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ABSTRACT

We examine the electronic and transport properties of a new phase PdSe
monolayer  with  a  puckered  structure  calculated  by  first-principles  and
Boltzmann transport equation. The spin–orbit coupling is found to play a
negligible  effect  on  the  electronic  properties  of  PdSe  monolayer.  The
lattice  thermal  conductivity  of  PdSe  monolayer  exhibits  remarkable
anisotropic characteristic due to anisotropic phonon group velocity along
different directions and its intrinsic structure anisotropy. The compromised
electronic mobility despite a relatively low thermal conduction results in a
moderate ZT value  but  significantly  anisotropic  thermoelectric  perfor-
mance in single-layer PdSe. The present work suggests that the remarkable
thermal transport anisotropy of PdSe monolayer can be used for thermal
management, and enhance the scope of possibilities for heat flow manipu-
lation  in  PdSe  based  devices.  The  sizeable  puckered  cages  and  wiggling
lattice implies it an ideal platform for ionic and molecular engineering for
thermoelectronic applications.

Keywords  2D materials, first-principles calculations, phonon

 1   Introduction

Dimensionality  reduction  is  an  effective  approach  for
discovering  exotic  materials  with  novel  electronic  and
chemical properties [1–3]. Since the two-dimensional (2D)
material graphene was exfoliated in 2004 [4], identifying
similar  layered  systems  has  aroused  much  enthusiasm
due  to  its  intriguing  properties,  for  example,  ultrahigh
electronic  mobility  and  lattice  thermal  conductivity,
which  is  significantly  different  from  those  of  bulk
graphite [5]. Subsequently, there are dozens of 2D materials
being discovered that  behaves  in  physical  and chemical
properties  very  differently  compared  to  their  3D  coun-
terparts due to quantum confinement effect [6–10]. Ellis
et al. [6] revealed that MoS2 undergoes a transition from
a  direct  to  indirect  gap  semiconductor  when  a  second

layer  is  added  to  the  monolayer  MoS2.  Shu et  al. [8]
demonstrated  that  the  diffusion  rate  of  Li  in  γ-GeSe
nanosheet is  much faster than that in its  bulk counter-
part.  Especially,  2D  transition  metal  dichalcogenides
(TMDs)  have  been  widely  used  in  electrocatalysis  [11,
12], thermoelectrics [13], biosensor [14], and nanoelectronics
[15].

Great  efforts  have  also  been  devoted  to  exploring
phase  engineering  of  TMDs  which  possess  versatile
phases  (i.e.,  1H,  1T,  1T’)  with  rich  lattice,  charge  and
orbital orderings [16]. PdSe2 is one of the representatives
of these 2D TMDs that exhibit the low-symmetry lattice,
air stability, negative Poisson’s ratio and high electrical
conductivity  [17–21].  Monolayer  PdSe2 is  an  indirect
band gap semiconductor with a band gap of 1.30 eV and
possesses a superior air stability [17, 18].  Liu et al.  [19]
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showed that the negative Poisson’s ratio can be observed
in the PdSe2 monolayer. Tangpakonsab et al. [21] unraveled
the thermoelectric functionality of 2D penta-PdSe2 with
a  maximized  figure  of  merit ZT of  0.84  upon p-type
doping at 900 K. Furthermore, the emission of Se atoms
in  layered  PdSe2 can  result  in  the  formation  of  the  2D
new phase  Pd3Se4 [22].  Xu et  al. [23]  proposed  a  guide
for defect engineering of few-layer PdSe2 and Pd2Se3 for
functional  devices.  Naghavi et  al. [24]  suggests  that
Pd3Se4 monolayer  possesses  an  ultralow  lattice  thermal
conductivity  and  a  high  power  factor  as  a  promising
thermoelectric  material.  Thus,  it  is  of  great  importance
to thoroughly study the properties of this type material
by searching for new phase of 2D Pd–Se compound with
different Pd:Se stoichiometry. Very recently, Huang et al.
[25]  predicted  a  hitherto  unknown  PdSe  monolayer  by
particle  swarm  optimization  (PSO)  [26]  method  imple-
mented  in  the  Crystal  structure  Analysis  by  Particle
Swarm  Optimization  (CALYPSO)  [27]  code.  They
revealed that PdSe possesses a better optical adsorption
ability  for  visible  light  (VI)  than  those  of  Pd2Se4 and
Pd4Se6 monolayers [25]. However, transport properties is
an important physical quantities [28, 29], and the electrical
and thermal transport properties of this new type PdSe
monolayer is still unknown and needed to be explored.

