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By combining structural search and first-principles calculations, we predict a new stable two-
dimensional PdSe monolayer, and systematically investigate its structural, electronic and optical prop-
erties. The calculated formation enthalpy, phonon spectra and molecular dynamic simulations confirm
that PdSe monolayer possesses excellent thermodynamic and dynamic stability. PdSe monolayer is a
semiconductor with an indirect band gap of ~ 1.10 eV. The carrier transport of PdSe monolayer is
dominated by hole and exhibits remarkable anisotropy due to the intrinsic structure anisotropy. The
optical properties also show obvious anisotropic characteristic with considerable absorption coefficient
and broad absorption from the visible to ultraviolet regions. Benefiting from these excellent physical
properties, PdSe monolayer is expected to be a promising candidate as electronic and optoelectronic

devices.
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1 Introduction

Two-dimensional (2D) materials have attracted wide at-
tention due to their unique structural and electronic prop-
erties, such as adjustable band gap, high carrier mobility
and high transparency. These excellent properties provide
significant opportunities for catalysis, energy conversion
and optoelectronic devices [1-5]. Since the successful exfo-
liation of graphene [6-8], it has gained a lot of attention in
physical, chemical and material fields because of high car-
rier mobility, superconductivity and high thermal conduc-
tivity [9-12]. Although graphene possesses many advan-
tages, it is difficult to obtain a desirable band gap, which
hinders its application in the field of optoelectronics. This
challenge has motivated people to further explore many
other 2D materials beyond graphene, such as hexagonal
boron nitride (h-BN) [13, 14], transition metal dichalco-
genides (TMDs) [15-18], phosphorene [19-21], Metal Or-
ganic Frameworks [22-24] and borophene [25, 26], etc.
For electronic and optoelectronic applications, a ma-
terial with good air stability and appropriate band gap
(small than 1.50 eV) is more desirable [27, 28]. Unfor-

* This article can also be found at http://journal.hep.com.
en/fop/EN/10.1007/s11467-022-1154-5.

tunately, the band gaps of many obtained 2D semicon-
ductors are larger than 1.5 eV, such as 4.50 eV for h-BN
and 1.79 eV for MoSs monolayers. Therefore, searching
new 2D semiconductors with a band gap in the range of
0.3-1.5 €V is very important for the development of new
efficient electronic and optoelectronic devices.

In last few years, the compounds of Pd and Se elements
have attracted attention of many researchers. Sun et al. [2]
reported the band structure, transport and optical prop-
erties of monolayer and bulk PdSes (per unit cell contains
2Pd and 4Se atoms) by first-principles calculations. Liang
et al. [29] successfully synthesized a pentagonal layered
PdSes, in which reversable defect states and the migra-
tions of Se-vacancy defects with STM technique were ob-
served. Lin et al. [30] demonstrated that a novel PdsSes
(per unit cell contains 4 Pd and 6 Se atoms) monolayer
could be successfully synthesized by introducing Se vacan-
cies in PdSey bilayer. The Se vacancies of PdSes bilayer re-
duced the distance between layers, assisting the melding of
bilayer PdSe, into PdsSes monolayer. Furthermore, Zhu
et al. [31] revealed that PdsSes possesses an appropriate
band structure for electronic and optoelectronic applica-
tions. Considering these outstanding electronic properties
of various 2D Pd—Se compounds, we believe that it is of
great significance to systematically search new stable 2D
Pd-Se structures with varying Pd:Se ratio.

In this paper, based on density functional theory (DFT)
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calculations, we studied several 2DPd, Se, (z,y =1-4)
structures, which are generated by modifying reported
Pd-Se structures, such as PdsSes and PdySes (for bet-
ter comparison, we named after the number of atoms
per unit cell) and systematically studied their stability,
structural, electronic and optical properties. Then, with
the assist of an efficient structure searching method, we
identified a novel puckered PdSe monolayer with the stoi-
chiometric ratio of 1:1. The formation enthalpy, phonon
spectra and molecular dynamics simulation results clearly
suggested that this PdSe monolayer is thermodynamical
and dynamic stable. PdSe monolayer possesses an indi-
rect band gap (1.10 V) and the band structures of multi-
layers reveal obvious quantum confinement effect. PdSe
monolayer also exhibits superb absorption coefficients and
optical anisotropies in the visible region, which renders it
as a desirable candidate in optoelectronic devices and po-
larized optical sensors.

