polycrystalline powders, and then assembled them with
Cgo nanoparticles. The produced Cgo/TiS, hybrid films ex-
hibit a ZT ~ 0.3 at 400 K due to the increase in PF and
degradation in xz. Similarly, for the organic intercalation of
layered TMD, TiS;[(HA)p.08(H20)9.22(DMSO)g 03], the ZT
value is predicted as 0.28 at 373 K. These results point out
the potential of layered hybrid TMD structures for moderate
temperature, flexible, wearable TE generator technology??2.

TiSe, undergoes metal to insulator transition when ten-
sile strain is applied*®>. Convergence of valleys, enlarged
bandgap, and higher m, ;s provides an enhancement in S as
well as PF at a strain of 4%. Under 4% strain, opposite charge
carriers participate in electronic transport at high temperatures
leading reduction in S. Widening band gap serves to enhance
the S while reducing both electrical and TC in a non-linear
fashion. As a consequence, PF increases with strain and
increasing temperature in the high-doping limit above 10'°
cm™ .

The above-summarized results clearly show that TiX,,
ZrX,, HfX; (X=S, Se, Te) layers possess a potential for
TE applications. But further engineering is necessary to
reach the desired efficiency for future technological appli-
cations. Indeed, previous studies show that layer-, nano-
, and heterostructure-engineering has the potential to reach
that point. Within this context, Yan et al.>? investigated the
TE properties of bilayers of 1T-MSe; (M = Zr, Hf) by using
BoltzTraP package within the RBA and constant scattering
time (7) approximation. They predicted that in particular for
HfSe, bilayer, multilayer interactions give rise to an increased
phonon scattering and therefore lower TC. This simply results
in enhanced TE performance for multilayer structures. The
room temperature Z7 values of these multilayers were cal-
culated as 3.83 and 1.84 for HfSe, and ZrSe,, respectively.
TE coefficients of van der Waals heterobilayers consists of
HfSe,/TiSe,, ZrSe,/HfSe, and ZrSe,/TiSe, combinations are

, adopt-
62,198 (he



also investigated using BoltzTraP2 tool'®”. ZT values are es-
timated via previously reported &z values °>1°%. Among these
vertical heterostructures, ZrSe,/TiSe; gives considerably high
ZT values as 1.72. Also, TE coefficients of combinations of
MX, bilayers where M = Zr, Hf; X = S, Se are studied in
the most favorable stacking geometry by Khan er al.?**. The
Boltzmann semi-classical theory and CRTA as implemented
in BoltzTraP code were used and a relatively larger PF at
1200 K was reported for the ZrS,-HfSe, structure.

Beyond bilayers and heterostructures, constructing in-plane
superlattice monolayer (SLM) structures is another strategy
to achieve improvement in ZT. Ding et al.’® studied the
transport properties of ZrSe,/HfSe, SLM considering differ-
ent doping levels. The electronic transport properties were
obtained using semi-classical Boltzmann transport theory and
the RBA as implemented in BoltzTraP code. Using the Sheng-
BTE code, the x;, was obtained via solving the phonon BTE.
The Authors reported valley degeneracies and flat band char-
acteristics in CB of SLM as well as the stair-like behavior
in DOS leading to an enhancement in S. Also, the phonon
scatterings at the superlattice interfaces were predicted as re-
sulting in suppressed k. Thus, as a result of these combined
effects exceptionally high n- and p-type ZT values as 5.3 and
3.9 for two perpendicular directions were achieved.

As another engineering approach, TE properties of arm-
chair nanoribbons of the 2D trigonal phase of HfSe, are com-
prehensively studied by implementing DFT calculations cou-
pled with Landauer formalism?’. One-third of phonon ther-
mal conductance of the 2D case was obtained for considered
nanostructures. The performed detailed transport analyses
showed that the n-type S and the PF differ because of the
structural symmetry, whereas the p-type TE coefficients are
not significantly influenced. As a result, the p-type ZT value
of HfSe, nanoribbons at 300 and 800 K are calculated as 4 and
3 times larger than the 2D case, respectively. Also, the influ-
ence of structural defects on TE properties of HfS, monolayer
was investigated by introducing two types of vacancy and
dopant!®*. Based on BTE calculations within CRTA which
were carried out with BoltzTraP code, a slight increase in
room temperature Z7T value was reported. In addition, for Hf
vacancy more than 50% enhancement in ZT was predicted.

Recently, the influence of the SOC on the TE properties of
HfS,, HfSe,, and HfSSe monolayers have been examined!?’
in the framework DFT calculations combined with BTE. The
TE properties were calculated in BoltzTrap code consider-
ing CSTA. Calculated band structures with SOC reveal that
VBM keeps possessing 2-fold degeneracy while the conduc-
tion band splits into the degenerate valleys at the M point.
Even if S remains almost same values for both n- and p-type
doping, n-type S0/t namely PF increases about 1.5-2 times
compared to results without SOC. These results clearly show
the necessity of SOC inclusion in calculations. In addition, for
ZrTe,, it is found that, TE coefficients including S and o, and
the k,; strongly depending on the XC functional choice?°.

Another degree of freedom has been included in the TE re-
search of TMDs with the successful realization of Janus lay-
ers. Thence, the TE properties of 2D Janus TMDs have at-
tracted notable attention, recently.
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Transport coefficients of Janus ZrSSe monolayer?®’ and
ZrSSe, HfSSe, and PtSSe vdW heterostructures2°® were cal-
culated through solving BTE within the CRTA, as imple-
mented in the BoltzTraP code. After revealing of dynami-
cal stability of ZrSSe monolayer, the k; has been calculated
by solving linearized phonon BTE with a single-mode RTA
implemented in Phono3py. ZrSSe was reported to have k.
of 1.68 Wm~'K~! which was considerably lower than that of
ZrSe;. Although ZrSSe and ZrSe; possess almost same n-type
ZT,;, one may predict that the ZrSSe monolayer show better n-
type TE performance due to the difference in k. Here, ZrSSe-
HfSSe heterostructure with a larger PF was predicted as the
most efficient TE material candidate among other investigated
constituting pure and Janus TMDs.

It has also been recently demonstrated that both monolayer
and bilayer HfSSe have a tremendous potential as TE materi-
als where maximum Z7T values approaching 3.24 and 5.54 at
600 K, respectively?”. Besides, the variation of band struc-
ture of this material with strain enable the engineering the TE
properties?!®. All the aforementioned k; and ZT values of
group IVB TMDs are summarized in Table I. The depicted
ZT values correspond to the room temperature, otherwise it is
stated in the Table.

B. CrX;, MoX;, WX, (X=S, Se, Te)

TE properties of bulk and few-layered structures of MoX»,
WX, (X=S, Se) have been explored experimentally by dif-
ferent research groups using different methods®-70-211-222,
Peimyoo et al.?!” determined the TC values of suspended
IL- and 2L-WS; as 32 and 53 W m~'K~! at T=300 K by
micro-Raman spectroscopy. Using frequency dependent time-
domain thermoreflectance method, Jiang et al.?®® measured
the in-plane TC values of bulk MoS,, WS,, MoSe,, and WSe;
as 82, 120, 35, and 42 W m 'K 1, respectively. Moreover,
the layer number dependence of TC for 1L-3L WSe, and
interfacial thermal conductance between few-layered WSe;
and the substrate were demonstrated by Zhang et.al.??! using
opto-thermal Raman technique. They observed that the TC
of WSe; reduces while the layer thickness increases from 1L
(k=374 12W m 'K 1) to 3L (x;=20+ 6 W m~'K~!). The
other intriguing result is that suspended WSe; has a larger TC
compared to supported one. Beyond these experimental ef-
forts, NEMD calculations were implemented to authenticate
layer dependence of TC and the decreasing behaviour with an
increase in layer number was confirmed??!. The experimental
TC values and interfacial thermal conductance of 1L-3L are
summarized in Table II.

The temperature dependent TC of suspended few-layer
MoS; was experimentally measured by different researchers
using Raman spectroscopy. Sahoo ef al.?'3 and Yan et al.?'*
carried out temperature- and laser-power-dependent Raman
scattering experiments to obtain TC of few-layer MoS,. Sa-
hoo et al.>! reported TC of 11 layers MoS, with 6.6 nm thick
as ~52 W m~'K~!. Yan et al.?'* observed the TC of single
layer MoS; as 34.54+4 W m~! K~!. Taube ef al.>'° measured
the TC of supported MoS; as 62.2 W m~! K~! at room tem-
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TABLE I. Lattice thermal conductivity (conductance) and ZT values of Ti, Zr, and Hf dichalcogenides at room temperature.