Herein, for the first time, we investigated the electrical
and thermal transport properties of a new phase of PdSe
monolayer  by  using  state-of-the-art  density  functional
theory (DFT) combined with Boltzmann transport equa-
tion.  We  also  discussed  the  anharmonic  properties  of
PdSe monolayer through calculating Grüneisen parameter
γ, the phonon group velocity v, phonon relaxation time τ
and  lattice  thermal  conductivity κl.  Our  results  show
that single-layer PdSe exhibits strong thermal transport
anisotropy  due  to  its  intrinsic  puckered  structure  and
anisotropic phonon group velocity.

 2   Computational methods

The  first-principles  calculations  based  on  DFT  theory
are  performed  by  using  Vienna ab  initio Simulation
Package  (VASP)  [30, 31],  choosing  the  projector-
augmented wave (PAW) [32]  pseudopotentials,  and the
generalized  gradient  approximation  (GGA)  of  the
Perdew–Burke–Ernzerhof [33] functional. The kinetic cut-
off  energy  of  plane  wave  and k-meshes  for  the  crystal
optimization are set to 400 eV and 6 × 11 × 1, respec-
tively. The valence electron configurations employed for
Pd  and  Se  atoms  are  3s23p64s2 and  4s24p65s2,  respec-
tively.  The  structure  of  PdSe  is  fully  relaxed  until  the
convergence  criterions  of  the  total  energy  and
Hellmann–Feynman force are less than 1 × 10–8 eV and
0.001 eV·Å–1,  respectively.  A vacuum layer  of  ~20 Å is
built  to  avoid  the  interlayer  interaction  in  the c-direc-
tion. A 3 × 4 × 1 supercell is adopted to test the thermal

stability  of  monolayer  by ab  initio molecular  dynamics
(AIMD)  simulations.  The  canonical  ensemble  (NVT)
with  the  Nosé–Hoover  thermostat  [34]  is  used  in  this
work.  The  Heyd–Scuseria–Ernzerhof  (HSE06)  hybrid
functional [35] is applied to calculate the band structure,
and the result  is  compared with that of  the PBE func-
tional. The finite displacement method [36] is adopted to
calculate  the  phonon  dispersion  and  phonon  density  of
states  (pDOS)  using  a  large  5  ×  7  ×  1  supercell.  The
rotational  sum  rules  within  the  Born–Huang  condition
are  considered  to  calibrate  the  second  order  force
constants  by  Hiphive  Package,  which  is  proved  to  be
important for obtaining the correct phonon dispersion of
2D materials [37].

The  calculations  of  electrical  transport  properties  are
performed by the BoltzTraP2 code [38]. A dense k-mesh
of 12 × 21 ×1 is adopted for the self-consistent calculation
to  obtain  the  reliable  electrical  transport  results  based
on the HSE06 functional. The thermal transport properties
are  calculated  using  the  ShengBTE  code  [39].  The
second-order  harmonic  interatomic  force  constants  (2nd
IFCs)  and  third-order  anharmonic  IFCs  (3rd  IFCs)  as
the input files for ShengBTE are obtained by the finite
displacement  method.  A  cutoff  distance  of  10  nearest
atomic neighbors with a 3 × 4 × 1 supercell is used for
the calculation of 3rd IFC. The convergence tests of the
Q-grids  for  the  lattice  thermal  conductivity κl are
carried out to ensure an enough sampling of the q-space
of phonon for an accurate κl.

 3   Results and discussion

The PdSe monolayer has a low-symmetry orthorhombic
lattice  structure,  and  the  top  and  side  views  of  its
atomic  structure  are  illustrated  in Figs.  1(a)  and  (b).
The lattice constants of PdSe monolayer are a = 8.13 Å

 
Fig. 1  (a) Top  and (b) side  views  of  the  relaxed  atomic
structure of puckered PdSe monolayer. The unit cell is indicated
by the black solid lines. (c) The electron localization function
(ELF) of PdSe monolayer viewed along (010) direction. The
blue  and  orange  balls  represent  Pd  and  Se  atoms,  respec-
tively.
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and b =  4.67  Å  under  the  GGA-PBE  functional  opti-
mization  without  pressure,  which  is  almost  consistent
with the previous report [25]. There is a wave-like structure
connected  by  a  Se–Pd–Pd–Se  quartic-layer  with
Pd–Se–Pd  bond  angles  of  70.57°,  89.99°  and  113.59°.
Intrinsically  this  highly  anisotropic  structure  may  lead
to anisotropic transport properties along the orthogonal
directions.