2 Computational methods

The structure prediction for Pd,Se, monolayer is based on
particle swarm optimization (PSO) method, which is ap-
plied in the Crystal structure Analysis by Particle Swarm
Optimization (CALYPSO) algorithm [32, 33]. Its validity
has been confirmed by successful predictions of a diverse
variety of materials [34-37]. The detailed structural search
procedure is described in the Supporting Information.

In this study, we performed the Vienna ab initio Simu-
lation Package (VASP) based on density functional theory
(DFT) to optimize structure and carry iterative calcula-
tion [38—40]. Within the framework of generalized gradi-
ent approximation (GGA), the exchange-correlation func-
tional of Perdewe-Burkee—Ernzerh (PBE) [41, 42] was em-
ployed to relax the force of atom in the system. Until the
energy difference is less than 107° eV and the force on
each atom is small than 0.02 eV /A between two electronic
steps, all the optimization and self-consistent iteration will
finish. The projected augmented wave (PAW) [43, 44]
method and plane wave basis set with a cutoff energy of
400 eV are used. Brillouin zone of the PdSe monolayer is
sampled in the MonkhorstPack scheme [45] with 3x5x1 k-
point grids. A 20 A vacuum distance is introduced to
prevent negligible interlayer interactions. We performed
phonon calculations as implemented in the PHONOPY
program [46] to confirm the dynamical stability of the
studied structures. The thermodynamic stability of the
PdSe monolayer is verified by ab initio molecular dynamics
(AIMD) simulations, and performed on a 3x3x 1 supercell
by using a canonical ensemble (NVT) with Nosé-Hoover
method [47].

To investigate the thermodynamic stability of the
Pd;Se, (x = 2,4, y = 2,3,4,5,6) monolayer, the
formation energies Ef of this structure were calculated
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by [4, 18, 48, 49]

E¢ = Epq,se, — [# X (pa + Appa)
+y x (pse + Apge)l,
AEszse4 = 2A,uPd + 4AMSe,

AEpd,se; = Fprdyse, — (2upa + 4ptse)

where Epq,se, is total energy of Pd,Se, monolayer. The
and y are the number of Pd and Se atoms in the structure,
and the calculated chemical potentials ppg(—5.22 V) and
tse(—3.49 €V) are chosen from most stable phase of Pd
and Se elements. respectively. The Aupq and Ause rep-
resent the variation of chemical potentials of Pd and Se
atoms, and it can be tunable, but is restricted by Eq. (2).
AFEpg4,se, is the heat of formation of PdySes; monolayer
as defined in Eq. (3). One limit of Apuge can be set to
0, where the system is at equilibrium with Se bulk (Se-
rich), and the other limit is at equilibrium with Pd bulk
(Pd-rich).

The formation enthalpy per atom AH is defined as [50]

Epd,se, =T X fipd — Y X fiSe

AH (Pd,Se,) = -
z+y

7 (4)

where the AHpg,se, is the formation enthalpy per atom
of Pd,Se, monolayer, respectively.

According to the deformation potential (DP) theory,
the carrier mobility of PdSe monolayer can be expressed
as [51-53]

26]1302]3
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where m* and E; are the effective mass of the carrier and
DP constant, respectively. m* can be calculated by using

the formula m* = h? [82%¢(k)/0k?] ~'. The elastic modu-
lus Cyp in 2D system is given by Cop = (82E/8§2) /So,
where E and Sy define the total energy and the area of the
optimized supercell, and 0 is the applied uniaxial strain.
kg and T are Boltzmann’s constant and temperature, re-
spectively.

The optical absorption coefficient I(w) can be expressed
as [54-56)

1/2

Iw) = V2w) [Var @R +e@?-aw@] . (6

where £1(w) is the real part of dielectric function which
could be obtained from e5(w) by Kramer—Kronig function.