Material Phase Theoretical Method K7, zT ZTmax Refs.
(1T/2H) (Tool) (Wm— K1)
n-type p-type n-type p-type
TiS, 2H Landauer 0.95 (conductance per width) 1.05  0.98 2.66@800K 2.14@800K 51
1T Landauer - 037 0.11 121@800K 0.38@800K  °!
1T BTE (BoltzTraP) 1.58 0.82 095 199
TiSe, 2H Landauer 0.95 (conductance per width) 0.9 0.86 2.09@800K 1.81@800K 51
TiTe, 2H Landauer 0.7 (conductance per width) 0.9 0.4 0.87@500K 0.38@500K 51
ZrS, 1T BTE (BoltzTraP2) 1.99 1.8 24 5.1 @800K 5.1@800K 38
1T Landauer 0.83 (conductance per width) 0.57  0.23 1.75@800K 0.87@800K 51
1T BTE (BoltzTraP2) 7.61 <0.03 <0.04 0.06@1000K 0.12@1000K %3
ZrSe; 1T BTE (BoltzTraP2) 3.41 <0.01 0.04 <0.01@1000K 0.043@1000K 193
1T Landauer 0.71 (conductance per width) 0.63  0.22 1.76 @800K 0.65@800K 51
1T BTE (BoltzTraP) 0.94 458 3.84 - - 39
1T BTE (BoltzTraP) 1.2 - - 0.95@400K  0.87@600K  ©2
2H Landauer 0.54 (conductance per width) 1.42 1.41 3.61 @800K 2.96@800K 51
ZrTe, 2H Landauer 0.55 (conductance per width) 1.18 1.06 1.88@500K 1.73@500K 51
HfS, 1T BTE (BoltzTraP2) 5.32 0.12 075 0.12@1000K 1.65@1000K 193
1T BTE (BoltzTraP) 1 096 1.23@1200K 194
1T BTE (BoltzTraP) 2.836 0.84@600K 195
1T Landauer 0.71 067 026 196@800K  0.92@800K  S!
2H Landauer 0.65 1.17 138 292@800K 3.03@800K  °!
2H BTE (BoltzTraP) 1.05  0.98 194
HfSe, 1T BTE (BoltzTraP2) 33 02 02 03@500K  0.43@600K 193
1T Landauer 0.59 (conductance per width) 0.75  0.26 2.11@800K 0.84@800K st
1T BTE (BoltzTraP) 1.8 - - 0.95@400K  0.87@400K  ©2
1T BTE (BoltzTraP) 1.517 0.90@600K 195
1T BTE (BoltzTraP) 1.16 191 247 - - 196
2H Landauer 0.51 (conductance per width) 1.28 1.57 3.04@800K 3.3@800K 51
HfTe, 2H Landauer 0.48 (conductance per width) 1.17  0.56 1.34@800K 0.91@800K st
HfSSe Janus BTE (BoltzTraP) 2.23 0.81 @600K 195
HfSSe Janus BTE (BoltzTraP) 4.18 1.18 035 3.24@600K 1.01@600K 209
HfSSe Janus/bilayer BTE (BoltzTraP) 3.93 233 082 5.54@600K  2.5@600K 209
HfSe,/TiSe;  1T-Hetero  BTE (BoltzTraP2) Ref 62198 0.16 197
ZrSep/HfSe;  1T-Hetero  BTE (BoltzTraP2) Ref.62.198 1.34 197
Z1Se,/TiSe;  1T-Hetero  BTE (BoltzTraP2) Ref.62.198 1.72 197

perature. And its value drastically decreases to 7.45 W m™!
K~! when temperature is increased to 450 K. In addition to
these, Jo et al.>'> measured the basal-plane TC of suspended
four- and seven layer MoS, as (44-50) and (48-52) W m~!
K~! at room temperature using micro-bridge method, respec-
tively. This differences can be originated from preparation
process of exfoliated monolayer or few-layer MoS, and also
measurement method.

TC of single-layer (1L) and bilayer (2L) MoS;and MoSe,
reported by Zhang et al.>'® using optothermal Raman tech-
nique. At room temperature, the measured TC values for 1L
MoS; and MoSe;, were reported as (84 = 17) and (59 + 18)
W m~! K~!, whereas 2L MoS, and MoSe, exhibit lower TC
with a value of (77 4 25) and (42 + 13) Wm~!' K=, respec-
tively. Hippalgaonkar et al.®® measured the TE PF of few-
layer MoS; in the metallic regime at room temperature and
observed the largest PF for bilayer MoS; as 8.5 mW m~! K2
at applied gate voltage (V, = 104 V). The corresponding car-
rier concentration was reported as nyp ~ 1.06 x 1013 cm™2,

They also demonstrated the effective mobilities of monolayer,
bilayer and trilayer, at room temperature, as 37 em? V- lgl
64 cm? V-! s71 and 31 ecm? V~! s7! respectively. The ther-
moelectric PF of suspended monolayer MoS; was reported®3
as 28 mW m~! K2 at npp ~ 1.0 x 10'2 cm~2. Wang et
al.?* explored the in-plane TC values for varying sample
thicknesses of suspended MoS; and MoSe, using nanosecond
energy transport state resolved Raman (ns ET-Raman) tech-
nique with high accuracy. While the layer thickness for MoS;
ranges from 45 nm to 115 nm and for MoSe; from 40 nm
to 135 nm, the lattice TC was enhanced from 40.0 + 2.2 to
743 +£ 32 W m~! K~! for MoS,, and from 11.1 £+ 0.4 to
20.3 + 0.9 W m~! K~! for MoSe,. The larger in-plane ther-
mal conductance of thicker samples originates from the bigger
heat conduction cross-section. The long mean free path (long-
MFP) of thicker sheets implies a reduced surface scattering
effect. So, thickness dependency is caused by considerable
surface scattering of long-MFP phonons. It is worth pointing
out that surface scattering was found to significantly impact
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FIG. 6. Electronic transmission, Seebeck coefficient, power factor,
and thermoelectric figure of merit are plotted around the Fermi level
for 2H-ZrSe,, 2H-ZrTe,, 2H-HfS,, and 2H-HfSe;. Reproduced with
permission from Physical Review B 100, 085415 (2019). Copyright
2019 American Physical Society.

electron and phonon transport in few-layered black phospho-
rus??* and suspended Bi,Te3 nanoplates®?.

Cross-plane Seebeck coefficients of CVD-grown MoS,,
WS,, and WSe, were also measured?2®. The Seebeck coef-
ficients for MoS,, WSe,, and WS, thin films have been found
to be approximately 115, 129, and 211 uV K~! at room tem-
perature, respectively. Large differences in cross- and in-plane
S values (115 mV K~1/742 mV K~') were observed, which
reveal the strong anisotropic behaviour of large-area MoS;
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with a ratio of 6.5 at 300 K. The trend was attributed to the
energy filtering effect in the holey MoS, film through in-plane
direction®?®. Experimentally obtained values of lattice TC and
interface thermal conductance for 1L-3L structures are sum-
marized in Table II.

In addition to the experimental studies, there have been ex-
tensive theoretical studies on the thermal properties of the
monolayer, few-layer, hetero, and Janus structures of MoXj
and WX, that performed different computational simulations
and methods>3!=23. The reported TC values notably differ
from each other due to the difference in the simulation meth-
ods adopted in calculations. Furthermore, there have been re-
views from different perspectives, as well24236.237,

Using the phonon BTE along with RTA, Wei et al. com-
prehensively explored the size and roughness dependency of
phonon TC of monolayer MoS,?*8. Since monolayer MoS,
has short phonon MFP compared to graphene, its TC is
weakly dependent on size and roughness. Monolayer MoS;
exhibits lower TC compared to graphene®*°. The highest con-
tribution to the TC comes from the LA phonon mode. The ZA
phonon mode exhibits a relatively large contribution (33%)
compared to the TA mode (7.5%). They also reported that the
contributions of TA and ZA phonon modes are almost length-
independent, while the LA mode is slightly dependent. The
phonon TC of MoS, monolayer was also found as roughness-
independent due to the short phonon MFP. The obtained TC
value for monolayer MoS, was reported as 26.2 W m~! K1,
Using NEGF, Cai et al. investigated the lattice TC of MoS,;
monolayer with 18.1 nm phonon MFP as 23.2 W m~! K~!
at T=300 K2*0, In addition, Cai et al. found lattice TC value
as 6.66 W m~! K~! by considering the phonon MFP value as
5.2 nm from MD calculation in the literature>*!.

Since both bulk and monolayer forms of MoS, have not
possessed very high ZT values, some researchers focused on
TE properties of 1D MoS; armchair nanoribbons (aNRs). Liu
et al.**! performed MD simulations to investigate the TC of
both MoS; monolayer and MoS; aNRs with 3.2 nm width. At
room temperature, the calculated TC value of MoS; mono-
layer was reported as 1.35 W m~! K~!. They revealed that TC
values of MoS, NRs are slightly dependent on the width and
length of the material. The converged TC of MoS; aNRs was
obtained as 1.7 W m~! K~! when the sample size was consid-
ered long enough. Besides, TC of MoS, aNRs was reported
as approximately 1.02 W m~!' K~! at room temperature. Us-
ing first-principles calculations and semi-classical Boltzmann
theory as implemented in BoltzTraP code, Fan et al.>*? ex-
plored TE coefficients and ZT values of 1D MoS, aNRs with
different width. They also obtained the relaxation time using
DP theory. The Seebeck value of MoS, aNR with 4 ribbon
width obtained as 224 uV/K whereas aNR with 5 and 6 rib-
bon width exhibits higher Seebeck coefficients with a value
of 727 and 640 uV/K, respectively. This difference originates
from the band gap. The calculated band gap for 4-aNR was
0.15 eV, while 5-aNR and 6-aNR have 0.49 and 0.44 eV en-
ergy band gaps. By using the lattice TC value (1.02 W m™!
K1) from the literature®*!, they reported the ZT value as 3.4
for p-type and 2.5 for n-type carriers of 4-aNR at room tem-
perature. Since 5-aNR and 6-aNR have lower electrical con-
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TABLE II. Experimentally determined TC and interfacial thermal conductance values of MoX, and WX, (X=S,Se)

Material Method supported suspended suspended interfacialk Refs.
(300 K) (500 K) (MW/m2K)
Bulk MoS, Pumb-probe 85-112 227
1L MoS; Raman 55 +/- 20 84 +/-17 66 +/- 16 0.44 +/- 0.07 218
Raman 345 +/-4 214
2L MoS, Raman 35+/-7 77 +/- 25 29 +/- 10 0.74 +/- 0.05 218
4L MoS, Micro-bridge 44-50 215
Raman 60.3 228
6L MoS,» Raman 46 228
7L MoS, Micro-bridge 48-52 215
8L MoS, Raman 35.1 228
11L MoS, Raman 52 213
1L MoSe, Raman 24 +/- 11 59 +/- 18 0.09 +/- 0.03 218
2L MoSe; Raman 17 +/- 4 42 +/-13 0.13 +/- 0.03 218
1L WSe, Raman 37 +/- 12 49 +/-14 2.95 +/- 0.46 221
2L WSe, Raman 24 +/- 12 3.45 +/- 0.50 221
3L WSe, Raman 20 +/- 6 3.46 +/- 0.45 221
1L WS, micro-Raman 32 217
2L WS, micro-Raman 53 217
28+5 229
38+6 230
2L WS, (2 um length) 24 +/-3 230
2L WS, (5 pm length) 21 +/-25 230

ductivity and PF than 4-aNR, they possess lower ZT values
with a value of 0.8 for p-type and 1.3-1.7 for n-type carrier’*?.