We  firstly  examine  the  electron  localized  function
(ELF) which is able to measure the likelihood of finding
another electron in the neighborhood space of an electron
[40]. The values ranging from 0 to 1 reflect the bonding
feature where high values close to ~1 represent a presence
of  strongly  localized  electrons.  The  calculated  ELF  of
PdSe monolayer  is  shown in Fig.  1(c).  We can observe
that PdSe monolayer exhibits remarkable ionic bonding
characteristics.

To  study  the  thermal  stability  and  examine  the
temperature  dependent  thermal  transport  of  PdSe
monolayer,  the  AIMD calculations  are  carried  out  with
time step of 1 fs at 300, 500, 700 and 900 K. The snapshots
after 10 ps simulations are shown in Fig. 2. During the
10  ps  AIMD simulation,  the  energy  oscillation  of  PdSe
monolayer  remains  dynamic  balance  around  a  specific
constant, even at 900 K. This implies that this structurally
puckered  PdSe  can  withstand  temperatures  as  high  as
900  K,  implying  this  2D  phase  has  a  superior  thermal
stability. Therefore, the temperature range 300–900 K is
appropriate window for hosting thermal transport.

On the other hand, the electrical transport properties
of  materials  highly  depend  on  the  electronic  structure.
For the orthorhombic system, the high symmetry points
in the first Brillouin zone are Γ–X–S–Y–Γ, which is illus-
trated  in Fig.  3(a).  The  calculated  band  structure  of
PdSe  monolayer  using  GGA-PBE  is  presented  in
Fig. 3(b). We observe that the conduction band minimum
(CBM) is located at the Γ–Y path, and the valence band
maximum (VBM) is  located at the Γ point under PBE
level,  showing  an  indirect  band-gap  semiconductor  of
1.10  eV.  Figure  S1  of  the  Electronic  Supplementary
Materials (ESM) shows that the band edges are predom-

inantly  contributed  by  Pd  4d  and  Se  4p  orbitals.
However, Fig.  3(c)  depicts  the  HSE06  electronic  band
structure  and  it  exhibits  the  characteristics  of  direct
bandgap  semiconductors  with  a  band  gap  of  1.40  eV.
The  CBM  and  VBM  are  both  located  at  the  Γ  point
under HSE06 level. In the calculations of transport prop-
erties,  the  shape  of  bands  is  more  relevant,  and  the
change  of  band  gap  is  insignificant  [41].  We  have  also
examined the effect of spin–orbit coupling (SOC) on the
band  structure.  The  SOC  has  a  crucial  impact  on  the
electronic  properties  for  heavy  elements.  To  clarify  the
influence  of  SOC  on  the  electronic  structures  of  the
PdSe monolayer, we compared the band structure calcu-
lated with and without SOC based on the HSE06 func-
tional.  As  shown  in Fig.  3(d),  the  SOC  correction
slightly affects the band gap (1.39 eV) and band structure
of  PdSe.  In  view  of  this  result,  we  next  computed  the
electrical  transport  properties  of  PdSe  monolayer  by
HSE06 functional without SOC.

The conversion efficiency η of thermoelectric materials
at the working temperature is generally determined by a
dimensionless figure of merit: ZT = S2Tσ/(κl + κe) [42,
43], where S, T, σ, κl and κe are the Seebeck coefficient,
Kelvin temperature, electrical conductivity, lattice thermal
conductivity and electronic thermal conductivity, respec-
tively. Therefore, we firstly discuss the electrical transport
properties of PdSe monolayer. Figures 4 and 5 show the
electrical  transport  parameters  for p-  and n-type  PdSe,
respectively.  Specially,  the S of  PdSe for p-  and n-type
doping  at  300,  500,  700,  and  900  K  as  a  function  of
carrier  concentration  are  shown  in Fig.  4(a)  and
Fig.  5(a),  respectively.  As  we  can  see,  the S increases
with the increasing T at the same carrier concentration,
while it decreases with the increasing carrier concentration
at the same T. Moreover, p-type doping PdSe exhibits a

 
Fig. 2  Fluctuations  of  total  energy  during ab  initio MD
simulations  for  PdSe  monolayer  at T =  300,  500,  700  and
900 K with the annealing time of 10 ps.

