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ABSTRACT

Inspired by the experimental synthesis of the novel 2D O-Pd,Ses monolayer, we performed density functional
theory calculations to reveal detailed investigations of the electronics, and thermal properties of 2D O-Pd2Qs (Q=
S, Se) monolayers. The O-Pd,Ss and PdsSes are semiconductors with indirect band gaps of 0.43 eV and 0.33 eV,
respectively. Through strain engineering, the bulk modulus B (N/m) and young’s modulus Y (N/m) are also
determined to acquire a deep understanding of the elasticity of the monolayers. We find that the bandgaps tend
to increase with increasing tensile biaxial strain (+&%), and decrease with increasing compressive biaxial strain
(-e%). In particular, the O-Pd;Ses monolayer starts to manifest a metallic feature at -5%. More importantly, we
note that at room temperature, and under biaxial strain, O-Pd2S3 (O-PdaSes) has a high electron (hole) carrier
mobility up to ~ 766 cm? V™1 57! (~ 106 ecm? V™1 s71). We have also tuned the band gaps of the monolayers via
the application of an external electric field, along the z-direction. We find that, in the [-2.5, +2.5] V/A range,
such external electric fields reduce the bandgaps in both monolayers, transforming Pd;Ses into a metal at a
strength of + 2.5 V/A. Additionally, we have perceived that the thermoelectric (TE) properties of these materials
exhibit an anisotropic behavior at ambient and higher temperatures. At 300K, the O- Pd;Ses monolayers show a
large thermal electronic conductivity and a power factor of about 18 (16) times that of O-Pd,S3 along the x (y)
directions. At temperatures higher than 600K, these properties become more dominant in O-Pd2Ss. The acquired
power factor of O-Pd,S3 (O-PdaSes) is much higher than that of the 1T phase of PdS; (1T PdSe; and penta-PdSey).
By just knowing the group velocities of the three acoustical modes, we were able to determine the minimum
lattice thermal conductivity, which is 0.207 W/(m.K) for both systems. If properly exploited, these characteristics
make the O-Pd,Qs monolayers excellent candidates for the fabrication of novel ultrathin electronic and TE
nanodevices at ambient and higher temperatures.

1. Introduction

[12] and valleytronics [13] applications. Among them, the noble
palladium-based dichalcogenides, PdS; and PdSe; [14-18] have

Graphene (2D) [1] has become one of the most sparkling stars in the
field of 2D materials because of its outstanding properties, and its ability
to break the long-held belief that 2D structures are not stable -and hence
cannot exist in nature- due to thermodynamical instability. Noble-metal
dichalcogenides (TMCs) including PdSe; [2,3], MoS; [4,5], WS, [6],
ReSe; [7] and VS, [8] have attracted significant attention in the last few
years, because of their great potentials in electronic and optical devices;
these comprise high stability, high carrier mobility, large current on/off
ratio field-effect transistors (FETs) [9], photodetectors [10,11], solar cell
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brought special interest to fabricating nanodevices, owing to their 2D
unique atomic configurations and structural novelty, thus enhancing the
electronic, optical, and thermoelectrical performances of the materials.
Although the bulk form of the Pd;Ses compound is not yet reported, Lin
et al., [19] successfully synthesized the 2D semiconducting O-PdsSes by
fusing a few layers of PdSe, and introducing Se vacancies from the
few-layered PdSey crystals, hereby decreasing the Se/Pd element ratio.
Replacing S with Se in the O-Pd,Ses monolayer can form the stable
0-Pd,S3 monolayer and reveal its hidden in-plane properties [20,21].
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Fig. 1. (a) Top and (b) side views of the relaxed atomic structures of the O-Pd,Qz (Q=S, Se) monolayers. The highlighted green box englobes the atoms in the unit
cell. (c) The deformation charge density plot for O-Pd,Ss; the blue color indicates charge accumulation (electron excess), and the green color a charge depletion
(electron loss). (d) Same as (c) but for the O-Pd,Se; monolayer. The iso-level is 0.07 e/A3 for both materials.