Li et al. performed first-principles calculations and em-
ployed BTE, and obtained the lattice TC of monolayer MoS;
with a sample size of 1 um as 83 W m~! K~! at T=300K>*3.
Jin et al. investigated the electon and phonon transport prop-
erties of single-layer MoS; using first-principles calculations
and equilibrium MD simulations?>**. TC value of single layer
MoS, was reported as 116.8, 79.6, 52.9 W m~! K~ ! and the
ZT value of n-type MoS, was predicted as 0.04, 0.07 and 0.11
at 300 K, 400 K, 500 K, respectively>**. Gu et al. performed
simulations to reveal the layer thickness dependency of TC for
MoS, using first-principles-based Peierls-Boltzmann trans-
port equation method!'®. They concluded that the TC value
decreases as the thickness of the MoS; layer increases. They
predicted the room temperature lattice TC value of naturally
occurring and isotopically pure bulk MoS; as 94 W m~! K~!
and 112 W m~! K~!, respectively. As the thickness goes from
1L to 3L, lattice TC of naturally occurring MoS, takes values
from 138 Wm ™! K~! to 98 W m~! K~! whereas isotopically
pure MoS; has TC values ranging from 155 W m~! K~! to
115 W m~! K~!. From these results, it can be clearly stated
that the lattice TC value of 3L MoS, is quite close to that of
bulk structure.

Using ShengBTE code, Gandi et al. obtained the lattice TC
value of bulk and monolayer MoS, as 2.3 and 131 W m™!
K~ ! at T=300 K, respectively>*. Afterwards, Hong et al.”*
predicted the lattice TC of MoS; and MoSe; as 110.43 and
43.88 W m~! K~! by performing MD simulations. Peng et
al.®*" carried out first-principles calculations to investigate the
lattice TC of monolayer MoS;, MoSe,, and WS, and they

reported the TC value at room temperature as 33.6 W m~!
K™!, 176 Wm™! K~! and 31.8 W m~! K™, respectively.
Ge et al. calculated the lattice TC and ZT value of 1T" phase
of MoSe; as 10.7 W m~! K~! and ~ 0.2 at room temperature
using Slack model®.

Huang et al. investigated TE performance of monolayer
MoX; and WX, (X=S, Se) by using 2D ballistic transport
approach based on energy dispersions®*®. They reported the
Seebeck coefficient, electrical conductance, and thermal con-
ductance contributed by electrons, lattice thermal conduc-
tance, and ZT parameters for p-type and n-type charge car-
riers. For both p-type and n-type, the considered monolayers
possess similar ZT values at low temperature values. They re-
ported that p-type MoS; has higher ZT with a value of 0.58
at around 300 K whereas n-type WSe; possess high ZT value
compared to MoS;, MoSe;, WS, at high temperature values
above 300 K. Besides, n-type MoS, exhibits lower room tem-
perature ZT with a value of 0.25.

Using ballistic transport approach, Huang and co-
workers>*” examined the thickness dependence of TE proper-
ties of layered MoS, and WSe; structures, since the TC values
of MoS, films and disordered WSe; demonstrated as low as
0.1-1 Wm™" K~! and 0.05 W m~! K™/, respectively?3*-23!,
They revealed out that the maximum ZT value for n-type 1L-
MoS; and 2L-WSe; can reach 1.6 and 2.1 at 500 K, respec-
tively>*.

Wickramaratne et al. explored the TE properties of MX,
(M=Mo, W; X=S, Se) with different number of layers us-
ing first principles calculations and Landauer formalism?2.
To calculate TE parameters for each material, they took into
account the experimentally reported lattice TC values®'* as



34.5 W m~! K~! for monolayer and 52 W m~! K~! for few
layered structures. Among considered materials and differ-
ent layer thicknesses, TE performance of n-type 2L-MoSe;
possess the highest value (2.39) at room temperature. For 2L
thickness, this maximum value is followed by n-type 2L-WS;
with a value of 1.98. In addition, they found that p-type bi-
layer MoS; exhibits the highest ZT value (1.15 at T=300 K)

among the considered layered materials.

In a recent study, Jobayr et al.>>? investigated the TE prop-

erties of both bulk and monolayer structures of MoS;, MoSe;,
WS, and WSe; using BTE. By taking into account phonon
TC values as 0.245 (MoS,), 0.18 (MoSe»), 0.212 (WS5), and
0.164 (WSe;) W m~! K~! from the previous work reported
by Huang er al. %*8, they calculated the ZT values of n-
type charge carrier concentration for MoS;, MoSe,, WS, and
WSe, at room temperature as 2.2147, 2.2859, 2.8729, and
2.9191, respectively. It can be concluded that WS, and WSe;

exhibit a competitive ZT values.

Kumar ef al.'® comprehensively investigated the TE prop-

erties of both bulk and monolayer MoSe, and WSe, using
BoltzTraP and ShengBTE codes. Due to their calculation re-
sults, they predicted that monolayer MoSe, and WSe, has
lower Seebeck coefficient (427 and 350 u V/K) in compar-
ison to their bulk counterparts (690 and 680 u V/K). They
determined the relaxation time by taking into account exper-
imental hole conductivity values of undoped materials?>*2>3
and predicted o/7 values at room temperature. As a result,
they reported the in-plane and out-of-plane relaxation times
as 1.6x107"3 s and 1.4x107'5 s for WSe,, and 5.7x1071
s and 8.0x10~!7 s for MoSe,, respectively. The lattice TC
value of monolayer WSe, was predicted as lower than that of
monolayer MoSe;. Both p-type and n-type WSe, has higher
ZT value compared to MoSe, 8.

Zhou and Chen>® obtained lattice TC of WSe, monolayer
using DFT and the linearized phonon BTE within RTA. They
reported that WSe, monolayer (1um sample size) exhibits ul-
tralow TC with a value of 3.935 W m~! K~! compared to
MoS,, MoSe;, WS, monolayers. In literature, TC values of
MoS;, monolayer with 1um sample size were reported as 83
and 103 W m~! K~! using BTE!'>?*3_ In addition, TC value
for MoS, monolayer predicted as 23.3 W m~! K~! using
NEGF?’7. Moreover, Zhang et al. performed first-principles
calculations within BTE to explore TCs of honeycomb MXj
M=Cr,Mo,W;X=0,8S, Se, Te) monolayerszSS. As an over-
all evaluation, they revealed out that as the mass of atom M or
X increases, the lattice TCs of MX; monolayers decrease. On
the other hand, when M varies from Cr to W, lattice TCs of
sulfides and selenides (MX,; M = Cr, Mo, W; X=§,Se) in-
crease. With further analysis, they pointed out that the trend
in the lattice TC mostly originates from the phonon relax-
ation time. Zhang et al.>>% explored the length dependency
of lattice TC of considered MX, monolayers with width d =
5 um at room temperature. The lattice TC of TM oxides in-
creases rapidly with length and is more dependent on length
than compared to TM sulfides and selenides, except WS,. The
reported TC values at L=15 mu m for oxides (MO,; M=Ccr,
Mo, W) are 236.2 (CrOy), 209.6 (M00O»), 157.5 (WO;2) W
m~! K™, for sulfides are 88.8 (CrS,), 82.2 (MoS,), 121.2
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(WS3) W m~! K~!. The lattice TC values for selenides and
tellurides has smaller values compared to oxides and sulfides.
CrSez, MoSe; and WSe; exhibit 35.3,46.2,72.7 Wm ™! K~!
TC values while CrTe,, MoTe, and WTe, possess 27.9, 41.4
30.2 W m~! K71, respectively.

Gu and Yang!!3 studied the phonon transport properties of
both 2H- and 1T-type MX,; (M=Mo, W, Zr, and Hf, X=S and
Se) monolayers using first-principles calculations within it-
erative solution of Peierls-Boltzmann transport equation and
also from single-mode RTA. The lattice TC value of MoS;
was predicted as 103 W m~! K~! from iterative solution of
Peierls-Boltzmann transport equation whereas the value re-
ported as 83 W m~! K~! using single-mode RTA. Among the
considered monolayers, WS, has the largest TC and the cal-
culated value from Peierls-Boltzmann transport equation was
141.8 W m~! K~ ! at T=300 K. For MoS,, MoSe, and WSe,,
lattice TC was reported as 103.3 W m~! K~!, 543 W m™!
K~!and 52.6 W m~! K~! at T=300 K, respectively. In addi-
tion, they also obtained TC of MoS, performing MD simula-
tions, and the result is lower in comparison to first-principles
calculations. They pointed out that, for the same sample size
of 1 um, 1T-type MX, monolayers possess lower lattice TC
values than 2H-type MX, monolayers.

Ma et al. explored the ballistic thermal transport proper-
ties of MoX,, WX, (X=S, Se) monolayers259. For low tem-
perature values (~ below 50 K), thermal conductance of MXj,
(M=Mo, W; X=S, Se) tends to increase with increasing atomic
mass. Besides, it has a tendency to decrease with atomic mass
for high temperature values. They pointed out that it is pos-
sible to control the thermal conductance by the atomic mass
efficiently.