3 Results and discussion

Although the bulk PdSe (space group P4s/m) has been
successfully synthesized, the PdSe monolayer remains ex-
perimentally and theoretically ambiguous. Recently, Lin
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et al. reported that new PdsSeg monolayer can be pro-
duced by fusion of defective PdaSey bilayers [30]. Stim-
ulated by the synthesis process of PdsSeg monolayer,
we artificially design several configurations with differ-
ent stoichiometric ratios: PdsSes, PdsSes, PdsSes and
Pd4Ses monolayers. As shown in Figs. 1(a)—(c), PdaSesz
and PdsSes structures are generated by removing two
and one Se atoms of PdySe; monolayers, respectively.
Similarly, in Figs. 1(d)—(f), removing Se atoms from the
PdsSeg monolayer can obtain Pd,Ses and Pd4Se; mono-
layers. Given the limitations of artificially designed struc-
tures, we further employ CALYPSO code to explore more
new structures. By flexibly adjusting the input parame-
ters in CALYPSO, such as space groups, chemical element
ratio, lattice parameters, we can obtain more special al-
lotropes.

Formation enthalpy is usually a metric of great impor-
tance to characterize the stability of structures. Thus, we
summarize the formation enthalpies of the searched and
designed structures in Fig. 2, and the formation enthalpies
per-atom are calculated with respect to the stable phase
of Pd and Se. As expected, the stable Pd4Seg and PdsSey
form an obvious convex hull, where the point locating on
or below the blank tie line corresponds to a thermodynam-
ically stable phase. Fortunately, we finally predict a novel
2D PdSe monolayer by CALYPSO code and the detailed
search procedure can be found in SI. Compared with other
designed and searched structures, only PdSe locates clos-
est to tie line with about 0.0067 eV / atom deviation. This
slight instability would be eliminated through the ther-
mal affect at room temperature, then producing the stable

Fig. 1 Side and top view of the geometry structure of
(a) PdQSe4, (b) szse3, (C) szSEQ, (d) Pd4S€6, (e) Pd4S€5
and (f) Pds4Ses monolayers. For better comparison, here we
named after the number of atoms per unit cell. The orange and
grey balls represent Pd and Se atoms, respectively. The dot-
ted red circles denote the deleted atoms. The dashed rectangle
marks primitive cell of monolayer.
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Fig. 2 Calculated convex hull diagram of PdsSez(z =
2,3,4),PdsSey(y = 4,5,6) with respect to stable phase of
Pd and Se, respectively. The black and blue circles represent
PdsSes (or PdaSeg) and artificially designed structures, respec-
tively. The red and green circles represent predicted structures
by structural search based on the CALYPSO code.

PdSe phase. And this slight deviation may be caused by
neglecting the influence of growth conditions (Pd-rich, Se-
rich). In fact, the synthesis of the compounds is strongly
dependent on the growth conditions.

