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Abstract: Significant  advancements  in  nanoscale  material  efficiency  optimization  have  made  it  feasible  to  substantially  adjust
the thermoelectric transport characteristics of materials. Motivated by the prediction and enhanced understanding of the behavi-
or  of  two-dimensional  (2D)  bilayers  (BL)  of  zirconium  diselenide  (ZrSe2),  hafnium  diselenide  (HfSe2),  molybdenum  diselenide
(MoSe2),  and tungsten diselenide (WSe2),  we investigated the thermoelectric  transport  properties  using information generated
from experimental measurements to provide inputs to work with the functions of these materials and to determine the critical
factor  in  the  trade-off  between  thermoelectric  materials.  Based  on  the  Boltzmann  transport  equation  (BTE)  and  Barden-
Shockley  deformation  potential  (DP)  theory,  we  carried  out  a  series  of  investigative  calculations  related  to  the  thermoelectric
properties  and characterization of  these materials.  The calculated dimensionless  figure of  merit  (ZT)  values of  2DBL-MSe2 (M =
Zr, Hf, Mo, W) at room temperature were 3.007, 3.611, 1.287, and 1.353, respectively, with convenient electronic densities. In ad-
dition,  the power factor is  not critical  in the trade-off  between thermoelectric materials but it  can indicate a good thermoelec-
tric  performance.  Thus,  the  overall  thermal  conductivity  and power  factor  must  be  considered to  determine the  preference  of
thermoelectric materials.
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 1.  Introduction
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(Sn) (μ/κe + κph)qT

The  increasing  global  demand  for  clean  energy  re-
sources  has  led  to  interest  in  renewable  energy  resources  as
alternative energy sources that are cost-effective and environ-
mentally  acceptable.  Thermoelectric  materials  have  attracted
researchers' interest because they satisfy the demand for sus-
tainable energy, allowing direct conversion of thermal to elec-
tricity, as well as the potential for power generation and cool-
ing[1−3].  Based  on  the  Seebeck  effect,  the  performance  effi-
ciency  of  thermoelectric  materials  is  assessed  by  calculating
their  dimensionless  figure  of  merit  (ZT),  which  demonstrates
their suitability as thermoelectric materials for practical applica-
tions[4, 5].  ZT  is  associated  with  the  thermopower  (Seebeck
coefficient), , electrical conductivity ( ), and total thermal con-
ductivity  of  the  material  resulting  from  both  electronic  and
lattice  vibration  (phononic)  ( )  contributions  according  to
the  following  formula:  ZT  =  PF·T/κtot,  where  PF  ( )  is  the
power  factor,  and T is  the  operating  temperature[6−11].  The
electrical  conductivity is  related to the charge-carrier concen-
tration  (n),  and  the  charge-carrier  mobility  ( )  is  given  by

,  where  is  the  carrier  charge.  Consequently,  the
factors  affecting  the  superior  performance  of  materials  can
be  interlinked  according  to  the  following  formula:  ZT  =

[1, 12].
The essential issue of developing and/or exploring innovat-

Sn (μ/κtot)
μ

κtot

κph

ive  thermoelectric  materials  to  achieve  superior  performance
lies  in  two  combinations  of  factors  ( ),  and  on  the
same  material[13].  Therefore,  the  main  challenges  are  as  fol-
lows:  first,  according  to  the  Pisarenko  relation,  the  more n,
the  lower  the  thermopower  (or  Seebeck  coefficient, S);  and
second,  although  the  charge-carrier  mobility  ( )  and  total
thermal conductivity ( ) are interdependent, they are mutu-
ally  opposite.  Essentially,  the  maximum  PF  can  be  calculated
from the two parameters, S and σ,  which demonstrate incon-
sistent  and  opposing  behaviors.  Consequently,  controlling
both Seebeck coefficient and electrical conductivity simultan-
eously  to  enhance the  power  factor  to  find a  meaningful  im-
provement  is  a  challenge.  Novel  strategies  and  paradigms  to
enhance  the  power  factor  and  higher  TE  performance
through optimal  doping and band engineering[14, 15] or  redu-
cing  by  nanostructural  engineering[3, 16] have  been  pro-
posed  to  improve  the  TE  performance[17].  Based  on  these
strategies,  various  high-efficiency  two-dimensional  (2D)  ther-
moelectric  materials  have  been  reported,  with  nanostruc-
tures  at  various  length  scales.  Meanwhile,  2D  transition  met-
al  dichalcogenides  (TMDCs)  exhibit  excellent  performance
and promising prospects for use in practical thermoelectric ap-
plications than their bulk counterparts[18−22].  Because the TM-
DCs have a layered system 2D crystal structures and these lay-
ers  are  interconnected  and  held  together  by  weak  van  der
Waals  force,  foreign  atoms  or  molecules  can  be  hosted  into
the gap (the so called van der Waals gap) forming various inter-
calated  compounds.  Intercalation  is  an  effective  and  efficient
means  for  electronic  band  structure  manipulation[23, 24].
Among these materials, Bilayer MSe2 (M = Mo, W, Hf, Zr) config-
urations have attracted attention because of their specific fea-

  
Correspondence to: M R Jobayr, dr.mahmood-radhi@mtu.edu.iq
Received 28 JULY 2022; Revised 17 SEPTEMBER 2022.