Ballistic electronic and phononic transport properties of
semiconducting 2D TMDs and TMDOs (MX, with M = Cr,
Mo, W, Ti, Zr, Hf; X = O, S, Se, Te) both in 2H and 1T phases
comprehensively explored using first-principles calculations
within Landauer-Biittiker formalism by Ozbal et al.’'. They
pointed out that mostly TM tellurides in 2H phase exhibit
lower phonon thermal conductance compared to TM oxides,
sulfides, and selenides at all considered temperature values
(T=300 K, 500 K, and 800 K). According to their calculation
results, CrO, exhibits the highest phonon thermal conduc-
tance with a value of 2.00 W m~! K~! at room temperature.
For most of the considered 2D TMDs and TMDOs, phonon
thermal conductance slightly increases with increasing tem-
perature. Due to high vibrational frequency, the phonon ther-
mal conductance of TMDOs has a remarkable increase with
rising temperature. In general, TM oxides have higher phonon
thermal conductance compared to sulfides, selenides, and tel-
lurides. Therefore, TM oxides are the materials with the low-
est ZT value among the materials studied. At room temper-
ature, p-type 2H-MX; (M=Cr, Mo, W; X=S, Se, Te) possess
ZT value in the range from 0.33 to 0.55. For n-type charge
carriers, ZT has values between 0.27-0.54. Both p-type and
n-type ZT values of these materials enhanced to higher than
1 when temperature is increased to T=800 K. Besides, it was
revealed out that ZT values of n-type MoSe; (1.91), MoTe;
(2.21), WSe; (2.18) and p-type MoTe; (1.85) are high enough
to be considered. All the detailed results for phonon thermal



conductance and ZT values are given in Tables III-IV.

Since strain, vacancy, defects, and doping have remark-
able impact on TC and hence ZT of graphene?®*-262 and sil-
icene?03-264 | researchers explored the influence of lattice de-
fects and/or strain on TE properties of monolayer and/or few
layer MoS,, MoSe;, WS as well'17:265-273_ Under compres-
sive and tensile strain, TE coefficients for monolayer MoS,
were obtained by considering SOC effect?’4. Since SOC ex-
tinguish the band degeneracy, it leads to an enhancement in
the PF and PF has larger values compared to the case where
the SOC effect is not taken into account. For MoS, mono-
layer, SOC causes an improvement for n-type carrier concen-
tration while it decreases PF of p-type carrier concentration.
Strain also has a significant impact on the power factor263-20,

Bera and Sahu investigated the both uniaxial and biaxial
strain effect on TE performance of monolayer WS, using
Phono3py code?®’. For strain-free case, room temperature lat-
tice TC of WS, monolayer was reported as 72W m~! K~1. At
higher temperature values (T=900 K), ZT value has its maxi-
mum and the calculated value was reported as 0.516 for n-type
and 0.494 for p-type WS, monolayer. With the effect of ap-
plied 2% biaxial compressive strain, ZT value of n-type WS,
increases to 0.700 while it has its maximum value (0.720) for
applied 4% uniaxial compressive strain. For 2% biaxial ten-
sile strain and 4% uniaxial tensile strain, ZT values of p-type
WS, reported as 0.550 and 0.568, respectively, at T=900K.

Han et al calculated the biaxial strain effect on lattice TC
of WS, monolayer using ShengBTE code?”>. For unstrained
case, they reported the lattice TC value as 262.78 Wm~! K~
For 8% biaxial tensile strain its value reduces to 190.66 W
m~! K~! while WS, monolayer has 217.40 W m~! K~ lat-
tice TC under the effect of -4% biaxial compressive strain.

Ding et al. explored the TC of both pristine and defec-
tive MoS; under the influence of strain using NEMD simu-
lations?%®. Mo (S) vacancy defect as small as 0.5% changes
the TC significantly by 60% (35%). With the effect of 12%
tensile strain, TC of defected MoS; decreases by 60% and TC
of pristine MoS, also decreases almost at the same rate. Peng
et al. studied the effect of Sulfur vacancies on thermal trans-
port properties of monolayer MoS; using ShengBTE code?®.
They reported the room temperature ki value for pure MoS;
and MoS, with monosulfur vacancy defect as 154.3 W m™!
K~!and 62.1 Wm~! K~!, respectively. For MoS; with disul-
fur vacancy (k.=38.2 W m~! K~! ) and double monosulfur
vacancy (k;.=40.2 W m~! K~!) defects, room temperature ki
values were predicted as lower than those of pure and mono-
sulfur vacancy defect due to decreasing phonon group veloci-
ties and increasing three-phonon Umklapp scattering. Sharma
et al. pointed out that MoS, monolayer with Sulfur vacancy
defect exhibits higher figure of merit (ZT = 6.24) compared
to MoS, monolayer in pristine form at room temperature®’!.
In addition, room temperature ZT value for MoS; monolayer
with MoS; vacancy defect was predicted as 1.30. The re-
ported ZT values of MoS; monolayer in the literature is in
the range from 0.02 to 0.53 (Table III).

The effect of W doping in pristine MoSe, and also defected
MoSe; with Se vacancy was investigated by Yan er al using
phonon BTE?’®. They found out that Se vacancy leads to a
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decrease in lattice TC of MoSe, monolayer. MoSe; mono-
layer with Se vacancy rate of 1%, 2% and 4% exhibits 27.7%,
39.5% and 51.9% lower lattice TC values compared to pristine
MoSe, monolayer. On the other hand, it was reported that lat-
tice TC of W doped pristine MoSe; with a sufficiently large
size has a remarkable increase (23.6 %) whereas W doping
in defective MoSe, caused a decrease in lattice TC. Further-
more, they also revealed out that room temperature lattice TC
has 34.0 % and 46.2 % lower values when Se vacancy defect
with a rate of 1% and 2% applied to the W doped MoSe;,
respectively.

Although various ways to tune TC of 2D materials have
been theoretically successful, it is difficult to achieve this
experimentally due to various technical challenges. Phonon
transport properties of few-layer MoS, flakes with defects
were studied experimentally using different techniques®’®%77.
Alyiti et al.?’® measured the TC of MoS, by applying a novel
approach i.e., mild oxygen plasma. A crystalline—amorphous
transition emerges under high-dose plasma with a sharp
change in TC. They exfoliated three different samples, namely
MoS;-A, MoS;-B and MoS;-C, from the bulk MoS, and de-
termined the room temperature TC values as 30 + 3 Wm™!
K, 34 +5Wm' K ! and 31 4 Wm~!' K~!, respec-
tively. According to their NEMD calculations, for 5% defect
concentration, the TC value of the defective structure was ob-
tained as 55% lower than the pristine structure?’®. Zhao et
al. performed helium ion (He+) irradiation to explore the TC
of defected few-layer MoS, flakes?’”. They estimated the TC
values for two few-layer MoS, flakes as 38 = 6 and 28 = 5 W
m~! K~!. In order to create a defect in the crystal structure,
the irradiation dose has been increased continuously. They re-
ported that both Mo-vacancy and S-vacancy cause a decrease
in TC value.

Guo comprehensively explored phonon transport proper-
ties of Janus MoSSe monolayer using linearized phonon BTE
within the single-mode RTA?®. At room temperature, the pre-
dicted value of thermal sheet conductance of MoSSe Janus
monolayer is 342.50 W K~! which is higher than that of
ZrSSe monolayer (33.6 W K=1)297 This difference results
from the difference in the phonon dispersions. Furthermore,
they reported that lattice TC value of MoSSe Janus monolayer
(13.90 W m~! K1) is in the range of MoS; (23.15 W m™!
K~!) and MoSe; (11.54 W m~! K~!) monolayers.

By calculating TE coefficients using BoltzTraP code and
considering lattice TC of MoS, as reported in literature®*® (k.
=232 Wm~! K~! at T=300 K), Vallinayagam et al. obtained
the TE figure of merit of MoS, monolayers with substitution
of S by Se and SeMoS Janus layer?’?. For MoS, monolayers
with substitution of S by Te and TeMoS Janus layer, lattice
TC value of monolayer MoTe; has been taken into account
from the literature®®® as 42.2 nW K~! at T=300 K. They cal-
culated the ZT value for Se substituted MoS, monolayers at
T=300 K as ~1.0. Te substituted MoS, monolayers possess a
little lower ZT values compared to Se substituted monolayers.
In addition, SeMoS Janus layer exhibits a ZT value around
~1.0-1.02 while ZT value of TeMoS Janus layer has ~0.84-
0.86. TE performance of WS, and Janus WSSe and WSTe
monolayers obtained by Patel et al. using BoltzTrap2 code?3!.



They reported that Janus WSTe monolayer possess higher
ZT value than WS, (ZT=0.006) and Janus WSSe monolayer
(ZT=0.013) with a value of 0.74 at T= 300 K. For higher tem-
perature values (T=1200 K), ZT value of Janus WSTe mono-
layer increases to 2.56.

Chaurasiya et al. obtained the strain effect on TE properties
and lattice TC of Janus WSSe monolayer by using BoltzTraP
package and Phono3py code®®?. For strain-free case, Janus
WSSe monolayer has a lattice TC value of 25.37 Wm~! K~!
at room temperature which is lower than WSe, and MoSe; 115
Under the effect of tensile strain, TC value of WSSe mono-
layer reduces to 9.90 W m~! K~!. At T=1500 K, calculated
ZT of unstrained WSSe was reported as 0.72 (0.73) for n (p)-
type carriers. They pointed out that the ZT value of n (p)-type
WSSe significantly increases to 1.06 (1.08) with the effect of
biaxial strain.