 
Fig. 3  (a) K-point path in the first Brillouin zone of PdSe.
Band structures of PdSe monolayer calculated by (b) PBE,
(c) HSE06 and (d) HSE06+SOC.
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larger S than n-type doping. Notably, the Seebeck coeffi-
cient  for p-type  doping  at  300  K  along  the x-axis  is
~630  μV/K  at  a  concentration  of  1.0  ×  1011 cm–2,
exceeding those of phosphorene [44] and MoS2 [45].

The  electrical  conductivity σ is  another  essential
parameter  for  electrical  transport.  It  can  be  obtained
once we determine the carrier relaxation time τ using the
deformation potential (DP) theory defined as [46]
 

τ =
µm∗

e
=

2ℏ3C2D

3kBTm∗E2
1

, (1)

ℏ

C = [∂
2
E/∂(∆a/a0)

2
]/S0

ε

where , C2D, kB, m* and E1 are  the  Planck  constant,
elastic  constant,  Boltzmann  constant,  effective  mass  of
electron  or  hole,  and  DP  constant,  respectively.  The
elastic  constant  can  be  calculated  by  the  stress-strain
relationship  according  to ,  where
E, , k and Eedge are  total  energy  of  the  system,  the

 
Fig. 4  Electronic transport properties of p-type PdSe monolayer. (a) Seebeck coefficient S, (b) electrical conductivity σ,
(c) power factor σS2 and (d) electronic thermal conductivity κe as a function of carrier concentration at temperature of 300,
500, 700 and 900 K.

 
Fig. 5  Electronic transport properties of n-type PdSe monolayer. (a) Seebeck coefficient S, (b) electrical conductivity σ,
(c) power factor σS2 and (d) electronic thermal conductivity κe as a function of carrier concentration at temperature of 300,
500, 700 and 900 K.
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∆a/a0

C = ∂Eedge/∂(∆a/a0)

band energy, the electron wave vector and the energy of
band edge under the bi-axial strain (–1.5%, –1%, –0.5%,
0, 0.5%, 1% and 1.5% as sampling points), S0 is the area
of  an  2D  material,  and  is  the  change  ratio  of
lattice  constant  compared  to  the  equilibrium  state,
respectively.  Additionally,  the DP constant is  described
as ,  where Eedge is  CBM  or  VBM.
The calculated deformation potential constant E1, elastic
moduli C2D,  and carrier  effective  mass m* are  compiled
in Table 1.  The E1 of electrons (holes) along the x-axis
and y-axis  are  2.36  (1.72)  and  7.40  (9.70)  eV,  respec-
tively.  Moreover,  the C2D is  estimated  to  be  13.57
(98.55) J/m2 along the x-axis (y-axis). The difference of
C2D demonstrates  that  PdSe  monolayer  is  softer  along
the x-axis.  Based  on  all  factors  obtained  from  DFT
calculations,  the  electrical  conductivity σ,  power  factor
σS2, and electronic thermal conductivity of PdSe monolayer
at  300,  500,  700,  and  900  K  as  a  function  of  carrier
concentration under hole and electron doping are shown
in Figs.  4(b)–(d)  and Figs.  5(b)–(d),  respectively.  The
electrical  conductivity σ shows  the  opposite  behavior
compared to Seebeck coefficient S due to the reciprocal
relationship  between  them. Figures  4(c)  and 5(c)  show
that PF therefore  is  not  monotonically  related  to  the
carrier concentration because a higher carrier concentration
enhances σ and κe but reduces S. The maximum PFs at
900 K of  PdSe monolayer for p-  and n-type doping are
0.36  mW·m–1·K–2 along y-axis  and  0.16  mW·m–1·K–2

along x-axis, respectively. Moreover, the flat band edges
of PdSe monolayer result in a low carrier mobility and a
short relaxation time, especially for the hole along the x-
axis. Therefore, the σ, PF and κe of PdSe monolayer are
relatively  low.  These  results  imply  that  the  thermal
transport  of  PdSe  monolayer  is  largely  dominated  by
phonons because of its relatively low electrical conductivity
and  carrier  mobility.  It  is  worth  noting  that  the  DP
theory  only  consider  scattering  from  the  longitudinal
phonons  while  neglecting  the  scatterings  from  other
types  of  phonons.  A  more  accurate  estimation  of  the
relaxation  time  requires  solving  the  electron-phonon
coupling (EPC) [43]. Unfortunately, the EPC method is
extremely computational-consuming for complex materials
(the  primitive  cell  of  PdSe  contains  8  atoms).  In  addi-
tion,  the  carrier  relaxation  time  of  single-layer  PdSe  is
quite short due to the large m* caused by the flat band
edge, so the EPC method cannot change the fact of the
low σ and PF.