©2023 Chinese Institute of Electronics

ARTICLES

Journal of Semiconductors
(2023) 44, 032001

doi: 10.1088/1674-4926/44/3/032001

 

 
 

https://doi.org/10.1088/1674-4926/44/3/032001
mailto:dr.mahmood-radhi@mtu.edu.iq


tures that give them an advantage over their peers. These ma-
terials  possess  degenerate  conduction  bands  and  an  indirect
bandgap  with  a  high  power  factor[17].  The  results  of  several
studies related to the 2D configurations of TMDCs indicate vari-
ations  in  the  thermoelectric performance[25−29].  For  example,
Wickramaratne et al.[30] did a theoretical study which investig-
ates the electronic properties and the thermoelectric perform-
ance of bulk and one to four monolayers of four different trans-
ition-metal  dichalcogenides  (TMDCs)  using  density  function-
al  theory  (DFT)  with  spin-orbit  coupling  and  the  Perdew-
Burke-Ernzerhof (PBE). The results indicate among the four ma-
terials and four thicknesses, the MoSe2 bilayer gives a maxim-
um n-type ZT value of 2.4.  In a study by Yan et al.[17] employ-
ing first-principles calculations combined with Boltzmann trans-
port theory with van der Waals correction, the authors demon-
strated that conduction band degeneracy and stair-like-shape
density  of  state,  which  is  absent  in  the  bulk  counterparts  or
monolayer, contribute to the high power factor.

In this study, we evaluated the TE properties of two-dimen-
sional  (2D)  bilayer  (BL)  MSe2 materials  (M = Zr,  Hf,  Mo,  or  W).
In  addition,  properties  that  enhance  thermoelectric  paramet-
ers  are  highlighted  by  utilizing  the  information  generated  in
experimental  measurements  to  provide  input  for  working
with  the  functionality  of  these  materials.  Therefore,  precise
and  trustworthy  calculations  can  be  performed  to  aid  in  the
prediction and understanding of the behavior of these materi-
als,  which  is  critical.  Therefore,  to  solve  the  Boltzmann  trans-
port equation (BTE) and Bardeen–Shockley deformation poten-
tial (DP) theory, we will execute a series of investigative calcula-
tions related to the thermoelectric characteristics and charac-
terization of these materials. The effects of some implicit para-
meters on the calculations of thermoelectric transport charac-
teristics are discussed. In this regard, we can highlight the ex-
cellent advantages of bilayer thermoelectric materials and cor-
relate them with their maximum figure of merit. These materi-
als have been investigated for their superior electrical proper-
ties  and  low  thermal  conductivity.  This  helps  to  improve  the
experimental  exploration  of  the  thermoelectric  properties  of
these materials.

 2.  Theoretical model

Л (l)

To  evaluate  the  transport  coefficients  of  the  2DBL-MSe2

(M  =  Mo,  W,  Hf,  Zr)  structure,  we  integrated  the  relaxation
times  obtained  from  the  single  parabolic  band  (SPB)  model
with  a  semiclassical  approach  within  the  context  of  linear-
ized Boltzmann transport theory[19, 29]. Consequently, the gen-
eralized Fermi integrals  are given by the following expres-
sions[7, 29, 31]: 

Л (l) = NVq
−l

π
∫ (− ∂fk

∂Ek

»»»»»»»»E=EC) τ (k) (E (k) − EF)lv (k) v (k)dk, (1)

fk
NV E (k)

v (k) ≡(/h̷)∇kE (k) h̷
fk

where  is  equilibrium  Fermi-Dirac  distribution  function, q is
the  electrical  carrier  charge,  is  the  valley  degeneracy, 
is  the  energy-wave  vector  dispersion  relation,

 represent  the  charge  carriers  velocity  and 
is  the  reduced  Planck's  constant.  Meanwhile,  can  be  ex-
pressed in the following way[29, 31−33] : 

fk ≡ f (E) ≡ /[ + exp (ηF)] . (2)

ηF(= (EF − EC) /kBT)
EF

EC kB

In  this  equation,  is  the  dimensionless
Fermi  energy  (reduced  chemical  potential),  representing  the
position  of  the  chemical  potential  (Fermi  level)  relative  to
the lowest  conduction band, and  is  the Boltzmann con-
stant. Furthermore, the effective mass (m*) near the Fermi en-
ergy is  a critical  parameter of  thermoelectric  transport,  which
has  a  significant  impact  on  the  values  of  the  thermoelectric
transport  coefficients,  and  can  be  extracted  from  the  follow-
ing basic equation[34, 35]: 

m∗ = h̷(∂E (k) /∂k)−. (3)

Consequently, we find[25, 27, 29]
 

Л (l) = ∫
∞

Eo
−
∂f (E)
∂E

η(l)
F Ξ (E)dE, (4)

Ξ (E)where  is  transport  distribution  function,  can  be  evalu-
ated as[36]: 

Ξ (E) = ∑
k

vvvkvvvkτkδ (E − Ek) , (5)

vvvk τk
δ (E − E (k))