Zhang et al. investigated the phonon thermal properties
of MoS,/MoSe; heterobilayer by performing NEMD simu-
lations283. They reported the TC value of MoS,, MoSe,,
and MoS,/MoSe; bilayer 2D sheet as 32.9, 24.8, and 28.8 W
m~! K~ at room temperature, respectively. Using Sheng-
BTE code, Ma er al.?%* obtained the lattice TC value of
MoS;/MoSe; bilayer heterostructure. They revealed out that
the lattice TC value of MoS;/MoSe; bilayer heterostructure is
around 25.39 W m~! K~! at room temperature. This value
lies between calculated TC values of its monolayer counter-
parts MoS, (39.612%% and 33.6%*” W m~! K~!) and MoSe,
(17.55%% and 17.6* W m~! K1) reported in the relevant
article and also literature.

Deng et al. compherensively examined the TE perfor-
mance of monolayer and bilayer MoSSe nanoribbons and also
graphene/MoSSe heterostructure nanoribbons using NEGF
and the Landauer equation®®. Acoording to their calculation
results, at T=300 K, bilayer MoSSe nanoribbons exhibits ul-
tralow lattice TC with a value of 0.012 nW K~! and this value
followed by graphene/SeMoS stacked nanoribbons (0.045 nW
K1), graphene/SMoSe stacked nanoribbons (0.067 nW K1),
symmetric armchair MoSSe nanoribbons (0.077 nW K.
Room temperature ZT value for n-type graphene/SeMoS (p-
type graphene/SMoSe) stacked nanoribbons reported as 2.01
(1.16) which is higher (lower) than that of symmetric armchair
MoSSe nanoribbons (p-type ZT=1.64) and bilayer MoSSe
nanoribbons (n-type ZT=1.28). It can be concluded that these
nanoribbon structures exhibits better TE performance com-
pared to graphene, MoS, monolayer and Janus MoSSe mono-
layer structures?48-27,

Zhang et al. explored the lateral and out-of-plane (inter-
facial) lattice TC of bilayer MoS; and WS,, heterobilayer
MoS,/WS, and superlattice MoS>/WS; by iteratively solv-
ing phonon BTE as implemented in ShengBTE package”3°.
At room temperature, lateral ki values of bilayer MoS; and
WS, were obtained as 61.13 W m~! K~! and 87.52 W m~!
K, respectively, which are compatible with the experimen-
tal results?!7213 At T=500 K, bilayer MoS, has lower lat-
eral k. with a value of 36.77 W m~! K~!. For heterobilayer
MoS,/WS,, lateral ki, was reported as 70.01 W m~! K~ !and
this value is in the range of bilayer MoS; and WS, structures.
Moreover, superlattice MoS,/WS; possess much more lower
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lateral ki with a value of 7.22 W m~! K~! than monolayer,
bilayer and heterobilayer structures due to decreasing phonon
relaxation time.

Using NEMD method, Zhang et al.?®” explored the
phonon thermal properties of MoS;-MoSe;, MoS;-WS,, and
MoS,-WSe; heterobilayers. They investigated the depen-
dence of lattice TC on the width and length of the related
material. It is concluded that while the TC value for differ-
ent widths remains almost unchanged, the TC value increases
monotonically as the length increases. For a sufficiently high
length value (> 400 nm ), the TC value begins to converge.
The reported TC values for MoS,;-MoSe;, MoS,-WS,, and
MoS,-WSe, heterobilayers as follows; 34.1 W m! K1,
689 W m~! K~!, and 33.0 W m~! K~!, respectively.

Bharadwaj et al*® investigated the TE performance of het-
erostructures consisting of possible combinations of MoS;,
MoSe;, WS,, and WSe, at different temperatures (T=300 K,
500 K, 800 K) by performing quantum transport calculations
combined with Boltzmann transport theory. They reported the
heterostructures with notable room-temperature ZT values as
n-type WS2/WSe; (0.997) and p-type MoSe,/WSe, (0.714).
At higher temperature values (T=800 K), n-type WS,/WSe;
(1.806) and n-type WS2/MoS, (1.641), p-type MoS,/MoSe,
(1.289) and p-type MoSe,/WSe, (1.045) exhibit highest ZT
values compared to considered heterostructured materials.

The room temperature lattice TC value of WSe,/WTe; het-
erostructure was reported as 70.694 W m~! K~! at T=300 K
by Luo et al.?® using ShengBTE code. This value is larger
than that of some TMDs such as MoSe, (54.3 W m~! K1)
and WSe; (52.6 W m~")!15. Moreover, Chang et al.?*° deter-
mined the phonon thermal transport properties of WS,/WSe;
heterostructures by employing ShengBTE code. They re-
ported that WS,/WSe, heterostructure has lattice TC value of
62.98 W m~! K~! at T=300 K. It can be stated that this value
falls between the calculated lattice TC values of WS, (101.74
W m~!' K~!) and WSe; (46.8 W m~! K~!) monolayers.

Han ef al. performed calculations to investigate TE prop-
erties of WS;, WSe, monolayers, and WS,—WSe, phononic
crystals at different temperatures using BolztTraP code and
ShengBTE package®’. At T=300 K, the lattice TC value of
WS, and WSe, monolayers obtained as 299.87 W m~! K~!
and 120.86 W m~! K~!. For WS,-WSe, phononic crys-
tals, superlattices with the smallest period length (SL1) and
the second smallest period length (SL2), the lattice TC values
were reported as notably low compared to monolayered struc-
tures. Through x (y)-direction, they obtained that SL1 and
SL2 have anisotropic lattice TC with a value of 69.95 W m~!
K1 (7506 Wm~ ! K1) and 46 Wm~! K~ (53.52 W m™!
K1), respectively. They also predicted the ZT values for both
monolayers and phononic crystals superlattices. At T=1000
K, p-type WS, and WSe; monolayers exhibit the highest TE
performance with a ZT value of 0.43 and 0.37, respectively.
Furthermore, the ZT values of p-type SL1 and SL2 monolay-
ers were reported as 0.95 (0.67) and 0.62 (0.66) through the x
(y)-direction at 1000 K.

TE transport properties of WS, /WSe, lateral superlattice
were studied by Hu et al.'’? using BoltzTraP and ShengBTE
codes. They also calculated relaxation time by employing the



DP theory. For p-type (n-type) WS, /WSe,, T was reported
as 40.77x107 % s (2.71 x107'* s) and 38.78x107!* 5 (2.92
x1071% 5) along xx and yy direction, respectively. The lattice
TC was obtained as 16.9 (4.5) W m~! K~! through xx (yy)
direction. For WS, monolayer, lattice TC had values 33.8 W
m~! K~ and 9.2 W m~! K~! through xx and yy direction,
respectively. They predicted the ZT value as 0.28 (0.68) for
p-type through xx (yy) direction at T=300 K.

Zhao et al. obtained the biaxial strain effect on TE per-
formance of MoS,/WS; heterostructure by using BoltzTraP
package and DP theory?®!. They calculated the strain depen-
dence of lattice TC by performing NEMD simulations. For
the strain-free case, the predicted values of lattice TC were
68.44 W m~! K~! and 42.81 W m~! K~! at T= 300 K and
T=500 K, respectively. The obtained results are compatible
with previous work reported by Zhang et al.?%”. With the ef-
fect of applied biaxial strain, lattice TC value decreases due
to change in the phonon scattering, and correspondingly ZT
value increases. According to their calculation results, the ZT
value of n-type charge carriers has doubled compared to the
case without strain effect. For p-type charge carriers, the ZT
value increased by 50% compared to the strain-free case.

C. PdX,, PtX, (X=S, Se, Te)

Due to their widely tunable bandgap, moderate carrier mo-
bility, anisotropy, and ultrahigh air stability, group-X nobel
TMDs PdX;, PtX; (X=S, Se, Te) have also been the subject
of tremendous attention?®>. Various experimental and theo-
retical studies have been carried out to explore the structural,
electronic, and optical properties of these materials>?>~27,
As a result of the comprehensive analysis, they have been
proposed as potentially good candidates for field effect tran-
sistors298-299 photodetectors300’301, catalysis302’303, and sen-
sors304305  PtTe,, PdTe,, PtSe,, and PtS, are thermodynam-
ically stable in trigonal structure®® whereas PdS, and PdSe,
are most stable in orthorhombic pentagonal structure?®>3%7,

In literature, various researchers theoretically investigated
the TE properties of monolayer penta-PdX; (X=S, Se, Te) and
the anisotropy in TE coefficients of these materials using first-
principles calculations and BTE within the RTA and CRTA as
implemented in the BoltzTraP software**308309  Due to the
structural anisotropic nature of these monolayers, transport
coefficients (6 /7, S2o, k1, Ko, ZT) possess strong anisotropy
along both x and y directions. Using ShengBTE code, Lan et
al.3" investigated the anisotropy in &, and reported Ky./kiy
as ~ 0.34, 0.43, and 0.24 at T=300 K for penta-PdS,, PdSe,,
PdTe,, respectively. Individual values of x; along x- and y-
directions have been reported as 4.34 and 12.48 Wm~! K~!
for PdS,, 2.91 and 6.62 Wm~! K~! for PdSe,, 1.42 and 5.90
W m~! K~! for PdTe,, respectively. Qin ef al.** reported the
lattice TC values of PdSe, along x- and y-directions as 3.7
(1.4) and 7.2 (2.7) W m~'K~! at T=300 K (800 K), respec-
tively. For different carrier concentration types and different
directions, PdTe, has higher electrical conductivity, PF and
lower k7, compared to PdS; and PdSe,#4-308:309  Therefore, it
can be stated that the ZT value of PdTe, will be higher along
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relevant directions. The maximum ZT values along the x-
direction for p-type penta-PdS,, PdSe, and PdTe; are reported
as 0.85, 1.18, and 2.42 at carrier concentration 3.34x 1013,
7.08x10'2, and 3.78x10'3 cm~2, respectively309. The cal-
culated ZT value for p-type PdSe; along x-direction is 1.1 at
room temperature44. So, the results clearly demonstrate that
each relevant material is a potential anisotropic TE candidate.