Here in, we calculate corresponding formation energies
(E¢) in Fig. 3(a) as a function of Se chemical potential,
over the range of experimental environment from Pd-rich
to Se-rich. For better comparison, we set the known
Pd;Seys monolayer as the reference phase. If formation
energy line of one structure intersects with that of PdsSey
monolayer, indicating a stable phase. For example, the
known stable Pd;Seg monolayer has an obvious intersec-
tion with reference phase PdySey monolayer. However,
we can clearly see that PdySes and PdySes; monolayers
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Fig. 3 (a) The E; of the PdaSe, (v = 2—4) and Pd4Sey(y =
4—6) monolayer as a function of yg.. The Ef of Pd2Ses4 mono-
layer is shown by the black solid line as a reference. (b) Side
and top view of PdSe monolayer. The gray and orange spheres
represent Pd and Se atoms, respectively. The black dashed
rectangle lines mark the unit cell.
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are not stable within over whole chemical potential range.
The Ef lines of PdySes and Pd4Sey only intersect with the
reference phase within a very small region under the ul-
timate Se-poor (Pd-rich) condition, which indicates that
it is also difficult to generate these two phases in experi-
ment. By extensive structure searching, we finally identify
a novel stable PdSe monolayer in Fig. 3(b). As shown by
green solid line, the E; line of PdSe monolayer has in-
tersected with that of PdsSes monolayer and it possesses
smaller Ef relative to the reference state in the vicinity
of Se-poor, indicating that the PdSe monolayer can be fa-
vorably stable by tuning the growth conditions. As shown
in Fig. 3(b), PdSe monolayer displays P21/m symmetry
(point group Csy,) with a tetragonal lattice and the opti-
mized lattice constants ¢ = 8.07 A and b = 4.67 A. Per
unit cell contains four Pd and four Se atoms, and each Pd
(Se) atom is bonded to four Se (Pd) atoms in the different
atom layer. In our calculation, the longest and shortest
Pd-Se bond lengths are 2.51 A and 2.48 A, respectively,
almost the same as the PdsSes and PdySeg monolayers.
In PdSe monolayer, there only exists Pd—Se bond, but
Pd;Seg and PdsSey, monolayers possess both Pd—Se and
Se—Se bonds. Interesting, from the side view, this struc-
ture exhibits puckered camelback character with a vertical
puckering distance of 2.67 A, in which Se and Pd atoms
locate the outermost and middle atom layers, respectively.
In addition, Pd atoms in these monolayers all bond with
surrounding 4 Se atoms with coordination numbers (N,)
of 4. However, there is obvious difference for the N, of
Se. For example, Se atoms of PdySey and PdSe only have
single coordination numbers of N, = 3 and 4, respectively.
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Fig. 4 (a) Phonon dispersion of PdSe monolayer along the
high-symmetry points. (b) Fluctuation of total energy dur-
ing the MD simulations for PdSe monolayer, (¢) and (d)
Snapshots of ab initio MD simulations for PdSe monolayer at
T = 300 K and different annealing time of 5 and 10 ps.
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Fig. 5 (a) Electronic band structure of PdSe monolayer.
Inset in (a) shows the Brillouin zone of PdSe 2D crystals with
high symmetry points labeled. The Fermi level is assigned at
0 eV. (b) The density of states (DOS) of PdSe monolayer.
(c, d) Spatial distribution of electron density in VBM and
CBM (0.0005 e/A3).

PdysSeg possesses two distinct types of Se atoms with both
N, = 3 and 4. Considering that Se dimmer bonding exists
only in PdsSey and Pd4Seg, not in PdSe monolayer, so the
multiple valence state of Pd and Se ions plays a key role
in stabilizing the PdSe monolayer structure.

In order to further verify the structural stability of PdSe
monolayer, we perform the phonon-dispersion calculation
as shown in Fig. 4(a). Obviously, there is no imaginary-
frequency phonon mode in the first Brillouin zone, indi-
cating that our predicted PdSe monolayer is thermody-
namically stable. As shown in Fig. 4(b), we also examine
the dynamic stability using ab initio molecular dynamic
(AIMD) simulations at room temperature of 300 K. Fig-
ures 4(c) and (d) show the snapshots of PdSe monolayer at
300 K up to a time period of 5 ps and 10 ps, respectively.
Compared with snapshot at 0 ps, from top and side views,
the free-standing PdSe monolayer hardly changes, reveal-
ing the high structural rigidity. Above all of calculations
about stability indicate that there is a great possibility to
synthesize PdSe monolayer by appropriate methods.

Figure 5(a) shows the band structure of PdSe mono-
layer obtained within the PBE scheme. The PBE and
Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional [57]
are two common functionals for studying band structures
of semiconductors. As is well known that HSE06 func-
tional can predict many semiconductor band gaps more
accurately, but it will overestimate the band gap of some
TMDs material [58-60]. Considering that the band gap
of Pd2Sey has been experimentally measured [61], thus
we select PdsSey bulk to test the accuracy of function-
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Fig. 6 Calculated electronic band structure of (a) 2L, (b) 3L and (c) 4 L PdSe layers.
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PdSe, Pd2Ses and PdsSeg as a function of number of layers. The black, orange and olive solid lines represent PdSe, Pd2Ses and

PdasSeg layers, respectively.