σ
κe

where  is  the  band-structure  velocity,  is  the  energy-de-
pendent  relaxation  time,  is  the  delta  function.
Therefore,  it  can  be  deduced  that  this  function  connects
the  Seebeck  coefficient  and  electrical  conductivity.  However,
the  measurable  thermoelectric  transport  coefficients  ( , S,
and )  that  emerge  from  a  relaxation  time  approximation
solution  within  the  framework  of  the  Boltzmann  transport
equation  can  be  obtained  by  the  following  standard  expres-
sions[7, 37, 38] : 

σ = q
o Л

() (Ω−m−) , (6)
 

S =
qokB
σ Л () (VK−) . (7)

κeThe electronic thermal conductivity, , is defined as[11, 36]: 

κe = κo − TσS. (8)

κo = kBT Л
() κeHere, ,  and  therefore,  can  be  written  in  terms

of the integrals as 

κe ≡


q
oT

{ Л () − Л ()[ Л ()]− Л ()} (Wm−K−) . (9)

τ (E)According to the approach used in this  study,  the calculation
of  the  energy-dependent  relaxation  time  has  been  done
according  to  the  Bardeen–Shockley  deformation  potential
(DP) theory. However, this approach just takes into considera-
tion  acoustic  phonon  scattering  although  other  scattering
mechanisms  such  as  impurities  and  polarization  may  be
present[39−41].  The assumption of a unified relaxation time ap-
pears to be justified at room temperature, where electron scat-
tering  with  acoustic  phonons  dominates  in  bilayer  MSe2 at
moderate temperatures. This approach has been shown to be
reliable  in  demonstrating  the  fine  mobility  of  well-known
2DTE materials[17, 29, 42]. 

τ (E) = τ[E (k) /kBT]r, (10)
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where r is  the  scattering  parameter,  which  is  determined
according  to  the  charge-scattering  mechanism, r =  –1/2  for
subsequent  calculations[17, 28, 34].  Accordingly,  the  relaxation
time can be described by the following expression[29, 43]: 

⟨τ (E)⟩ = /πh̷ρvl
Ed(m∗kBT)/ F (ηF)

F/ (ηF) , (11)

ρ Ed
vl Fi

i Fi

where  is  the  mass  density,  is  the  deformation  potential,
 is  the longitudinal sound velocity,  and  is  the Fermi–Dirac

integral  of  order .  In  addition,  may play  a  more  significant
role  in  the  study  of  semiconductors  and  can  be  expressed
form[29, 32, 44]: 

Fi (ηF) = ∞

∫


ηi

 + exp (η − ηF)dη. (12)

μ
μ = q ⟨τ (E)⟩ /m∗

If we assume that the electron relaxation time is direction-inde-
pendent, which is a fairly good assumption even for anisotrop-
ic  structures,  the  carrier  mobility  ( )  can  be  determined  by

[29].  The  carrier  concentration n is  determined
by[45, 46]: 

n =
(mdkBT)/

πh̷
F/ (ηF) , (13)

md md =
√m∥m⊥

μH = σ/qnH
nH

τ

where  denotes  the  average  effective  mass  ( ).
The  following  formula  describes  the  relationship  between
Hall  carrier  mobility  and  electrical  conductivity: ,
where  is  inversely  proportional  to  the  Hall  coefficient.  In
this model,  is calculated by the deformation potential meth-
od as[30, 39, 40]
 

rH = 

F/ (ηF) F−/ (ηF)

F (ηF) F/ (ηF) . (14)

The  acoustic  phonon  scattering  mechanism  governs  the
drift  mobility,  which  is  dependent  on  the  chemical  potential
via[37, 39, 40] : 

μ =
/πh̷eClNV

/
m∗

d
/(kBT)/D

f

F (ηF)
F/ (ηF) , (15)

Cl Df

NV

where  is  the  elastic  constant,  is  the  deformation  poten-
tial  coefficient,  and  is  the  fold  degeneration,  which  is  al-
most four-fold.

 3.  Results and discussion

ηF

2DBL materials have potential benefits owing to their fas-
cinating  characteristics,  which  result  from  their  distinctive
traits  and will  be examined in further  depth.  We will  now ex-
plore the power factor, Seebeck coefficient, electrical conduct-
ivity,  thermal  conductivity,  and figure  of  merit  in  relationship
to the TE  characteristics.  Electron concentrations  are  strongly
related to the Fermi level, where the carrier density in the con-
duction  and  valence  bands  influences  the  Fermi  level  posi-
tion,  as  shown  in Fig.  1. Table  1 summarizes  the  theoretical
and experimental values that were used in the calculations pre-
viously  reported in  several  references for  2DBL-MSe2 (M = Zr,
Hf,  Mo,  W)  and  their  bulk  counterparts.  First,  we  plotted  the
location  of  the  Fermi  level  for  the  bulk  (dashed  dotted  lines)
and 2DBL-MSe2 structures (solid lines) relative to the conduc-
tion band location vs.  carrier  concentration.  It  is  obvious that

 is  larger  (more  negative)  in  2D  (solid  lines)  for  all  struc-
tures  compared  with  their  bulk  counterparts  (dashed  dotted
line). The Fermi level is located near the edges of the conduc-
tion  bands  and  at  close  distances  from  each  other  in  all  bulk
structures  and  at  all  concentrations.  Very  little  variance  was
observed,  particularly  in  the  case  of  S,  whereas  2D structures
were  located  at  different  distances.  Furthermore,  at n =  1  ×
1019 cm–3 carrier  concentration,  the  Fermi  level  is  extremely
close  to  the  band  edges  for  all  bulk  structures  but  far  away
from the band edges for the 2DBL-MSe2 structures.