Subsequently, Naghavi et al., [22] has reported the thermoelectrical
properties of the Pd,Se3 monolayer and showed that it is a highly effi-
cient TE material in both n-type and p-type applications, due to the
coexistence of different types of chemical bonds, combined with a
square-planar crystal field, and a high figure of merit (ZT). Li et al., [23]
used density functional theory calculations to predict the physical and
photovoltaic properties of the semiconducting Pd;Ses monolayer; they
reported that it is promising as an absorber for future ultrathin photo-
voltaic devices, because of the high electron mobility and the strong
optical absorption in the visible solar spectrum. Furthermore, Xiong
et al., [20] systematically examined the structural, mechanical, elec-
tronic, and optical characteristics of the H-MXj,, O-MX5, and O-MyX3
(M= Pd, Ni; X= S, Se, Te) monolayers via a DFT approach. They
concluded that the O-NiySe3 and O-Pd;Ses could be flexible for water
splitting photocatalyst applications, thanks to the suitable band edges,
band gaps, and ultrahigh sunlight absorption. Recently, another work by
Naghavi et al. [21] comprehensively studied the whole family of the
Pd;Q3 (Q= S, Se, Te, O) compounds with first-principles calculations,
and deduced that all structures are metastable, having superior optical
properties that can classify them as the most favorable visible-light
absorber materials.

Among all the previous research papers on O-Pd;Qs monolayers,
none has explored the influence of an external electric field on the band
edges of the electronic band structures of O-Pd2Qs. Besides, despite the
fact that the thermoelectric properties of the O-Pd;Ses system have been
reported [22], those of the O-Pd;S3 monolayer are still lacking. Like-
wise, none has reported the bi-axial carrier mobility of the O-Pd2Qs
monolayer. All of these reasons encouraged us to conduct research
tackling these points in the O-Pd;Qs monolayers. The rest of the
manuscript is devised as follows: In section 2, the computational
methods, as well as the transport and thermoelectric theories are
detailed. Section 3 involves the results of our calculations with a sub-
sequent discussion. More specifically, we have described the geomet-
rical and electronic characteristics of the 2D O-Pd,S3 and Pd;Ses systems
in section 3.1. While section 3.2 discusses the transport properties in
terms of the carrier mobility (u2p) under a biaxial strain ¢, section 3.3 is
dedicated to the effect of applying an external electric field on the
electronic properties of both lace-like monolayers. The thermoelectric
properties of both materials are examined in section 3.4. Finally, the
most important findings are recapped in section 4.

2. Computational details and theory

The structural, electronic, and transport properties of 2D O-Pd;Qs3
(Q =S, Se) monolayers were performed within the SIESTA code [24].

The Generalized gradient approximation (GGA) of the Per-
dew-Burke-Ernzerhof (PBE) pseudopotential was considered to treat the
interaction between the ion cores and valence electrons [25]. The cut-off
kinetic energy for the plane wave basis is set to 450 Ry and 300 Ry for
0O-Pd,S3 and O-PdjSes, respectively. To expand the Kohn-Sham (KS)
orbitals, the doubled zeta plus (DZP) basis set was used, with smearing
energy of 0.02 Ry, and a split-valence scheme was adopted for the
multiple zeta function. To define the sensible radii, the split norm value
was taken to be 0.150. The Brillouin zone was sampled by a I'-centred
30 x 30 x 1 mesh for O-Pd,Ss3 and a 20 x 20 x 1 grid for O-Pd,Ses. The
structures were relaxed until the force acting on the atoms reduces to
0.01 eV/A. The phonon dispersion curves were determined using the
density functional perturbation theory (DFPT) formalism [26]. The bulk
modulus B (N/m) and Young’s modulus Y (N/m) were evaluated via the
expressions B :Aog:% and Y=1 ‘z—f where A refers to the deformed
cross-sectional area, Ag is that of the unstrained unit cell, and E is the
total energy after deformation [3].

The carrier mobility can be obtained via the Bardeen-Shockley for-

2eiCop :
FoTm FET Here, e is the elementary charge of an

electron, and h is the reduced Planck’s constant. Cyp, the in-plane stiff-

ness constant, is defined as Cop = L

PE
Ao 25
o(3)

0
librium lattice constant, and a the new lattice constant of the monolayers
after deformation. kg is the Boltzmann constant, T is temperature, and
m* is the effective mass in the transport direction, given by m* =

mula [27] as pyp =

with ap being the equi-

-1
h2{§7‘§} , directly derived from the electronic band structures of the

0-Pd;Qs monolayers. E; refers to the deformation potential (DP) con-
stant, which is just the shift of each band edge as a result of the applied

biaxial strain; mathematically, it can be computed as E; = ag“‘; with
Nao

E.qge being the energy value of the valence band maxima (VBM) and the

conduction band minima (CBM). The electronic lifetime () can then be

evaluated as 7 = #2n-,

To determine the thermoelectric performance of a material, it is vital
to compute its thermoelectric properties, namely the Seebeck coefficient
(S), the electronic conductivity (6), and the thermal electronic (x) and
thermal lattice (k1) conductivities. The determination of xj, at any tem-
perature is beyond the scope of this research; however, towards the end
of the manuscript, we will determine a value of k;, within the high-
temperature limit. For the time being, we will only focus on the first
three quantities. From the Boltzmann transport theory [28,29], the
tensor components {o,f= xx, yy, zz} of k, 6, and S can be defined as:
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Fig. 2. Phonon dispersive curves of the O-Pd;Q3; monolayers (a, c). Calculated electronic band structures and density of states of (b) O-Pd,S3 and (d) O-Pd.Ses. The
Fermi energy has been shifted to the zero level and is represented by a horizontal dashed red line. The red circles mark the VBM and CBM positions.