Concerning  the  lattice  dynamics,  from  the  phonon
spectrum  in  Fig.  S2(a)  of  the  ESM,  we  can  see  that
there  are  24  phonon  branches,  including  3  acoustic
phonon  branches  and  21  optical  phonon  branches.  The
three branches originating from the Γ-point are acoustic
modes, namely the out-of-plane acoustic (ZA) mode, the
transversal  acoustic  (TA)  mode  and  the  longitudinal
acoustic (LA) mode, which are labeled by green, red and
blue colors, respectively. The highest vibration frequency
of  PdSe  monolayer  is  7.34  THz,  which  is  higher  than
that of α-GeSe [47], and lower than those of β-GeSe [47]
and γ-GeSe [43, 47]. Furthermore, there is no imaginary-
frequency  in  the  first  Brillouin  zone,  suggesting  the
dynamical  stability  of  PdSe  monolayer  in  accordance
with Huang et al. [25]. There is a crossover phenomenon
between  the  high-frequency  acoustic  branch  LA  mode
and the low-frequency optical branches in the X–Y path.
In addition, a similar phenomenon can also be observed
between  ZA  and  TA  modes.  This  result  suggests  that
strong  coupling  may  exist  in  these  modes,  which  can
lead to a low κl [48, 49]. Obviously, the phonon dispersion
shows a high anisotropy in the x- and y-axis, resulting in
high  anisotropy  of  phonon  group  velocities  in  different
directions.  Furthermore,  the  distribution  of  pDOS  of
PdSe  is  plotted  in  Fig.  S2(b)  of  the  ESM.  Analysis  of
the  pDOS  indicates  that  the  phonon  branches  in  the
frequency of  0–3.09  THz are  mainly  contributed by Pd
atoms  while  the  phonon  branches  in  the  frequency  of
4.60–6.54 THz are dominated by Se atoms.

Subsequently, we show the lattice thermal conductivity
κl of  PdSe as a function of  temperature in Fig.  6(a).  It
should be noted that κl is corrected by a factor of h/d0,
where h is the thickness in the z-axis and d0 is the effective
thickness.  The  effective  thickness  is  defined  as  the
summation  of  the  buckling  height  and  the  van  der
Waals  radii  of  two outmost  atoms [39].  As  we can see,
the κl reduces with the rising temperatures along the x-
and y-axis,  following a T–1 dependence.  The κl along x-
axis (10.55 W·m–1·K–1 at 300 K and 3.47 W·m–1·K–1 at
900  K)  is  ~3  times  larger  than  that  of y-axis
(3.60 W·m–1·K–1 at 300 K and 1.21 W·m–1·K–1 at 900 K).
This  highly  in-plane  anisotropic κl of  PdSe  monolayer
originates from its unique “puckered” structure. At T =
300 K, the κl of PdSe in the x-axis is higher than those
of SnSe along the zigzag direction (2.95 W·m–1·K–1) [50],
γ-GeS (1.07 W·m–1·K–1) [43] and MoO3 along x direction
(1.57  W·m–1·K–1)  [51],  close  to  those  of  penta-PdSe2

Table  1  Results of the calculated deformation potential constants E1, 2D elastic modulus C2D, effective mass m∗, carrier
mobility μ and relaxation time along the xx (a axis) and yy (b axis) directions of PdSe monolayer at 300 K.

Direction Carrier type E1 (eV) C2D (J/m2) m* (me) μ (cm2·V–1·s–1) τ (× 10–15 s)

xx (a axis)
Electron 2.36 13.57 2.97 3.91 6.61

Hole 1.72 13.57 29.19 0.08 1.27

yy (b axis)
Electron 7.40 98.55 9.14 0.31 1.59

Hole 9.70 98.55 1.82 4.48 4.64
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along  the x-direction  (3.60  W·m–1·K–1)  [19],  Janus  γ-
GeSSe (3.33 W·m–1·K–1) [52], ZrS2 (3.29 W·m–1·K–1) [53]
and  γ-GeSe  (3.39  W·m–1·K–1)  [43],  and  smaller  than
those  of  α-GeSe  along  the  armchair  direction
(4.57 W·m–1·K–1) [50] and 1T′ MoTe2 in the y direction
(13.02 W·m–1·K–1) [54]. In addition, the cumulative thermal
conductivity with respect to the phonon maximum mean-
free  path  (MFP)  is  also  calculated  to  analyze  the  size
dependence of κl [51, 54],  which is  plotted in Fig.  6(b).
Furthermore,  phonons  with  MFPs  about  20  (48)  nm
contribute 50% of  the total κl along the x-axis  (y-axis),
reflects  the  characteristic  length  of  the  nanostructured
PdSe and implies a stronger quantum confinement effect
along the x-axis direction.