Marfoua and Hong examined the TE properties of hexag-
onal and pentagonal PdTe, structures using semiempirical
Wiedemann—Franz law and BTE*!. Since the empirical
Wiedemann—-Franz law underestimated the electronic TC, it
may be possible for ZT to have a higher value?!?. Marfoua and
Hong*! estimated the ZT value as high as 3 with Wiedemann—
Franz approach. At T=300 K, they reported the lattice TC of
hexagonal PdTe, as 3.20 and 3.23 W m~! K~! along zigzag
and armchair directions, respectively. Moreover, lattice TC of
pentagonal PdTe, obtained as 0.53 (1.21) W m~! K~! along
the x(y)-direction at T=300 K. Overall, pentagonal PdTe, ex-
hibits lower lattice TC than hexagonal PdTe,. Both pentag-
onal (along x- and y-direction) and hexagonal (along zigzag
direction) structures of n-type PdTe, possess nearly the same
ZT (around ~ 0.7-0.75) at T=300 K. On the other hand, n-type
pentagonal PdTe; exhibits better TE performance compared
to hexagonal PdTe; at temperature values higher than 500 K.
Along the armchair direction, the maximum ZT value of n-
type hexagonal PdTe, obtained as 0.59, 0.69 and 0.67 W m~!
K~! at T=300 K, 500K and 700K, respectively*'. For both
zigzag and armchair directions, n-type PdTe, shows better TE
performance than p-type PdTe;. Along the x-direction, the ZT
value of n-type pentagonal PdTe; reported as 0.7 (0.85) at 300
K (700 K) while n-type pentagonal PdTe; exhibits 0.8 (0.91)
at 300 K (700 K)*'. Here again, the future potential of these
materials is clear.

Zhong et al.’!'" examined the TE coefficients and TE per-
formance of 2D hexagonal MX, (M= Ni, Pd; X= S, Se and Te)
using first-principles calculations and BoltzTraP code. The re-
ported k;, values for H-PdS,, H-PdSe,, H-PdTe; and H-NiSe;
are 35.87, 11.52, 1.30 and 1.08 Wm~! K~! at 300 K, respec-
tively. Since H-PdTe, and H-NiSe; have lower k;, values, they
investigated the ZT values for these materials by considering
different electronic scattering times (3 fs, 5 fs, 7 fs, and 9 f5s).
They revealed out that ZT value of n-type H-PdTe, is smaller
(0.24 at T = 5 fs) compared to n-type H-NiSe; (0.38 at T =5
fs) at room temperature. For different electronic scattering
time values such as 3 fs, 7 fs, and 9 fs, ZT value of H-PdTe,
(H-NiSe,) was predicted as 0.15 (0.25), 0.31 (0.48), and 0.38
(0.58), respectively. When the temperature increases to 700
K, maximum ZT values obtained as 1.08 for n-type H-PdTe;
and 0.61 for H-NiSe; at 7 =5 fs. These results clearly show
that the potential of Pd-based materials is differentiable.

As a strategy to tune the TE properties, strain engineering is
also applied these materials. Lan et al.3'? explored the strain
dependence of lattice TC of PdS; monolayer. For unstrained
PdS;, the in-plane TC was obtained as 32.32 W m~! K~! at
room temperature’!>, When the biaxial strain ratios increases
from 0% to 10%, the lattice TC value significantly decreases
and it has value of 26.03 Wm~! K~! for 10% strain ratio (re-
duced by 19.5%) at room temperature. Zhang et al.>'> used



TABLE III. Lattice thermal conductivity (conductance) and ZT values of CrX;, MoX5, and W, (X=S,Se,Te) at room temperature.
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Material Phase Theoretical Method K7, zT ZTmax Refs.
(1T/2H) (Tool) (Wm— K1)
n-type p-type n-type p-type
CrS,; 2H Landauer 1.24 (conductance per width) 0.27 033 1.02@800K 1.40@800K !
CrSe, 2H Landauer 0.83 (conductance per width) 0.4 041 149@800K 1.59@800K °!
CrTe, 2H Landauer 0.60 (conductance per width) 0.54 0.55 1.59@800K 1.70@800K !
MoS, 2H Landauer 1.03 (conductance per width) 0.22 047 0.97@800K 1.46@800K 51
MoS,-Bulk 2H Landauer 0.35 0.081 252
MoS,-1L 2H Landauer 135 097 252
MoS,—1L 2H Landauer 1.6@500 K 249
MoS,—2L 2H Landauer 135 1.15 252
MoS,-3L 2H Landauer 223 0.51 252
MoS,—4L 2H Landauer 178  0.39 252
MoS, 2H BTE (BoltzTraP) 116.8@300 K 0.04 244
79.6@400 K 0.07@400 K 244
MoS, 2H BTE (BoltzTraP) 52.9@500 K 0.11@500 K 244
MoS, 2H Landauer 025 058 248
MoS, 2H BTE 2.2147 253
MoS, (4-aNR) 2H BTE (BoltzTraP) 25 3.4 42
MoS; (5-aNR) 2H BTE (BoltzTraP) 1.3 0.8 242
MoS, (6-aNR) 2H BTE (BoltzTraP) 1.7 0.8 242
MoS,-(1-Nb,2-Te) 2H BTE (BoltzTraP) 088 1.1 12@1200K 1.04@1200K 27°
MoS,-(1-Nb,4-Te) 2H BTE (BoltzTraP) 1 1 140@1200K 1.06@1200K 27
MoSe, 2H Landauer 037 039 248
MoSe, 1T BTE (BoltzWann) 10.7@300 K 0.2 95
MoSe; 2H BTE (BoltzTraP) 2.2859 253
MoSe, 2H BTE (BoltzTraP) 0.1@1200K 0.07@1200K 18
MoSe, 2H Landauer 0.72 (conductance per width) 0.35 0.38 191@800K 138@800K !
MoSe;-1L 2H Landauer 139 0.8 252
MoSe,-2L 2H Landauer 239 081 252
MoSe,-3L 2H Landauer 1.66  0.81 252
MoSe;-4L 2H Landauer 1.65 081 252
MoSe,-Bulk 2H Landauer 029 0.081 252
MoTe, 2H Landauer 0.54 (conductance per width) 0.46  0.51 2.21@800K 1.85@800 K 51
WS, 2H BTE (BoltzTraP) 299.87 0.06 043@1000K #3
WS, 2H Landauer 023 041 248
WS, 2H BTE 2.8728 253
WS, 2H Landauer 0.83 (conductance per width) 0.22  0.43 1.08@800K 1.50@800K °!
WS, 2H BTE (BoltzTraP2) 15.6 0.006 0.238@1200 K 281
WS,-Bulk 2H Landauer 028 0.082 252
WS,-1L 2H Landauer 152 07 252
WS,-2L 2H Landauer 198 072 252
WS,-3L 2H Landauer 203 076 252
WS,-4L 2H Landauer 1.85 0.76 252
WS, 2H BTE (BoltzTraP) 33.8 (x) 0.16 (x) 172
(orthorhombic) 9.2 (y) 0.47 (y) 172
WSe, 2H BTE (BoltzTraP) 120.86 0.05 0.37@1000K 43
WSe, 2H Landauer 038 035 248
WSe, 2H BTE 2.9191 253
WSe, 2H BTE (BoltzTraP) 0.13 0.075 0.8@I1200K 0.66@1200K 18
WSe, 2H Landauer 0.66 (conductance per width) 0.33 0.34 2.18@800K 121@800K !
WSe,-1L 2H Landauer 1.88  0.62 252
WSe,-2L 2H Landauer 1.92  0.62 252
WSe,-2L 2H Landauer 2.1@500 K 249
WSe,-3L 2H Landauer 144  0.62 252
WSe,-4L 2H Landauer .13 0.62 252
WSe,-Bulk 2H Landauer 026 0.12 252
WTe, 2H Landauer 0.50 (conductance per width) 0.36 042 1.57@ 800K 1.49@800 K 51




TABLE IV. Cont. Lattice thermal conductivity (conductance) and ZT values of CrX;, MoX,, and W, (X=S,Se,Te) at room temperature.