als. As shown in Fig. S1 (Supplementary information),
the band gap of PdsSeq bulk calculated by PBE and
HSEO6 schemes are 0.39 eV and 1.20 eV, respectively.
And for PdySey monolayer, the PBE (1.33 eV) and HSE06
(1.34 ¢V) schemes show similar band structure results.
Comparing the bandgap of experiment (0 eV for bulk
and 1.28 eV for monolayer) and calculated results, the
PBE functional was more suitable to calculate the elec-
tronic properties of the Pd—Se system. In Fig. 5(a), it was
clearly shown that PdSe monolayer exhibits indirect semi-
conductor property with band gap of 1.10 eV. The valence
band maximum (VBM) located on the G(0,0,0) point,
while the conduction band minimum (CBM) located be-
tween the high-symmetry G and Y(0,0.5,0) points. Fig-
ure 5(b) presents the total and partial density of states
(DOS) of PdSe monolayer. Analysis of the curve reveals
that the electronic states of valence band edge and conduc-
tion band edge are primarily dominated by the d-states of
Pd atoms and p-states of Se atoms. Because of the co-
valent bonding of Se-Pd at the inferior atomic planes, it
leads to the hybridization between the Pd4d and Sedp
states. These orbital features are similar to the PdySey
monolayer, but are different from Pds;Seg monolayer, in
which VBM mainly origins from the d-states of Pd atoms,
as shown in Fig. S2(f) (Supplementary information). For
further gaining insights into the electronic properties, the

spatial charge distributions of the VBM and CBM of PdSe
monolayer are also displayed in Figs. 5(c¢) and (d), which
exhibit similar orbital features as DOS. In addition, we
also consider the influence of spin orbital coupling (SOC)
interaction in band structure of PdSe monolayer. As
shown in Fig. S3 (Supplementary information), the SOC
has a weak influence on the band structure of PdSe mono-
layer, in which the band gap, valence and conduction band
edge keep almost unchanged. Therefore, we will not con-
sider the SOC interaction in the following study.

The magnitude of carrier (electron and hole) mobility
is crucial for the performance of electronic devices. To
this end, on the basis of calculated band structure, we
next focus on evaluating the carrier transport property
of PdSe monolayer within effective mass approximation
and deformation potential theory. According to this the-
ory, the deformation potential constant F; and elastic
modulus Cyp was be derived, as shown in Fig. S4 (Sup-
plementary information). The resulting effective mass
(m*),2D in-plane stiffness (Cop), deformation-potential
constant (E7) and carrier mobility () are summarized in
Table 1. Obviously, the electron and hole effective masses
of PdSe monolayer show highly anisotropic characteristic
along different directions of the unit cell, which is consis-
tent with the asymmetric frontierconduction and valance
band structures in Fig. 5(a). And the in-plane stiff-
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Table 1 Calculated deformation-potential constant (E1),
2D in-plane stiffness (Cap), effective mass (m*) and carrier
mobility (p) along the x(a) and y(b) directions for a PdSe
monolayer at 300 K.

Carriers type m* (me) Cop (eV/A2?) Ep (eV) p(cm?-V=1l.s71)

Electron (z)  18.79 4.56 -0.2 22.07

Electron (y) 1.15 4.56 —1.45 4.35
Hole () —6.63 7.43 —5.07 2398.80
Hole (y) —0.83 7.43 —6.39 1.61

ness and deformation-potential constant also exhibit obvi-
ous direction-dependent anisotropy, which mainly origins
from the different arrangement of Pd and Se atoms along
z and y directions. For carrier mobility, the anisotropic
property of electron is not pronounced. However, hole mo-
bility shows great anisotropy and the highest hole mobil-
ity of PdSe monolayer along the x direction is predicted to
be 2398.8 cm?-V~1.s71 which is much larger than that of
Pd4Seg monolayer (84.92 cm?-V~1.s71) and is quite close
to that of PdaSes monolayer (1928.99 cm?-V~=1-s71). Re-
markably, in both = and y directions, PdSe monolayer ex-
hibits higher hole mobility than electron, which indicates
that the carrier transport of PdSe monolayer is dominated
by hole.