EF

kBT
EF
kBT

EC EF

ηF

ηF

ηF

At  a  carrier  density  of  1  ×  1019 cm–3,  the  of  both  the
ZrSe2 (black  line)  and  HfSe2 (red  line)  bilayers  was  approxim-
ately  higher than that of their bulk counterparts,  where-
as the  for both the MoSe2 and WSe2 bilayers was approxim-
ately  higher  than  that  of  their  bulk  counterparts.  This
may  appear  to  be  paradoxical  because  a  smaller  number  of
sub-bands  in  the  narrower  2D  structure  would  have  anticip-
ated  to  be  closer  to  at  the  same  carrier  density.  Thus,
the  carrier  density  was  standardized  according  to  the  thick-
ness.  When  considering  2D  at  a  certain  carrier  density  and  a
specific ,  if  the  number  of  sub-bands  in  the  energy  region
of  significance  decreases  linearly  with  the  thickness  of  2D,
then  remains  constant.  When only  one sub-band remains,
decreasing  the  thickness  does  not  affect  the  number  of  sub-
bands.  As  the  thickness  decreased,  increased  to  maintain
steady carrier density.

Moving on to the power factor of 2DBL-MSe2 (M = Zr, Hf,

Table 1.   The theoretical  and experimental  reported values of  2DBL-
MSe2 (M = Hf, Zr, Mo, W) that were used to evaluate the thermoelec-
tric properties.

2DBL MX2 ZrSe2 HfSe2 MoSe2 WSe2

mx /mo 2.88[17] 2.81[17] 0.539[30] 0.411[30]

my/mo 0.66[17] 0.55[17] 0.539[30] 0.412[30]

C2D (GPa) 318 [42] 337[42] 494[42] 566 [42]

Df (eV) 1.25[42] 1.08[42] 3.65[42] 3.78[42]

(mx/mo), (my/mo) (Bulk) 0.48[47] 0.42[47] 0.521[30] 0.489[30]

(mz/mo) (Bulk) 1.86[47] 2.17[47] 0.776[30] 0.643[30]

kph 2DBL (W/(m·K)) 0.54[5] 0.51[5] 0.72[5] 0.66[5]

kph (Bulk) (W/(m·K)) 9.9[17] 7.7[17] 52[30] 52[30]

 

Fig. 1.  (Color online) Reduced chemical potential  versus carrier dens-
ity for 2DBL MSe2 (M = Zr, Hf, Mo, W) (solid line) and bulk (dotted line).
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n

Mo, W), under the assumption of relaxation time according to
the  Bardeen-Shockley  deformation  potential  (DP)  theory,  the
power  factor  exhibits  analogous  behavior  depending  on  the
electron  density  (as  shown  in Fig.  2).  The  PF  calculated  for
2DBL-MSe2 (M = Zr, Hf, Mo, W) showed peaks at carrier densit-
ies of n = 5 × 1019,  4 × 1019,  1.5 × 1019,  and 8 × 1018 cm−3,  re-
spectively.  Generally,  it  is  obvious  that  the  value  of  PF  for  all
2DBL  first  increases  to  a  maximum  as  a  function  of  the  carri-
er  density,  approximately n ≈  1  ×  1019 cm–3 for  MoSe2 and
WSe2,  whereas n ≈  4  ×  1019 cm–3 for  ZrSe2 and  HfSe2,  and
then decreases with increasing .

EF

Furthermore,  compared with their  bulk  counterparts,  the
power factor of each of the 2DBL structures was the most signi-
ficant, which is a result of the high band degeneracy and low
band effective mass[15].  By evaluating the PF values,  it  can be
observed  that  the  variation  in  these  values  is  mostly  related
to  conductivity,  which  includes  many  parameters  that  vary
with various materials. Essentially, the variation in the behavi-
or  of  different  material  bilayers  in  terms  of S and σ stems
from  the  location  of  the  Fermi  level  with  respect  to  their
band  edge  ( )  (see Fig.  1),  which  depends  on  the  effective
masses of the materials. The Seebeck coefficient versus electric-
al  conductivity of  2DBL-MSe2 (M = Zr,  Hf,  Mo,  W) and its  bulk
counterparts  are  shown  in Fig.  3.  The  electrical  conductivity
and  Seebeck  coefficient  are  inextricably  linked  by  a  clear  in-
verse relationship. However, the electronic structure of 2DBL-MSe2

exhibits a stair-like density of state that is fundamentally differ-
ent from that of its bulk counterparts, as well as being charac-
terized  by  conduction  band  degeneracy[48].  Therefore,  dop-
ing  can  play  an  effective  role  in  the  convergence  of  valence
or  conduction  bands  and  thus  increase  the  valley  degener-
acy,  which  causes  an  increase  in  electrical  conductivity  while
maintaining  the  Seebeck  coefficient[49].  This  is  explained  by
the  fact  that  the  smaller  value  of  several  bands  dominates
the Seebeck coefficient.  The Seebeck coefficient is stable,  but
the  electrical  conductivity  significantly  rises  if  the  degener-
acy of many bands is attained[49, 50].  Consequently,  band con-
vergence  is  a  practical  method  for  enhancing  a  material's
power  factor[50].  In  general,  we  clearly  notice  that  the  optim-