Material Phase Theoretical Method K, zZT ZTnax Refs.
(1T/2H) (Tool) (Wm K1)
n-type p-type n-type p-type

SeMoS Janus BTE (BoltzTraP) ~10 ~10 1.04@1200K 10@I200K 27
TeMoS Janus BTE (BoltzTraP) 0.84@1200K 0.86@1200K 270
WSSe Janus BTE (BoltzTraP2) 11 0.013 0.355@1200K 281
WSSe Janus BTE (BoltzTraP) 25.37 0.72@1500 K 0.73@1500 K~ 282
WSTe Janus BTE (BoltzTraP2) 0.075 0.74 256@1200K 28!
graphene/MoSSe C/SMoSe stacked NR Landauer 0.067 W K1 1.16 285
graphene/MoSSe C/SeMoS stacked NR Landauer 0.045 @WK~ 2,01 285
MoSSe symmetric aNR Landauer 0.077 @W K1) 1.64 285
MoSSe asymmetric aNR Landauer 0.11 @WK 125 285
MoSSe bilayer NR Landauer 0.012(mWK™1) 128 285
MoS,/MoSe, 2H-Hetero BTE 0.084 0.648 0.115@800K 1.289@800K 288
MoS,/WS, 2H-Hetero BTE 0.093 0407 0.125@800K 0.871@800K 288
MoSe,/MoS, 2H-Hetero BTE 0.165 056 0223@500K 0.934@800K 288
MoSe/WSe; 2H-Hetero BTE 0.173 0.714 0.227@500K 1.045@800K 288
WS,/MoS; 2H-Hetero BTE 0.598 0.274 1.641@800K 0.486@800K 288
WS,/WSe; 2H-Hetero BTE 0.997 037 1.806@800K 0.736@800K 288
WSe,/MoSe; 2H-Hetero BTE 0.485 0.015 0.875@800K 0.017@500K 288
WSes/WS, 2H-Hetero BTE 0.488 0.011 0.879@800K 0.013@800K 288
WS,/WSe; 2H-Lateral BTE (BoltzTraP) 16.9 (x) 0.28 (x) 172
Superlattice 4.5 (y) 0.68 (y) 172
WS,-WSe, 2H-Superlattice (SL1) BTE (BoltzTraP) 69.95 (x) 0.95 (x)@1000K
75.06 (y) 0.67 (y))@1000K 4
WS,-WSe, 2H-Superlattice (SL2) BTE (BoltzTraP) 46 (x) 0.62 (x)@1000K 43
53.52 (y) 0.66 (y)@1000K 43

first-principles calculations within the ballistic transport ap-
proach to obtain TE properties of 2D PtX, (X= O, S, Se, Te)
monolayers. They investigated the ZT values using NEGF
formalism. Among these PtX; (X= O, S, Se, Te) monolay-
ers, PtTe, exhibits the lowest k; with a value of 0.207 W m~!
K~!. ;. values from lowest to highest are reported as follows
0.297 (PtSe,), 0.376 (PtS;) and 0.643 (PtO,) Wm~! K~ 1. At
T=300 K, p-type charge carrier concentrations of PtTe;, PtO,,
PtSe, have ZT values of 1.65, 0.94 and 0.84, respectively.
For PtS;, n-type charge carrier concentration has prominent
ZT value compared to p-type carrier concentration and its ZT
value has been reported as 1.42. Under the influence of ten-
sile strain, ZT values of PtTe, and PtS, monolayers have been
decreased to 1.29. Furthermore, San-Dong Guo’!# explored
the bi-axial strain effect on TE properties of PtSe, monolayer
by performing first principles calculations and semi-classical
Boltzmann transport theory as implemented in BoltzTraP3'4.
The lattice TC for 4.02% biaxial tensile strain rate is obtained
ate) with decreasing 7 at 600 K, and 0.80 (for 2.68% com-
pressive strain rate), 0.45 (for 4.02% compressive strain rate)
and 0.1 (for 4.02% compressive strain rate) at 900 K34, In
addition to this study, biaxial strain effect on TE properties
of PtTe, was studied by Guo er al.>'> using DFT, BoltzTraP
code and solving linearized phonon BTE as implemented in
Phono3py code. The lattice TC value of PtTe, monolayer re-
ported as 7.89 W m~! K~! and 6.37 W m~! K~! with strain
rates of 0% and 4%, respectively, at T = 300 K. For PtTe,, it

was concluded that the TC value decreased at a rate of 19%
when 4% biaxial strain was applied>!>.

Tao et al.>'® explored the TE properties of pentagonal PtX,
(X =S, Se, Te) monolayers by carrying out first-principles
based BoltzTraP calculations within the RTA. Using Sheng-
BTE code, lattice TC of pentagonal PtTe, at 300 K was ob-
tained as 1.77 and 5.17 Wm~! K~! along x and y directions,
respectively. Along the x(y) direction, k;, value of PtS, and
PtSe, is larger than PtTe; with a value of 4.27 (8.86) and 3.12
(7.05) Wm~! K~!, respectively. Compared to hexagonal PtS,
(k. =54.25 W m~ K1) and PtSe; (k7 = 18.06 Wm~! K1)
monolayers®!7, pentagonal structures possess lower k; values.
Since lattice TC is inversely proportional to temperature, at
T =600 K, x;, value of the pentagonal PtTe, along x(y) direc-
tion decreased by 49.7% (50.2%) and its value was reported
as 0.89 (2.57) W m~! K=, For p-type charge carrier concen-
tration, the anisotropy in ZT values of the pentagonal PtTe,,
PtSe,, PtS, has found to be ZT,/ZT,=2.60/1.14, 1.75/0.82
and 0.58/0.16 at T = 300 K. For higher temperature values
(T =600 K), p-type and n-type PtTe, exhibits significant ZT
along x-direction and it was reported as 5.03 and 4.85, re-
spectively>!6. In addition, they calculated the ZT values of
p-type pentagonal PtS; and PtSe; as 1.46 and 3.42 along the
x-direction at T= 600 K. The reported values point out the
efficiency resulting in TE power generation and cooling in-
compatible with mechanical devices and therefore, indicate
the tremendous potential of these materials.



In recent years, Janus structures have received consider-
able attention in terms of TE research. 1T PdS,, PdSe; pris-
tine monolayers and 1T PdSSe, PdSTe and PdSeTe Janus
monolayers investigated by Moujaes and Diery'> using first
principles based BTE calculations. The lattice TC of PdSe,
has notably high anisotropy, and the ratio is obtained as
K‘Zy /k1*=0.67 at T=300 K. Since the lattice TC of PdS,,
PdSSe, PdSTe and PdSeTe is slightly anisotropic, the lat-
tice TC reported as an average value (ki = (k" + Kk} /2)).
Among considered materials, PdSeTe and PdSTe exhibit
lower lattice TCs with a value of x;*=1.21 and 1.09 Wm™!
K~!'. These materials are followed by PdSe, (1.51 Wm™!
K1), PdSSe (2.85 Wm~! K™!), and PdS, (7.10 W m™!
K™!). ZT,ux of both p-type and n-type charge carriers of
PdS,, PdSSe, PdSTe, and PdSeTe is slightly anisotropic. p-
type PdSe, exhibits remarkable anisotropy in ZT,,,.. At
T = 300 K, the highest ZT,,,, value along the x-direction
(y-direction) reported as 0.40 (0.42) for p-type PdSeTe. At
higher temperature values (T=900 K), p-type PdSe, wins
over, and the reported ZT,,,, value is 0.73 (0.77) along the
x-direction (y-direction). In another study, phonon transport
properties of PtSSe Janus monolayer were explored by per-
forming first-principles calculations and iterative solution of
BTE within ShengBTE code?!”. At room temperature, PtSSe
monolayer exhibits, 36.19 W m~! K~! lattice TC whereas
PtS, and PtSe, monolayer have 54.25 and 18.06 W m~! K~!,
respectively. The k; value of PtSe; is lower than that of
monolayer MoS>(33.6 W m~! K~! 27y and WS, (31.8 W
m~! K='2#7). TE properties of Janus MXY (M= Pd, Pt; X,
Y=S, Se, Te) monolayers were comprehensively explored by
Tao et al.3'8 using first principles calculations within BTE im-
plemented in ShengBTE and BoltzTraP codes. The value of
lattice TC from highest to lowest was reported as PtSSe >
PtSTe > PtSeTe > PdSSe > PdSTe > PdSeTe. The low-
est TC values at T=300 K were calculated as 4.02 and 5.45
W m~! K~! for PdSeTe and PdSTe Janus monolayers. For
the remaining materials, Tao et al.>'® obtained the TC val-
ues as 36.19 (PtSSe), 20.56 (PtSTe), 14.47 (PtSeTe), 10.65
(PdSSe) W m~! K~!. At 300 K, p-type charge carriers of
PdSeTe and PtSeTe monolayers have the highest TE perfor-
mance (ZT = 0.98 and ZT = 0.91, respectively) among these
Janus monolayers. For 600 K, the ZT values of p-type PdSeTe
and p-type PtSeTe have been reported as 1.86 and 1.97, re-
spectively. When the temperature reaches 900K, p-type Pt-
SeTe has maximum ZT with a value of 2.54. At T =900 K,
the other best performers are p-type PtSSe and p-type PtSTe,
and the ZT values of these materials were reported as 1.23
and 1.07, respectively. Hence, PtXY Janus monolayers can be
considered as best candidates as TE material at high tempera-
tures.

The above-mentioned literature results regarding the ZT
values of PdX;, PtX, (X=S, Se, Te) layers are summarized
in Table V. In addition to these studies, strain engineering
was also adopted for these materials. Phonon transport prop-
erties of Janus PtSTe monolayer under the effect of biaxial
tensile strain were investigated by Pan et al.!%® using first-
principles calculations with Boltzmann transport theory. At
T=300 K, Janus PtSTe has low TC with a value of 25.71 W
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m~! K~!, and for the applied strain rate 4%, Janus PtSTe ex-
hibits a lower x;, value (13.86 W m~! K—!). When the strain
rate increased to 8%, the k;, value was reported as 3.21 W m~!
K1

VIl. CONCLUSION AND FUTURE PERSPECTIVE

It is essential to enhance investing and using renewable, fos-
sil fuel-free energy sources to solve the environmental prob-
lems we face due to the carbon emission — of course, the po-
litical problems that are devastating the World. TE energy
conversion has been studied as an alternative in that sense for
many years, but the stage reached today is far from meeting
this target. Because materials with desired application criteria
such as high PF and conversion performance (which is around
ZT > 4) at a wide temperature range have not been realized
yet. Considering the tremendous past effort in the realization
of such material, whether the future research plans are unwar-
ranted is another issue. However, the general interpretation
we have obtained as a result of the extensive TMD material
analysis conducted within the framework of this study is that
future TE researches target low-energy critical technology ap-
plications (e. g., waste heat recycling) or wearable electronics
(e. g. passive sensors)’'?. In this context, if we revise the
potential of TMDs for TE applications, the prominent mate-
rials would be concluded as follows (Please see Table I-V for
further details).