K (E) = ankvf,(n; KV (n, k)S(E — Epy) '6)) constant relaxation time approximation (RTA), which assumes that the
ok electronic lifetime is both k-point and band independent; therefore, T,
can be set to a constant value t, and can thus be taken out of the integral

2 of(T,E, p.) in the above expressions

(T, . :e—/ 2 (n, )V (n, K)3(E — E,, x{f#}dE p :
(T, p.) Vv ; AVg(" ) g(” )8( ) oE S, 6, and k were computed using the BoltzWann code [30], which is
o) implemented in the QE code [31]. It makes use of the Wannier functions
[32] to construct the bands around the Fermi energy, necessary for the
1 of (T, E, ) evaluation of the thermoelectric properties. 150 x 150 x 1 and 180 x

af _ ap _ _ 1 Fe

ST, p.) = eVTo™ (T, u,) / Zk’c (E—n.) x { oE dE. ®) 180 x 1 dense grids were sufficient to obtain converged results for the

0-Pd;S3 and the O-Pd;Ses monolayers respectively.

N and V are the number of k points sampled, and the volume of the
unit cell respectively. f is the famous Fermi-Dirac distribution function,
Ue (not to be confused with the mobility pop) is the chemical potential.
vg" (n,k), Enx and 7 represent the o' component of the group velocity of
electrons (or holes), the electronic energy, and the electronic relaxation
time of the n'™ electronic band at the k™ point in the first Brillouin zone,
respectively. It is important to note that in this work, we adopt the
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Fig. 3. The variation of the band edges of the CBM and VBM under biaxial strain (%) for (a) O-Pd,S3 and (b) O-Pd»Se; (c) Calculated band gaps of the O-Pd>Q3

monolayers as a function of the biaxial strain.
3. Results and discussion

3.1. Structural and electronic properties of O-Pd2Qs3 (Q = S, Se)
monolayers

After full optimization, the atomic structure of the orthorhombic
Pd,Qs (Q=S, Se) monolayered structures is illustrated in Fig. 1 (a, b).
They both consist of a layer of Pd atoms, having square-planar coordi-
nation, sandwiched between two layers of the chalcogen S(Se) atoms.
The O-Pd;Q3 systems are built from four Pd and six Q (S, Se) atoms in the
unit cell, adopting a lace-like geometry. As presented in Fig. 1 (c, d), an
accumulation and depletion of charges between Pd and (S, Se) atoms
occur in the form of a differential charge density. More explicitly, the
partial charge on the S atom is -0.187e and on the Pd is 0.131e, implying
that sulfur is a charge acceptor, and Pd is a charge donor. Similarly, for
the O-Pd,Ses monolayer, the atomic charge on an Se (Pd) atom is
-0.119¢ (0.071e). The total charge per unit cell is, therefore -0.59e for O-
Pd,S3 and -0.43e for O-PdsSes.

The relaxed structural parameters, such as the lattice constant, bond-
lengths d, and vertical height h are collected in Table I. Our calculated
lattice parameters a (b) of O-Pd;Ss and O-Pd;Se; monolayers are 5.85
(5.40) A and 6.15 (6.11) 10\, which are in fine agreement with the
theoretical results of Xiong et al. [20]. The atomic distances and vertical
height values are also in good agreement with those of reference [20].

We evaluated the energetic stability of these O-Pd;Qs monolayers by
computing their cohesive energy (Econ), determined as Econ = (Epa2q3 - =
nx Ex)/ N, where Epqa03 and N denote the total energy and the total
number of atoms in a Pd2Q3 (Q = S, Se) unit cell respectively. nx rep-
resents the number of atoms of each element X, and Ey is its energy (as
an isolated atom). Our results demonstrate that the cohesive energy for
0-Pd,S3 is -5.99 eV/atom and -5.88 eV/atom for O-Pd;Ses. These values

are larger than those of 2D silicene (-3.71 eV/atom) [33] and phos-
phorene (-3.61 eV/atom) [34]. We have further verified the dynamical
stability of the materials by computing their phonon dispersive curves.
As shown in Fig. 2 (a, ¢), no imaginary phonon modes are present in the
phonon spectrum for both monolayers, indicating that they can be
practically utilized. We also realize that some of the optical modes
-including the highest ones- are quasi-flat, which results in lower values
of the group velocity compared to the other optical modes and/or the
acoustical modes. In O-Pd,S3(0-PdsSes), the average group velocity for
acoustical modes is found to be 2.29km/s (2.39km/s), while that for the
remaining 27 optical modes evaluates to 0.42km/s (0.48km/s).