EC

al  values  (square  points)  are  within  the  carrier  concentration
range (n ≈ 1017–1020 cm–3 ).  The optimal  values were located
at  the  chemical  potential  values  (–4,  –3)  (see  inset  of Fig.  2),
which  indicates  that  they  were  close  to  or  inside  the  valence
band.  This  depended  on  the  type  of  material  used  at  room
temperature.  We  also  noticed  that  the  two  materials  ZrSe2

and  HfSe2,  with  a  heavy  effective  mass,  had  optimum  values
at  concentrations of  5 × 1019 and 4 × 1019 cm−3,  respectively,
corresponding to the position of the optimum chemical poten-
tial.  While  the  optimum  values  for  two  materials,  MoSe2 and
WSe2,  which  have  a  heavy  effective  mass,  are  at  concentra-
tions of 1.5 × 1019 and 8 × 1018 cm−3, respectively, correspond-
ing  to  the  position  of  the  optimal  chemical  potential.  As  the
conduction band edge ( ) approaches the Fermi level, an im-
provement  in  the  electrical  conductivity  is  observed,  while
the Seebeck coefficient  is  negatively  affected.  As a  result,  the
effect  of  electrical  conductivity  on  the  power  factor  is  higher
than that of the Seebeck coefficient. Two-dimensional 2D lay-
ers can benefit from the Seebeck coefficient, and thickness re-
duction  has  a  greater  effect  on  conductivity  owing  to  im-
proved scattering; therefore, the power factor is generally high-
er.  At  this  concentration,  the  conduction  band  edge  of  ZrSe2

is  slightly  outermost  than  the  Fermi  level,  causing  the  power
factor  peak  to  appear  at  the  4.5  ×  1019 cm–3 concentration,
while  the  HfSe2 peak  appears  asymptotic  at  a  concentration
of  4  × 1019 cm–3 concentration.  This  is  due to various factors,
including  the  influence  of  the  electron  effective  mass  on  the
Seebeck coefficient.  For  example,  the larger  effective mass of
ZrSe2,  this,  according  to  the  Pisarenko  relation,  increases  the
Seebeck  coefficient  to  a  value  higher  than  that  of  the  other
materials (see Fig. 3).

Many variables are important in defining the TE character-
istics  of  bilayer  materials.  HfSe2 exhibited  significantly  im-
proved TE characteristics because of an increase in carrier dens-
ity  and  electrical  conductivity. Fig.  2 shows  the  location  of
the optimal  values (square points)  that  lead to the maximum
ZT  values.  We  found  that  these  points  are  relatively  far  from
the peak power factor  location;  they are  in  the density  range
of 1 × 1017 and 1 × 1018 cm–3.  The square points in all  figures
indicate  the  optimal  values  for  obtaining  the  maximum  ZT
value for 2DBL MSe2 (M = Zr, Hf, Mo, W). However, if the max-

 

Fig.  2.  (Color  online)  Thermoelectric  power  factor,  PF,  versus  carrier
density for 2DBL MSe2 (M = Zr, Hf, Mo, W) (solid line) and bulk (dashed
dot  line).  The square  points  represent  the  optimal  values  for  obtain-
ing ZTmax (the inset PF as a function of  the reduced chemical  poten-
tial).

 

Fig. 3. (Color online) Seebeck coefficient versus electrical conductivity
at T =  300 K  for  2DBL MSe2 (M = Zr,  Hf,  Mo,  W)  (solid  line)  and their
bulk counterparts.
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imum occurs at a high Fermi level,  then it will  equate to high
concentration. A material with a high PF at unfeasible concen-
trations is useless.