Within the Ti, Zr, and Hf-based TMD materials, exper-
imentally realized 1T-HfSe, is highly promising due to the
obtained n-type ZT values around 2 at high temperature and
1 at moderate temperature values. Also, 1T-TiS, is another
promising TMD for future investigations in particular due to
its ZT value around 1 for a wide range of temperature val-
ues. Besides the already synthesized structures, 1H-TiSe;,
1H-HfSe,, and 1H-HfS; are other potential candidates for fu-
ture TE research due to their computed n-and p-type ZT val-
ues greater than 2 at higher temperature range. Similar values
have also been reported for Cr, Mo, and W-based materials,
as well. The calculated ZT values > 2 at both low and high-
temperature regimes for 2H structures are pretty promising,
however, there is no experimental proof yet. In fact, Pd-, and
Pt-based TMDs are the most promising candidates according
to computational analyses. In particular, the pentagonal struc-
tures PtTe,, PdTe, and PtSe; possess ZT values greater than 3
at moderate temperature values. These results are quite a good
motivation to search for new routes for synthesizing these ma-
terials.

Moreover, quite promising results frankly depict that
nanostructuring and layer engineering pave the way for a
clear path to engineering the TE potential of TMD materi-
als. For instance, n-type ZT values > 1.0 for 1T-ZrSe;-HfSe,
ZrSe,-TiSe,, graphene/MoSSe, MoS;/MoSe,, WS,2/MoS,,
and WS,/WSe, heterostructures, and the predicted stacking-
dependent ZT values between 3 and 5 for both monolayer and
bilayer Janus TMD structures are conspicuous demonstrations
in that sense.

On the other hand, the large area and defect-free synthe-
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TABLE V. Lattice thermal conductivity (conductance) and ZT values of Pd and Pt dichalcogenides at room temperature. (*:kf"" = (k7 +

K /2))
Material  Phase Theoretical Method Kr, ZTmax Refs.
(1T/2H) (Tool) (Wm~ K1)
n-type p-type n-type p-type
PdS,  pentagonal BTE (BoltzTraP)  4.34 (x) 12.48 (y) 0.85 (x) 309
1T BTE (BoltzWann) 7.10* 0.04(x) 0.09(x) 0.36(x)@900K  041(x)@900K 153
0.04 (y) 0.08 (y) 0.37 (y)@900 K 0.42 (y)@900 K 153
PdSe, pentagonal BTE (BoltzTraP)  2.91(x) 6.62 (y) 1.18(x) 309
pentagonal BTE (BoltzTraP) 3.7(x) 7.2(y) 1.1(x) 0.5(y) 44
1T BTE (BoltzWann) 1.51* 0.14(x) 0.34(x) 0.49(x)@900K  0.73(x)@900K 153
0.19 (y) 0.41(y) 0.55(y)@900K  0.77(y)@900K 13
PdTe, pentagonal BTE (BoltzTraP) 1.42(x) 5.90(y) 2.42(x) 309
1T BTE (BoltzTraP) 3.20(ZZ) 3.23(AC) 0.8(ZZ) 0.59(AC) 4
1T Wiedemann—Franz 3.4(ZZ) 0.09 (ZZ) 41
pentagonal BTE (BoltzTraP) 0.53(x) 1.21(y) 0.7(x) 0.8(x) 0.85(x)@700 K 091(x)@700K 4!
pentagonal Wiedemann—Franz 1.9(y) 3.75(x) 41
1T BTE (BoltzTraP) 1.3 0.24 (t=51s) 1.08@700K 7 =5 fs 311
PtS, 1T NEGF (NanoDCAL) 0.376 1.42 313
pentagonal BTE (BoltzTraP)  4.27(x) 8.86(y) 0.58(x) 0.16(y) 1.46(x)@600 K 310
PtSe, IT  NEGF (NanoDCAL) 0.297 0.84 313
pentagonal BTE (BoltzTraP)  3.12(x) 7.05(y) 1.75(x) 0.82(y) 3.42(x)@600 K 316
PtTe, IT  NEGF (NanoDCAL) 0.207 1.65 313
pentagonal BTE (BoltzTraP) 1.77 (x) 2.60(x) 4.85(x)@600K  5.03(x)@600K 310
5.17 (y) 1.14 (y) 2.68(y)@600 K 316
PdSeTe 1T BTE (BoltzWann) 1.21* 0.22(x) 0.40(x) 0.52(x)@600 K 0.65(x)@900 K 153
0.23 (y) 0.42 (y) 0.51 (y) @600 K 0.65(y)@900 K 153
1T BTE (BoltzTraP) 4.02 0.13 0.98 0.34@600 K 1.86@600K 318
PdSSe 1T BTE (BoltzWann) 2.85* 0.11(x) 0.2 (x) 042 (x)@900K  0.66(x)@900K 153
0.09(y) 0.27(y) 0.42(y)@900K  0.65(y)@600K 133
1T BTE (BoltzTraP) 10.65 0.07 0.09 0.49@900 K 0.58@900K 318
PdSTe 1T BTE (BoltzWann) 1.09* 0.16(x) 0.25(x) 0.52(x)@900K  0.57 (x)@ 900 K 153
0.17(y) 0.26(y) 0.51(y)@900K  0.58(y)@900K 133
1T BTE (BoltzTraP) 5.45 0.09 0.26 0.31@600 K 0.59@600 K 318
PtSeTe 1T BTE (BoltzTraP) 14.47 0.07 0.91 0.52@900 K 2.54@900K 318
PtSSe 1T BTE (BoltzTraP) 36.19 0.03 0.37 0.28@900 K 1.23@900K 318
PtSTe 1T BTE (BoltzTraP) 20.56 0.12 0.26 0.34@900 K 1.07@900K 318

sis of these materials are still challenging. Therefore, con-
sidering the TMDs in inorganic-organic hybrid TE materials
research is another possible direction3?*-322, In fact, promis-
ing results regarding TE performance have already been re-
ported for conducting polymer/inorganic-semiconductor and
/CNT/graphene-based binary TE materials and also ternary
hybrid nanocomposite-based TE materials>>3>. Moreover, bi-
nary and ternary nanostructured TMD-based materials may
have the potential to be adopted in printed electronic circuits
and device applications which is another flourishing research
area of micro and nanoelectronics’?*. Since the future tar-
get of using TE power supply in IoT technologies is on the
agenda, it is important to proceed in this direction in terms
of the bonding research with technology. Of course, fabrica-
tion and device implementation difficulties are not the scope
of this analysis.

In the main part of the article, we present a broad summary
of the theoretical approaches developed within the framework
of TE research. These methods and approaches are accu-

rate enough to characterize computationally special cases, but
there is still plenty of room for improvement to apply these
approaches for more realistic, in particular hybrid TE materi-
als. One may argue that computational studies in the ballistic
region are quite sufficient to obtain consistent results — for
both electronic and thermal transport. And these approaches
are very useful for nano-size TE applications. However, the
methods that can be adopted for the theoretical characteriza-
tion of TE materials that can be used in applications such as
wearable electronics and sensors are only at the level of pro-
ducing a physical insight into the TE potential of structures.
In terms of electronic transport calculations, the re-
cently developed carrier relaxation time calculations (mostly
electron-phonon coupling-based scattering) have made a sig-
nificant contribution to the field and provided a remarkable
advantage for TE materials search and selection studies. How-
ever, due to computational limitations, applying these ap-
proaches to large-scale crystal systems or hybrid TE materi-
als is still challenging. Therefore, technical advancements or



multi-scale approach development in that sense is highly crit-
ical. On the other hand, scattering mechanisms, in addition to
the electron-phonon scattering-based one, such as carrier scat-
tering due to the defects and dislocations, are highly effective
in fully understanding the electron transport phenomenon in
functional TE materials. Thus, developing novel approaches
considering multiple scattering mechanisms and centers might
be another future goal. Here, we should once more note the
Multi-Scale modeling due to its potential for the adoption of
these desired improvements in TE materials simulations.

On the other hand, the Phonon Boltzmann Transport-
based first-principles approaches are very powerful for accu-
rately characterizing the lattice thermal transport properties of
nanostructure and bulk TE materials. Using these approaches,
the inclusion of some additional scattering mechanisms such
as alloying, isotope disorder, and defects are also possible
for specific cases. Moreover, machine learning-based meth-
ods such as HIPHIVE'®" notably reduce the required compu-
tational cost for these simulations and makes them possible
to apply to large-scale periodic structures. Thus, these BTE-
based approaches are powerful tools to be used in multi-scale
modeling approaches. However, the direct implementation of
these methods for mentioned hybrid TE materials is highly
complicated. This challenge can be overcome with MD sim-
ulations, but here too, future improvements are required. The
accuracy of the traditional force fields is limited. The machine
learning potentials are more accurate and can be used to de-
termine lattice thermal transport properties of large-scale and
hybrid structures. However, two important drawbacks must be
addressed in the near future in that sense: The maximum num-
ber of elements to be used in machine learning potential fit-
tings and reaching MD simulation speed limits with machine
learning potentials.

In summary, the current literature points out that the experi-
mental studies evolve toward synthesis of hybrid TE materials
such as organic-inorganic, nanoparticle matrices, and multi-
layer thin film structures. Moreover, the improvement of al-
ready characterized TE materials for smart devices, in partic-
ular wearable, applications is one of the main scopes now. We
should expect to see TE components to take part in technolog-
ical products much more frequently in the near future.

On the other hand, the following computational research ef-
forts will be highly beneficial for materials optimization and
novel materials search studies; (i) improvement and appli-
cation of the computational tools to characterize electronic
transport properties more accurately, including electron relax-
ation times, (ii) development of multi-scale materials simula-
tion approaches and tools for accurate electronic and thermal
transport for ordered and disordered systems, and (iii) devel-
opment of accurate and computationally fast machine learn-
ing potentials for complex materials including multi-element
structures.
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