Investigating the mechanical stability of the 2D structures in ques-
tion, we have deduced the Bulk modulus B (N/m) and Young’s Y (N/m)
modulus of the materials under biaxial and uniaxial strain, by deter-
mining how the total energy changes with strain (please refer to ESI
(Fig. S1 and S2, ESIY)). The applied strain €(%) is taken within the in-
terval -5% < € < +5% in steps of 0.5%. The obtained bulk modulii of O-
Pd,S3 and O-Pd;Ses are 49.57 N/m and 32.97 N/m, respectively. These
results suggest that both monolayers are much stiffer and are resistant to
deformation, better than 2D arsenic (~ 25.78 N/m) [35], antimony (~
21.88 N/m) [36] and PdS; (~ 30.22 N/m) [3] monolayers. The calcu-
lated Young’s modulus along the x (y) direction are 67.73 (65.90 N/m)
and 46.44 (49.35 N/m), for O-Pd,S3 and O-Pd,Ses respectively. Other
than being slightly anisotropic, the structures have a lower Young’s
modulus compared to 2D MoS; (~ 125 N/m) [37]. This strongly points
to the fact that the O-Pd,Q3 materials are more suited to build flexible
nanodevices. The flexibility of the O-Pd,Se; monolayer is reported up to
a 53% critical strain by Peng et al. [38].

The pictorial representation of the electronic band structure and
total and projected density of states/eV of the O-Pd2Qs monolayers are
shown in Fig. 2 (b, d). At the PBE level, the electronic band structure is
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Fig. 4. (a) Schematic representation of the applied external electric field on a O-Pd,Qs monolayer (b) Electronic band gap variation with the external electric field,

showing the parabolic fitting (continuous curves) for positive and negative values of E.

calculated along the high symmetry I-X-S-Y-T" path in the first Brillouin
zone. It is observed that both monolayers have a semiconducting
behavior with fundamental indirect band gaps of 0.43 eV and 0.33 eV
for O-Pd,S3 and O-PdsSes, respectively. The conduction band minima
(CBM) are located at the S point in O-Pd,S3 and along the S-Y path in O-
Pd,Ses. On the other hand, the valence band maxima (VBM) are situated
at the I point. The obtained band gaps are quite comparable with other
available theoretical measurements [20,22,23]. Although they are
known to produce more accurate results and exhibit fewer errors in the
positioning of the eigenvalue at the band extrema with respect to the
average electrostatic potential, we have not computed the bandgap at
the hybrid HSE06 (Heyd-Scuseria-Ernzerhof) level [39] because they are
very time consuming and require high computational power.

The total (TDOS) and partial density of states (PDOS) are shown in
Fig. 2 (b, d). It is found that the TDOS of both materials is mainly
contributed by the ‘d’ orbitals of Pd, and the ‘p’ orbitals of the Q (Q=S,
Se) atoms. More specifically, the PDOS of the O-Pd;Qs monolayers
suggests that the top of the valence band (VB) and the bottom of the
conduction band (CB) are dominated by Pd-4d and S-3p (Se-4p) orbitals.

3.2. Carrier mobility of the O-Pd2Qs (Q = S, Se) monolayers

Mechanical strain is one of the simplest and most efficacious ways to
modify the electronic states of a material. Here, we have applied a
biaxial strain, and verified its effect on the edges of VBM and CBM in the
electronic band structures of the O-Pd>Qs monolayers. We have also
investigated the transport properties in terms of the carrier mobility for
the various strengths of the biaxial strain, as this is a very important
aspect of the performance of field effect transistors (FETS).

We define compressive and tensile strain values, in percentage form,
according [40] to € = [(a-ag)/ap]l x 100%. The influence of the applied
strains on the band edge positions of the CBM and VBM of the materials
is depicted in Fig. 3 (a-b). We note that, under tensile strain, the band
gap of both systems gradually increases. Contrarily, it decreases, in the
case of compressive strain.