As we all know that the electronic band property
of TMDs (such as MoSs) exhibits strongly thickness-
dependence effect [62, 63]. In Fig. 6, we also discuss the
influence of thickness effect on the band structure of PdSe
layers. It clearly shows that with the increase of the layer
thickness, PdSe system exhibits obvious quantum con-
finement effect. The band gap gradually decreases from
0.95 eV for bilayer to 0.88 eV for trilayer and 0.83 eV
for four-layers as shown in Figs. 6(a)—(c), but still keeps
the indirect semiconductor property. In Fig. S5 (Supple-
mentary information), we also display the electronic band
structures of monolayer, bilayer and trilayer of PdsSey
and PdsSeg. Similarly, Pd2Ses and PdsSeg also exhibit
decreased band gap due to the thickness effect. More-
over, we investigate the sensitivity of the band gap to the
thickness effect of different Pd—Se system. As shown in
Fig. 6(d), as the layer number increases, the band gaps
of PdSe and Pd4Seg exhibit almost same sensitivity with
a similar decreasing trend of first steepening then flatten-
ing, which indicates that the quantum confinement effect
gradually weakens with the increase of layer thickness.
However, the PdsSes possesses the strong sensitivity to
the number of layers. Comparing to PdSe and PdsSeg,
the band gaps of PdsSey show a steeper decreasing trend
from 1L to 4 L.

According to the calculated electronic band gap, PdSe
monolayer is expected to possess excellent performance
for optical absorption. Figure 7 shows the calculated op-
tical absorption spectrum of PdSe monolayer along z- and
y-directions to characterize its optical properties. The
adsorption coefficients of PdySey and PdsSeg monolay-
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Fig. 7 The calculated optical absorption spectra of
PdSe, Pd2Ses and PdsSes monolayers. IR, VIS and UV are
the abbreviations of infrared, visible and ultraviolet regions,
respectively.

ers are also included for comparison. It is clearly shown
that the optical properties of PdSe monolayer exhibit
obviously anisotropic feature due to the intrinsic struc-
ture anisotropy. Along the y-direction, PdSe monolayer
possesses high absorption coefficients in both visible and
ultraviolet regions. In the z-direction, absorption co-
efficients show a reduction, especially in the ultraviolet
region. But the absorption coefficients of PdSe mono-
layer are with the order of 10°> cm~! in both 2- and y-
directions that are considerably desirable for optical ab-
sorption. Similarly, PdsSe; and Pd4Seg monolayers also
show anisotropic absorption coefficients along z- and y-
directions. By comparison, we can find that in the visible
region, PdsSes and PdsSegs monolayers have lower optic
absorption coeflicients relative to PdSe monolayer along
both z- and y-directions. For the ultraviolet region, y-
direction of PdSe monolayer still possesses higher absorp-
tion coefficients than PdsSes and PdsSeg monolayer. The
broad absorption region and large absorption coefficient
render the PdSe monolayer as a potential candidate for
photovoltaics and optoelectronic devise.

4 Conclusions

In summary, we have predicted a hitherto unknown semi-
conducting PdSe monolayer by CALYPSO code. Based
on comprehensive DFT computations, we systematically
studied the structure, stability, electronic and optical
properties of PdSe monolayer. The calculated results show
that the PdSe monolayer possesses a puckered tetragonal
lattice with good dynamics and thermodynamic stabili-
ties. The electronic structure calculations indicate that
PdSe monolayer exhibits indirect semiconducting charac-
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teristic with a desirable band gap of 1.1 eV for optical ab-
sorption. The structure anisotropy endows the PdSe with
remarkable anisotropic carrier mobility and the transport
behavior is mainly dominated by the hole carrier. The
optical properties also show anisotropic feature with large
absorption coefficient within a broad absorption region.
We believe that this study will promote the experimental
synthesis of this new 2D PdSe structure and further stud-
ies about their application in optoelectronic devices in the
future.

Electronic supplementary materials are available in the online
version of this article at https://doi.org/10.1007/s11467-022-1154-5
and http://journal.hep. com.cn/fop/EN/10.1007/s11467-022-1154-

5 and are accessible for authorized users.
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