In Fig.  4(a),  according  to  the  Pisarenko  relationship,  the
Seebeck  coefficient  decreases  monotonically  with  increasing
carrier  density  of  2DBL-MSe2 (M  =  Zr,  Hf,  Mo,  W)  and  their
bulk  counterparts  at T =  300  K.  The  Pisarenko  relation  serves
as  a  guideline  for  assessing  the  effectiveness  of  improving
the  Seebeck  coefficient  for  a  particular  carrier  concentration
and  scattering  mechanism.  The  higher  value  of  the  Seebeck
coefficient observed in the ZrSe2 material is immediately appar-
ent,  which is  indicative  of  a  large effective  mass  carrier  dens-
ity.  This  also  applies  to  the  squared S,  as  shown  in Fig.  4(b).
This  was  likely  related  to  the  reduced  mobility  associated
with  a  large  effective  mass.  For  2DBL-MSe2 (M  =  Zr,  Hf,  Mo,
W),  the optimum values of the Seebeck coefficient leading to
ZTmax are  exhibited  at  300  K  in  the  range  of  433–518 μV/K,
corresponding  to  carrier  concentrations  of  7  ×  1016–2  ×
1018 cm–3.  As  shown  in Fig.  4(a),  the S differed  slightly
between  these  materials.  This  stems  from  the  small  differ-
ence  in  the  effective  electron  masses  of  2DBL-MSe2 (M  =  Zr,
Hf), which makes the S slightly different. In addition, for all ma-
terials, S converged with  at n values greater than 1020. This fig-
ure also shows that the optimal values of 2DBL-MSe2 have See-
beck  coefficients  that  correspond  to  the  maximum  values  of
the  figure  of  merit.  For  HfSe2 exhibit  high  ZT,  the  S  at  300  K
should be in the 475.87 μV/K, corresponding to carrier concen-
trations  of  1  ×  1018 cm–3.  The  optimal S values  for  all  materi-
als and their  bulk counterparts,  which correspond to ZTmax at
different  concentrations,  are  listed  in  trations,  are  listed  in
Table  2.  HfSe2 possesses  maximum  and  optimal  power
factors  of  7.6179  and  1.7016  W/(K2·m),  respectively,  which,
combined with its  low thermal  conductivity,  leads to high ZT
values.

Mobility  is  an  important  physical  quantity  that  can  influ-
ence the calculations and preferences of materials, and is closely
related  to  electrical  conductivity.  It  is  worth  mentioning
here  that  it  is  necessary  to  trade-off  between  the  Seebeck
coefficients  on  the  one  hand  and  the  mobility  on  the  other
hand.  As  shown  in Fig.  4,  materials  with  the  largest  effective
masses  (ZrSe2 and  HfSe2)  had  a  positive  effect  on  the  See-

μ = q ⟨τ (E)⟩ /m*

beck coefficient. Thus, it has a negative effect on electrical con-
ductivity.  According  to  the  aforementioned  relationship
( ),  heavy  carriers  have  lower  mobility  than
light carriers, as shown in Fig. 5.

md

Therefore,  there  is  a  trade-off  between  the  two.  Further-
more,  variations  in  the  effective  mass  of  these  materials  res-
ult  in  anisotropic  transport.  This  is  evident  from  the  calcula-
tions  of  the  average  effective  masses  ( )  for  2DBL  MoSe2,
WSe2,  HfSe2,  and  ZrSe2 of  12.56mo,  11.33mo,  4.91mo,  and
3.75mo,  respectively.  Theoretical  calculations  also  showed
that  the  mobility  has  a  vital  influence  on  the  thermoelectric
characteristics of 2DBL-MSe2 (Zr, Hf, Mo, and W). According to
Eq. (15),  carrier mobility can be affected by more than the ef-
fective mass. Other implicit variables can also influence mobil-
ity,  such as  the deformation potential  (DP)  and elastic  modu-
lus  (C2D). Fig.  4 illustrates  the  carrier  concentration  depend-
ence  of  the  mobility  for  these  structures  (2DBL-MSe2 and
bulk),  which is  driven by the acoustic  phonon scattering pro-
cess.  Based on the impact of these parameters,  it  is  clear that

 

Fig. 4. (Color online) Carrier density dependence of absolute values of the Seebeck coefficient (Pisarenko relation) and the squared points repres-
ent the optimal values for obtaining (a) ZTmax, and (b) Seebeck coefficient squared for 2DBL MSe2 (M = Zr, Hf, Mo, W) and bulk.

 

Fig.  5.  (Color  online)  Mobility  versus  carrier  density  for  2DBL  MSe2

(M = Zr, Hf, Mo, W). The squared points represent the optimal values
for  obtaining  ZTmax (the  inset  mobility  as  a  function  of  the  reduced
chemical potential).
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the mobility of 2DBL-WSe2 is higher at higher concentrations.
However,  PF  was  not  the  highest  among  all  materials  tested.
Fig.  5 shows  the  optimal  mobility  values  (square  points)  at
which the figure of merit peaks. It is important to note that al-
though  the  mobility  of  materials  such  as  2DBL-ZrSe2 and  Hf-
Se2 is  lower than that of 2DBL-MoSe2 and -WSe2,  their ZT val-
ues are substantially  greater  (as  will  be shown later).  This  im-
plies  that  in  addition  to  mobility,  other  variables  play  an  im-
portant  role  in  determining  ZT  values.  ZT  based  on  mobility
is  sometimes  overestimated  because  acoustic  phonons  are
not  the  sole  component  influencing  mobility,  which  determ-
ines the final ZT.

By checking these assessments, one can see that the differ-
ence  in  electrical  conductivity  and  consequently  the  maxim-
um  PF  values  for  all  materials  are  mostly  related  to  mobility.
A  higher  mobility  always  has  a  larger  influence,  resulting  in
high PF values compared to the effect of low mobility.  This is
directly  related  to  the  density  of  states  being  lower  towards
the  top  of  the  valence  band  than  near  the  bottom  of  the
conduction  band.  Furthermore,  compared  with  their  bulk
counterparts,  all  2DBL  samples  had  the  highest  PF.  However,
the  power  factor  exhibited  variations  based  on  the  2DBL
structure.  Thus,  for  HfSe2,  the  maximum  PF  was  as  high  as
7.6179 W/(K2·m).