Fig. 3 (c) shows the band gap variation under compressive (-€%) and
tensile strain (+ €%) within the range of -5% <e < +5%. Upon
increasing the compressive strain (-€%) in O-Pd,Ss, its band gap goes
down reaching a value of 0.07 eV at -5%, which is very close to
becoming a metal. In contrast, if we keep increasing the tensile strain,
the band gap continuously opens up and reaches a value of 0.6 eV at
+5%. This behavior is best explained by the drastic decrease of the VBM
edge energies, as observed in Fig. 3(a). The story is a bit different in O-
PdjSes; upon increasing the compressive strain, the band gap also de-
creases but, in this case, the remarkable resistive phase transition is seen
at -5%, where O-Pd,Ses is converted from a semiconductor to a metal.

This arises due to the crossing of the VBM and the CBM at the fermi level
as displayed in Fig. 3(b). Similar to the case of O-Pd,Ss, increasing the
tensile strain causes the band gap to rise further, reaching a value of 0.56
eV at € =+5%. These results imply that both monolayers can be tuned,
according to one’s needs, making them plausible candidates for
modeling nanodevices.

Based on these intriguing properties of the O-Pd»,Q3 monolayers, we
further calculated the room temperature carrier mobility under biaxial
strain. Three ingredients are needed to evaluate yyp, namely the defor-
mation potential E; (eV) (obtained from the deformation potential (DP)
theory [27]), the effective mass m*, and the two-dimensional stiffness
constant Cop, the values of which are summarized in Table 2. The ob-
tained effective mass of electrons and holes for O-Pd,S3 (O-Pd,Se3) are
0.79m, (0.78m,) and 1.44m, (1.35m,), respectively, m, being the mass of
a free electron. The stiffness constant Cop of O-Pd;Q3 is 198.26 J m~2 for
0-Pd,Ss3, and 133.30 J m~2 for 0O-Pd,Ses. Furthermore, the computed
deformation potential E; of O-Pd;,Ss is 2.42 eV for electrons (e) and -2.75
eV for holes (h), with electron and hole mobilities of the order of 766.09
em? Vsl and ~ 596.91 cm? V ! 571, respectively. These values are
quite larger than those registered for a boron nitride (BN) nanosheet
(500 cm? Vv1s ™) [41], and a phosphorene monolayer (286 em? vt
s~1) [42]. In the case of 0-Pd,Ses, the value of E; is 3.15 eV for electrons
and -3.11 eV for holes. The achieved hole mobility is ~ 105.73 cm? V !
5*1, which is 1.16 larger than that of the electrons (~ 91.45 em? v !
s1). These are significantly higher than those reported for transition
metal dichalcogenides (TMDCs) such as MoS; and WSe; (~ 100 cm? vt
s’l) [37]. In conclusion, we can affirm that both monolayers have high
carrier mobility along the biaxial strain, and thus could be further
exploited to model electronic devices. The fact that pop,e (p2p,n) for
0-Pd;,Ss are almost 8 (6) times larger than those for O-Pd;Ses, results in
larger electron and hole lifetimes (as illustrated in Table 2). Addition-
ally, these values are larger than those obtained, along the x and y di-
rections, by Naghavi et al. [22].

3.3. Influence of external electric fields on the O-Pd;Qs3 (Q = S, Se)
monolayers

Another approach to tune the band gap of the O-Pd;Qs monolayers

would be through the exertion of an external electric field F (V/R)
along the +z-axis direction, as schematized in Fig. 4(a). Here, the
magnitude of E is varied from -2.5 V/A to +2.5 V/A in steps of 0.5 V/A.
The variation of the bandgap with Eis displayed in Fig. 4(b).

As observed in Fig. 4(b), we have included a separate parabolic
fitting (shown as black continuous curves) for positive and negative
electric fields. Equations in blue refer to the O-Pd,S3 system, while those
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Fig. 5. Band structures under the applied external electric field (a-e) for the O-Pd,S3 and (f-j) for the O-Pd,Se; monolayers. The red circles mark the VBM and CBM
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Fig. 6. (a) The Seebeck coefficient, in mV/K, and (b) the electronic conductivity (¢) in 1/(Qm) for the O-Pd,S3 and O-Pd,Se; monolayers within a +0.1eV energy
range. The electron and hole doping regimes —separated by the vertical OeV line- are also shown.

in red correspond to the O-Pd;Ses monolayer. The band gap of the O-
Pd,Qs monolayer decreases for positive (parallel) and negative (anti-

parallel) values of E.In particular, the band gap, for the O-Pd;Ses
monolayer, ceases to exist at £2.5 V/A, marking the beginning of a
semiconductor-metal transition; this is due to the shifting of the CBM
towards the Fermi level. Contrary to O-Pd;Ses, the O-Pd;Ss monolayer
remains an indirect band gap semiconductor; more specifically, when