The thermal conductivity can be written as a summation
of all phonon modes, which can be described as 

κl,αβ =
1

Nq

∑
λ
cλvλ,αvλ,βτλ. (2)

Here, Nq is the total number of sampling q-points in the
first Brillouin zone, whereas cλ, vλ,α (vλ,β) and τλ are the
volumetric  heat  capacity,  phonon  group  velocity  along
the α-direction (β-direction), and phonon relaxation time
of  the  phonon  mode λ.  The  phonon  group  velocity  of
PdSe  is  shown  in Figs.  6(c)  and  (d),  and  the  values
along  the x-axis  are  significantly  smaller  than  those
along the y-axis  in total.  The origin of  anisotropic κl is
attributed to the strong anisotropic phonon group velocity
towards  different  directions.  Such  anisotropic  thermal
conduction is desired for heat management [55]. Phonon

γλ = − A
ωλ

∂ωλ

∂A

anharmonicity makes the dominant contribution for the
lattice thermal conductivity [56]. To further quantify the
anharmonic  properties  that  lead  to  ultralow κl of  PdSe
monolayer, the mode distribution of Grüneisen parameter
γ is shown in Fig. S4(a) of the ESM. This physical quantity
is defined as , where A is the area of the 2D
unit  cell  and ωλ is  the  angular  frequency  of  a  specific
phonon  mode λ.  A  large γ implies  large  anharmonicity.
We  can  observe  a  giant  anharmonicity  of  ZA  mode.
What’s more, Fig. S4(b) of the ESM shows the phonon
lifetime  of  PdSe,  which  mainly  lies  in  the  range  of  0.1
and  100  ps.  We  find  that  the  phonon  lifetime  of  ZA
mode  is  comparable  to  those  of  TA  and  LA  modes,
suggesting  a  strong  in-plane  and  out-of-plane  mode
coupling.

Figure 7 demonstrates the ZT values of n- and p-type
single-layer PdSe at different temperatures as a function
of carrier concentration along the x- and y-axis. Interest-
ingly, the ZT value for p-type doping along the y-axis is
much  larger  than  that  along  the x-axis,  while  the ZT
value for n-type doping along the x-axis  is  much larger
than that along the y-axis.  Thus,  the ZT value of  each
carrier  type  shows  a  significant  parity  difference  and  a
remarkable  direction-dependent  anisotropy.  The  maxi-
mum ZT value  of  the p-type  (n-type)  PdSe  monolayer
along y-axis  (x-axis)  increases  from  0.016  (0.022)  at
300  K  to  0.086  (0.111)  at  900  K.  Consequently,  even
though PdSe has a high S and low κl, it exhibits moderate
maximum values of ZT due to large m* associated with
the flat band edge and the low σ.

 
Fig. 6  (a) The temperature dependent lattice thermal conductivity κl. (b) The cumulative thermal conductivity of PdSe.
The phonon group velocity along the (c) x-axis and (d) y-axis.
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 4   Conclusions

In summary, we have investigated the electronic structure
and  transport  properties  of  a  new  phase  single-layer
PdSe  through  DFT  calculations  with  the  Boltzmann
transport  equation.  Our  results  show  that  the  single-
layer  PdSe  exhibits  a  strong  anisotropy  of  electronic
structures  and  a  direct  band  gap  of  1.40  eV under  the
HSE06  functional  level.  Intriguingly,  the  single-layer
PdSe also exhibits  highly thermal  transport  anisotropy:
thermal  conductivity  in  the y-axis  is  ~3  times  larger
than  that  in  the x-axis.  This  can  be  attributed  to  its
intrinsic  puckered  structure  and  anisotropic  phonon
group velocity. Our work reveals the anisotropic physics
of PdSe monolayer and such properties can enable heat
flow  manipulation  in  PdSe-based  devices  to  improve
thermal  management.  In  addition,  despite  a  limited
performance  of  the ZT value  of  the  intrinsic  PdSe,  its
sizeable  puckered  cages  and  a  unique  wiggling  lattice
suggests that it would an ideal host for ionic doping and
molecular decoration for improving electronic conductivity
and thus a promising thermoelectronic application.
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