Fig.  6 clearly  shows the direct  relationship between elec-
trical conductivity and charge density. As the carrier density in-
creased,  the  Fermi  EF  level  moved  towards  the  conduction
band.  This  is  evident  in  the  inset  of Fig.  6.  Interestingly,  the
electrical  conductivity  of  2DBL-MSe2 (M  =  Mo,  W)  is  lower
than that of its bulk counterparts, whereas the values of MSe2

(M  =  Zr,  Hf)  and  their  bulk  counterparts  are  similar.  It  also
clearly shows that the optimal value of the electrical conductiv-
ity  of  bulk  WSe2 is  much  higher  than  that  of  its  2D  counter-
part as well as that of other materials. However, this is not con-
clusive in determining the maximum ZT value, but it can indic-
ate a good TE performance. As shown in Fig. 6, the optimal val-
ues  of  electrical  conductivity  for  2DBL-MSe2 (M  =  Zr,  Hf)  are
slightly  higher  than  those  for  2DBL-MSe2 (M  =  Mo,  W)  be-
cause  of  their  high  effective  mass.  This  leads  to  lower  carrier

mobility and, hence, lower electrical conductivity.

κtot κph

κe
κph

κe
κph

κe
κph κe

κph

κe
κe κtot = κe+

κph

The  monotonously  increasing  thermal  conductivity,  as
shown in Fig. 7, led to the determination of the maximum ZT
value of the studied materials. As mentioned previously, ZT is
inversely correlated with .  To quantify the role of  in ZT,
we  used  values  from  the  available  data,  as  shown  in Table  2.
However,  the  inverse  correlation  between  ZT  and  was
slightly  stronger  than  that  of  and  ZT.  These  results  illus-
trate  the  effect  of  on  the  TE  performance  of  the  2DBL-
MSe2 structures.  Because  we  assumed  that  is  constant,
while  calculated is  large for  all  2DBL-MSe2 structures  com-
pared  with ,  is  a  critical  parameter  in  determining  the
peak  ZT.  Overall,  the  contribution  of  to  the  total  thermal
conductivity  was  only  34%–36%.  Therefore,  the  total  thermal
conductivity significantly increased as a result of  large contri-
bution of . However, 2DBL-HfSe2 has a smaller factor  (

)  than other  2DBL structures.  Hence,  the  ZT  value  of  HfSe2

is superior to those of other materials.
To further verify the structural stability of these materials,

Fig. 8 shows the phonon dispersion of 2DBL-MSe2. One of the
most  useful  aspects  of  phonon  dispersion  is  the  ability  to
check  the  structure's  thermodynamic  stability.  The  presence
of phonon modes with positive (no imaginary) frequencies in-
dicates  that  they  appear  to  be  thermodynamically  stable,  as
seen in the phonon dispersion pattern throughout the entire
Brillouin zone (see Fig. 8)[51, 52].  Additionally, it is evident from
the  estimated  phonon  dispersion  that  there  is  no  soft  mode,
which  confirms  that  the  2DBL  MSe2 (M  =  Zr,  Hf,  Mo,  W)  pos-
sess  dynamic  stability[17, 53].  Compared  with  the  monolayer
MSe2 (M  =  Zr,  Hf,  Mo,  W)[52, 53],  the  lattice  phonon  frequen-

Table  2.   Calculated values  to  obtain  the maximum values  of  power
factor for the 2DBL MSe2 (M = Zr, Hf, Mo, W).

Material md/mo τ (10−13 s) μ (cm2/(V·s)) PFmax (10−2)

ZrSe2 1.26 3.12 0.0397 5.2357
HfSe2 1.13 8.20 0.1158 7.6179
MoSe2 0.49 11.09 0.3614 5.0970
WSe2 0.37 16.94 0.7230 7.1409

 

Fig.  6.  (Color  online)  Electrical  conductivity  versus  carrier  density  for
2DBL MSe2 (M = Zr,  Hf,  Mo,  W) (solid line)  and bulk (dotted line.  The
squared points represent the optimal values for obtaining ZTmax (the in-
set σ as a function of the reduced chemical potential).

 

Fig. 7. (Color online) Electronic thermal conductivity versus carrier dens-
ity for 2DBL MSe2 (M = Zr, Hf, Mo, W) (solid line) and bulk (dotted line).
The squared points represent the optimal values for  obtaining ZTmax

(the inset κe as a function of the reduced chemical potential).
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cies of the bilayer MSe2 (M = Zr, Hf) exhibit smaller phonon fre-
quencies, which can lead to low lattice thermal conductivity.