— °
| E|= +2.5 V/A, the band gap energy in O-Pd,S3 decreases to ~51% of
its initial value (when the field was absent). Upon increasing the

intensity of the external electric field along the £z direction, the CBM of
both monolayers are slightly shifted to the right side, from the S sym-
metry point, with no significant changes in the nature of the band
structure (except for the electronic band gap values) being detected.
Very small changes are seen in the valence bands, as illustrated in Fig. 5
(£, j). Such type of behavior is also manifest in several semiconducting
monolayers [43-47].
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3.4. Thermal properties of the O-Pd2Qs3 (Q = S, Se) monolayers

First of all, we will shine light on how each of the Seebeck coefficient
(S), the electronic conductivity (o), and the electronic thermal conduc-
tivity (x) change with . at different temperatures, namely T=300K,
600K, 900K, and 1200K. Based on the rigid band approximation (RBA)
[48,49], shifting the Fermi energy towards the conduction bands mimics
electron doping, while shifting it towards the valence bands corresponds
to hole doping. The shift cannot however be large since this would imply
heavy doping, the limit at which the RBA breaks down. To be realistic,
and since we are chiefly interested in the area very close to the Fermi
level, the variation of y. will be examined within a +£100meV energy
interval. This turns out to be a judiciously good approximation and has
been able to successfully define the transport coefficients of many ma-
terials [50,51]. The results can be found in Figs. 6 and 7, where the “xx”
and “yy” subscripts will refer to the x and y planar directions
respectively.

From now on, the values of the thermoelectric properties are

reported near Eg. The lowest energy values at which these quantities are
evaluated are at +0.1meV from p.=Eg. Starting with O-Pd,Ss, we notice
that along the x-direction, the Seebeck coefficient S (Fig. 6(a)) increases
with T, registering values of -0.59mV/K, -0.39mV/K, -0.30mV/K, and
-0.25mV/K at 300, 600, 900, and 1200K respectively. Along the y di-
rection, we obtain -0.17mV/K at 300K, 0.10mV/K at 600K, 0.12mV/K at
900K and 0.13mV/K at 1200K. It is clear that S is anisotropic, and thus
does not have the same values along the x and y directions. Regarding
the O-PdsSes system (Fig. 6(b)), S registers -0.06mV/K at 300K and
-0.1mV/K at 1200K along the x-direction. Along the y-direction, it starts
from the value -0.02mV/K at 300K, -0.04mV/K at 900K, and then goes
to -0.03mV/K at 1200K. It should be noted that the reported values for
the Seebeck coefficient are the same for p.=Ep+0.1meV and Eg-0.1meV,
and therefore it is continuously defined at p.=Eg; this is attributed to the
fact that S is independent of the electronic lifetime (7).

Due to their dependence on the electronic lifetime, which is different
for electrons and holes, 6 and k are expected to be different for the
electron (corresponding to E>Eg) and hole (corresponding to E<Ep)

3
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FIG. 8. The ratios of the electronic thermal conductivity k and the power factor (5%c) along the x and y directions for the O-Pd,X3 monolayers, at p=Eg. The dashed

lines only serve as a guide to the eye.
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doping, at energies very close to Ep. The electronic conductivity also
shows an anisotropic behavior (Fig. 6 (b)). At a constant temperature T,
the “xx’’ and “yy’’ components are not equal in either case of electron
or hole doping. In general, it appears that the conductivities along the y
direction are higher than those along the x-direction in O-Pd,Ss. This
situation is reversed for the O-Pd;Ses monolayers, where it is evident
that the electronic conductivities along the x-direction are larger.
Moreover, for O-Pd;S3 monolayers and looking at either the “xx” (or
“yy”) component, the difference in ¢ at p.-Er =0.1meV and -0.1meV
does not exceed 27% for T >600K. Although this pattern is also seen in
0O-Pd;Ses, the dissimilarity is much smaller (~8%), probably due to the
comparable electron and hole lifetimes for this material.

As T increases, the thermal electronic conductivity (x) increases as
well. Overall, the values are larger for O-Pd»S3 monolayers (Fig. 7(a)). In
this system, kyy seems to be larger than ky, along most of the energy
range considered, and for both electron and hole doping. In contrast, for
0-PdsSe3, kxx>kyy for T=300 and 600K, and for the case of electron
doping at T=900K. Otherwise, kyy is larger.