κtot

κtot

Finally,  we explored the ZT values of  2DBL-MSe2 (M = Zr,
Hf,  Mo,  or  W)  and  its  bulk  counterparts. Fig.  9 depicts  these
materials,  with  solid  lines  representing  the  2DBL  and  dashed
lines representing their  bulk  counterparts.  From this  figure,  it
can  be  seen  that  the  ZT  of  the  2DBL-ZrSe2 and  HfSe2 struc-
tures  have  maximum  values  of  3.01  and  3.61,  respectively,
which  are  much  higher  than  the  highest  values  of  ZT  for
2DBL-MoSe2 and  WSe2 structures  of  1.29  and  1.35,  respect-
ively.  As  shown  in Table  3,  these  systems  exhibit  low ,
which  is  advantageous  for  achieving  the  highest  ZT  value.  It
is  generally  observed  that  results  in  an  increasing  ZT  for
2DBL structures, reaching above 3.6 for HfSe2.

κtotThis stems from the fact that  of HfSe2 is too low to sup-

port  an efficient  ZT increase at  300 K.  Although the values  of
ZT for MoSe2 and WSe2 exceed 1, possessing 1.29 and 1.35, re-
spectively,  which  is  a  desirable  condition,  they  are  much
lower  than  those  of  HfSe2 and  ZrSe2.  The  lower  ZT  values  of
MoSe2 and  WSe2 are  mainly  due  to  the  fact  that  their  high
total  thermal  conductivity  is  larger  than  that  of  HfSe2 and
ZrSe2.  It  is  worth  noting  that  MoSe2 and  WSe2 achieved  a  re-
markably high power factor, but their lattice thermal conduct-
ivities  were  higher  than  those  of  ZrSe2 and  HfSe2;  thus,  their
ZT  values  remained  lower  than  those  of  ZrSe2 and  HfSe2.  Ac-
cording  to  the  values  in Table  2,  a  material  with  a  higher
power factor is not required to achieve a higher ZT value. We
discovered  that  MoSe2 and  WSe2 have  higher  power  factors
than ZrSe2, but their figure of merit is lower.

 4.  Conclusions

In  conclusion,  we  studied  the  thermoelectric  perform-
ance  of  2DBL-MSe2 (M  =  Mo,  W,  Hf,  Zr)  by  solving  the
Boltzmann  transport  equation  (BTE)  and  Bardeen–Shockley
deformation (DP) theory. Our focus was mainly on the thermo-
electric parameters such as Seebeck coefficient,  power factor,
and  thermal  conductivity,  which  have  been  calculated  at
room  temperature  (300  K).  Note  that  these  materials  have
shown  significant  potential  as  high-quality  thermoelectric
materials  at  high  temperatures  due  to  their  suitable  band
gap tunability, low dimensions, and the remarkable combina-
tion  of  electrical  conductivity  and  lattice  thermal  conductiv-
ity[48, 53]. The results show that these materials possess impress-
ive  ZT  values  that  are  much  higher  than  those  of  their  bulk
counterparts. In addition, the emergence of thermal conductiv-
ity is a critical factor in determining the ZT peak of these mater-
ials,  with  a  relatively  low  values  of  1.582,  1.414,  1.989,  and
1.828 W/(m·K) for 2DBL MSe2 (M = Mo, W, Hf,  Zr).  By combin-
ing the thermal  conductivity  with the power factor  and mak-
ing  favorable  improvements  in  the  electronic  properties,  the

 

Fig. 8. (Color online) Phonon dispersions of bilayer. (a) ZrSe2. (b) HfSe2. (c) MoSe2. (d) WSe2.

 

Fig. 9. (Color online) Figure of merit and carrier density of 2DBL-MSe2

(M = Mo, W, Hf, Zr) (solid line) and bulk (dotted line) (inset ZT as a func-
tion of reduced chemical potential).
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ZT  reaches  3.6  and  3.0  for  HfSe2 and  ZrSe2,  respectively.  The
HfSe2 and ZrSe2 bilayers, which have lower electronic thermal
conductivity than the other two materials, have shown excep-
tional  promise  for  thermoelectric  performance  compared  to
the  MoSe2 and  WSe2 bilayers,  which  have  ZT  of  up  to  1.29
and  1.35,  respectively.  Remarkably,  WSe2 had  the  second
highest PF peak, but its ZT peak ranked third among the four
materials  evaluated.  Furthermore,  the  difference  ratio
between  the  ZT  peaks  of  these  materials  is  not  the  same  as
that  of  the  power  factor.  Therefore,  we  reported  that  the 
and  PF  must  be  coupled  to  determine  the  order  of  prefer-
ence  for  thermoelectric  materials.  In  addition,  we  found  that
the  effect  of  electrical  conductivity  on  the  PF  was  greater
than that of the Seebeck coefficient. In addition, as the conduc-
tion  band  edge  ( )  approaches  the  Fermi  level,  an  electrical
conductivity  improvement appears,  while  the Seebeck coeffi-
cient is negatively affected. Moreover, it is evident from the loc-
ation  of  the  optimal  values  (square  points)  for  all  parameters
that  lie  within  the range of  acceptable  achievable  concentra-
tions,  which is  proportional  to  the location of  the Fermi  level
relative to the  edge. As a result, all of the materials' maxim-
um ZT values were found to be within the acceptable concen-
tration levels.
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