Another principal quantity that can be obtained from S and ¢ is the
power factor (PF), given by S%. It is an indicator of the usefulness of a
material in thermoelectric generators or coolers. The higher the PF, the
more energy the materials generate, due to a temperature difference.
The change in the PF with respect to (u.~Eg) is depicted in Fig. 7 (b). As T
increases, PF increases as well in both structures. On average and as was
realized for the case of k, the PF for O-Pd,S3 extends to higher values.
While PFyy >PFy in the case of hole doping (except for energies up to
+0.02eV from Eg), PFyy < PFy for electron doping. For T>600K and the
case of hole doping, PFyy < PFy in the O-Pd,Se3 monolayers. This is also
true for T>900K in the case of electron doping. The maximum values of
S, o, k, and the PF could be easily extracted from Figs. 6 and 7. Detailed
values of all of these thermoelectric physical quantities at -
Ep=10.1meV at the different temperatures are found in ESI (Tables S1
and S2, ESI{).

Once more, the values of these quantities are not identical as we
approach Eg from both sides. The deviations do not exceed 27% for O-
Pd>S3 and 8% for O-Pd,Ses. Nevertheless, this makes the functions ill-
defined at p.=Er. We can resolve this issue by taking the average of
the two results in the neighborhood of the Fermi level, for each (x or y)
direction. As an example, for the case of O-Pd,Ss3, we have at T=600K,
6xx(h)=3.87 x 10* 1/(Qm) and Gyy(e)=5.08 x 10*1/(Qm). The reported

value at p.=Fp would then be (65, (h)+04x (€))/2, that is 4.47 x 10* 1/
(Qm). Fig. 8 graphically demonstrates the ratios kyy/kxx, and PFyy/PFyy
for both structures at p.=Ep. At any T, kyy/kxx > 1.5 for O-PdsSs.
Contrarily, for O-PdaSes, kyy/Kkxx < 1 except at 1200K, where it registers
a value of. 1.18 At T=900K, this material exhibits an isotropic behavior
such that kxx ~kyy. On the other hand, anisotropy in PF is such that PFyy/
PFy < 1 for both materials at any T, suggesting that properties along the
x-directions are to be exploited for thermoelectric applications.

A complementary figure (Fig. 9) compares k and PF of the O-Pd»Q3
materials along a specific direction. Along the x-direction, O-Pd;Ses
shows a larger thermal electronic conductivity for T <600K. For T
>900K, « for the O- Pd,S3 monolayers is larger along both x and y di-
rections. Similarly, O-Pd,S3 monolayers depict excellent thermoelectric
performance for T>600K. At 900K and along the y-direction, O-Pd2Ss’s
power factor is ~ 13 times that of O-Pd;Ses. At 1200K, this value be-
comes ~ 32. At ambient temperatures, O-Pd;Ses constitutes a better
choice, for its power factor is almost 18 (16) times that of O-Pd,S3 along
the x (y)-direction.

Compared to other related 2D materials, the average k (T=300K) for
1T PdS,is 0.11 W/(m K) [52]; the analogous value for O-Pd,Ss is slightly
higher (0.18 W/(m K)). For 1T PdSey, x (T=300K) ~1.4 x 1073 W/(m
K), which is negligible, compared to the value we acquired for O-Pd,Ses
(3.91 W/(m K)). Similarly, the average power factors for 1T PdS; (3.5 x
1074 mW/(m K?)) is ~ 200 times smaller than the one estimated for
0-Pd5S3 (0.072 mW/(m K%). Furthermore, the average reported PF for
1T PdSe; (4.4 x 107% mW/(m K?)) at 300K is negligible, compared to
what is obtained for O-Pd;Se3(1.31 mW/(m Kz)); the latter value is also
slightly larger than that depicted for pentagonal PdSe; (1.25 mW/(m
K?) [53].

Knowledge of the group velocities for each of the three acoustical
modes allows the evaluation of the minimum lattice thermal conduc-
tivity k" at the limit of high T. Based on Cahill’s model [54], the in-
dividual phonons vibrate independently of one another, with the
lifetime obtained as half of the period of vibration of each mode. Besides,
the optical group velocities (v,) are smaller than the acoustical ones (v,);
namely, v,/vy =0.18 for O-Pd,Ss3 and 0.2 for O-PdsSes. These approxi-
mations permit us to define:

. k 3
K=o v @
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Lattice parameter (A), Pd-Q1(Q,) and Q;-Q3 bond lenghts d A), height h (A) and the cohesive energy Eon (eV/atom) of the O-Pd;Q3; monolayers. Comparison with

other results in the literature is included.

0-Pd2Qs (Q=S, Se) dpa.g2 (A) dpa.o1 A) doz-qs () h &) Lattice parameter (A) Econ (eV/atom)
0-Pd,S3 Present work 2.34 2.44 2.15 3.59 a= 5.85, b= 5.40 -5.99
Other 2.34 [20] 2.42 [20] - 3.58 [20] a= 5.90, b= 5.77 [20]
0O-Pd,Ses Present work 2.48 2.58 2.45 3.85 a=6.15, b= 6.09 -5.88
Other 2.45 [20] 2.53 [20] 2.40 [22]- 3.84 [20] a=6.12, b=5.95 [22]
a= 6.12, b= 6.11 [20]
Table 2

Predicted electron (y2p,e) and hole mobility (pap ), as well as the electron (te) and hole (ty,) lifetimes along the biaxial direction of the O-Pd,Qs monolayers at 300 K.

The ratio (R) of the mobilities is also displayed.

System Carrier type m*/me E; (eV) Cop U m™?) pop (em? V1s1) Te (Th)(f5) R = Pon,h / Panve
0O-Pd,S3 e 0.79 2.42 198.26 766.09 344 0.78

h 0.78 -2.75 198.26 596.91 265
0O-Pd,Ses e 1.44 3.15 133.30 91.45 74.9 1.16

h 1.35 -3.11 133.30 105.73 81.3

kg is the Boltzmann constant, n is the number of atoms per volume of
the unit cell, and v; is the average group velocity of the flexural (ZA),
transverse (TA), and longitudinal (LA) acoustical modes. Evaluating this
expression, we obtain xJ""=0.207 W/(m.K) for both structures. This is
expected since the average group velocities and the value of n of O-Pd»S3
and O-Pd,Ses are close. By analyzing the results in Naghavi et al. [22]
and considering the average acoustical group velocities along the “a”
and “b” directions of O-Pd,Ses (as depicted in Table 1 in [22]), Eq. (4)
evaluates to 0.17 W/(m.K). This compares well to our result, with just an
18% difference.

4. Conclusions

In summary, DFT calculations have been employed to study the
electronic, transport, and thermal properties of the O-Pd2Q3 (Q=S, Se)
monolayers. A positive phonon spectrum is an indication of the
dynamical stability of both materials. The measured electronic band
gaps are 0.33 eV and 0.43 eV for O-Pd,S3 and O-PdsSes, respectively.
The calculated carrier mobility of O-Pd,S3 is ~ 766.09 em?V 157! for
electrons and ~ 596.91 cm? V ! s71 for holes, which is comparably
higher than those reported for TMDCs. Biaxial strains and external
electric fields were applied to the O-Pd;Qs monolayers, in an attempt to
tune their electronic properties. We have realized that O-Pd,Ses can be
changed into a metal for a compressive strain of 5%, and electric field
magnitudes of £2.5 V/A. Although the bandgap of O- Pd,S3 gets
reduced upon the application of a compressive strain and electric fields,
the structure remains a semiconductor. In fact, the exertion of an electric
field is symmetrical, causing a reduction in the bandgap for both parallel
and antiparallel directions, with almost the same amount. This is
opposed to the effect of biaxial strain, which tends to reduce the
bandgaps, when it is compressive and increases them when it is of a
tensile nature.

The thermoelectric properties of the O-Pd»S3 and O-Pd;Se; mono-
layers were also considered. We have computed the Seebeck coefficient,
electronic and thermal electronic conductivity, as well as the power
factor at ambient and higher temperatures for energies up to +100meV
from the Fermi level. These properties were evaluated using two
different electronic lifetimes: one for holes for E < Ep, and another for
electrons corresponding to E > Eg. For our undoped systems (that is at
p=EF), and at T=300K, the O-Pd;Se3 monolayers are characterized by
electronic thermal conductivities of around 42 and 8.8 times larger than
those obtained for O-Pd,S3 along the x and y directions, respectively.
Such large values could contribute to the reduction of the figure of merit
(ZT) of these materials. At that same temperature, their power factors
are 18 (16) times larger along the x (y) direction. When T increases

above 600K, the power factor of Pd,Ss, along both directions, becomes
the largest. Furthermore, these values are far greater than those stated
for 1T PdS,, 1T PdSey, and penta-PdSe; monolayers. Using the average
group velocity of the three acoustical modes, the minimum lattice
thermal conductivities at high temperatures were measured to be 0.207
W/(m.K) for both compounds. The unique electronic, transport and
thermal properties of the O-Pd;Qs monolayers discussed in this manu-
script serve as an essential guide, based on which future thermoelectric
nanodevices, of prominent performance, could be built.
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