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Two-dimensional (2D) multilayer kagome materials hold significant research value for regulating kagome-related
physical properties and exploring quantum effects. However, their development is hindered by the scarcity of available
material systems, making the identification of novel 2D multilayer kagome candidates particularly important. In this work,
three types of 2D materials with trilayer kagome lattices, namely ScgSsXg (X = Cl, Br, 1), are predicted based on first-
principles calculations. These 2D materials feature two kagome lattices composed of Sc atoms and one kagome lattice
composed of S atoms. Stability analysis indicates that these materials can exist as free-standing 2D materials. Electronic
structure calculations reveal that ScgSsXg are narrow-bandgap semiconductors (0.76-0.95 eV), with their band structures
exhibiting flat bands contributed by Sc-based kagome lattices and Dirac band gaps resulting from symmetry breaking. The
sulfur-based kagome lattice in the central layer contributes an independent flat band below the Fermi level. Additionally,
SceSsXe exhibit high carrier mobility, with hole and electron mobilities reaching up to 10 cm?-V~!.s~! indicating poten-
tial applications in low-dimensional electronic devices. This work provides an excellent example for the development of

novel multilayer 2D kagome materials.
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1. Introduction

Two-dimensional (2D) materials have become a cutting-
edge frontier in numerous contemporary disciplines and ap-
plied research fields.!!3! This is because, compared to tradi-
tional three-dimensional (3D) materials, the reduction in di-
mensionality in 2D materials makes the associated quantum
effects more pronounced.*7! Many physical properties that
are difficult to capture in traditional materials can be effec-
tively observed and further exploited in 2D materials. Con-
sequently, current research on 2D materials primarily follows
two paths: one is to conduct in-depth investigations into 2D
materials that have been successfully synthesized experimen-
tally, aiming to unearth their latent potential; the other is to
continuously explore and develop novel 2D materials, inject-
ing a steady stream of vitality into the future development of
this field.

Amidst the current research fervor surrounding 2D mate-
rials, 2D kagome materials stand out as a rising star, attracting
widespread attention. 3] Kagome materials derive their name
from their unique kagome lattice structure, which consists of
two opposing triangular lattices and represents a highly repre-
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sentative lattice type in physics. Ideal kagome lattices possess
a series of distinctive physical properties, such as flat bands,
Dirac cones, and van Hove singularities.!'%! These properties
provide a fertile ground for the emergence of various other
physical phenomena, offering potential platforms for super-
conductivity, strongly correlated physics, magnetism, topol-

s.I=16] However,

ogy, and many other physical characteristic
ideal kagome lattices often struggle to maintain stability in
reality, necessitating the introduction of foreign elements for
passivation or protection to enhance their stability. Currently,
materials such as M3Q0X7 (M =Nb, Ta; 0 =S, Se, Te; X =,
Br, I),['") M3Xg (M = Ti, V, Nb, Ta; X = Cl, Br, I),'¥-221 TMO
monolayers (TM = transition metal)>>! and M,X; (M = P,
Mo, Ti, Zr, Hf, V, Nb, Ta; X = C, Oy, Se, C¢H,)>*2" have
garnered significant attention in the realm of 2D kagome ma-
terial research. Nevertheless, it is noteworthy that most current
research focuses on single-layer kagome systems,*8=3!1 with
relatively limited exploration of multilayer kagome systems.
In fact, multilayer kagome systems may harbor even more un-
explored and exceptional properties. On one hand, multilayer
kagome lattices increase the degrees of freedom in spatial di-
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mensions, providing new opportunities for the discovery of
novel phenomena and the emergence of new properties; on the
other hand, multilayer kagome lattices require the introduction
of additional passivation atoms, offering favorable conditions
for the precise regulation of their related properties. Therefore,
conducting research on 2D multilayer kagome materials holds
crucial significance for driving the sustained development of
this field.

In this study, we take the 2D bilayer kagome material
SceSeXs (X = Cl, Br, I), proposed earlier by our research
group,3?! as the research object. By ingeniously introducing
specific sulfur vacancies, the bilayer kagome material ScgSgXs
is successfully transformed into a novel 2D material SceS5Xg
with three kagome layers. Theoretical results demonstrate that
SceS5X6 not only exhibits excellent stability but also functions
as a narrow-bandgap semiconductor. In its electronic struc-
ture, kagome band features contributed by the three kagome
lattices are prominently evident, making it a highly promising
candidate for 2D kagome semiconductors. More detailed re-
search findings on this material will be presented step by step
in Section 3.

2. Computational method

The projector augmented wave (PAW) method?334!
implemented in Vienna ab initio simulation package
(VASP)[33-36] has been employed for the calculations, with the
valence electron configurations for Sc, S, Cl, Br, and I being
3d'4s?, 3s23p*, 3s23p, 4s%4p°, and 5s25p°, respectively. The
plane-wave cutoff energy was set to 500 eV. The exchange-
correlation energy was treated using the generalized gradi-
ent approximation (GGA) in the Perdew—Burke—Ernzerhof
(PBE) form.!*”l For structural optimization and static self-
consistency, 9 x 9 x 1 and 11 x 11 x 1 Gamma-centered k-point
grids were used, respectively, with force and energy conver-
gence criteria of 0.002 eV/A and 1077 eV, respectively. For
all 2D ScgSsXg structures, a vacuum slab with a thickness
of 20 A was incorporated along the z-direction to prevent in-
teractions between adjacent layers. To assess the thermody-
namic stability of 2D ScgSsXg, ab initio molecular dynamics
(AIMD) simulations were conducted for a duration of 5 ps
at temperatures ranging from 300 K to 800 K. Additionally,
the LOBSTER software was employed to analyze chemical
bonding properties.*8! Phonon dispersions, based on density
functional perturbation theory (DFPT), were calculated using
the Phonopy code.**! The VASPKIT code was utilized during

data pre- and post-processing. 4"}

3. Results and discussion
3.1. Structure and stability

In our previous work, a novel scandium-based 2D ma-
terial, ScSeXs (X = Cl, Br, 1), featuring a bilayer kagome

lattice, was successfully designed by employing surface passi-
vation and charge balance strategies, as shown in Fig. 1(a).
Based on spatial symmetry analysis, within the SceSeXg
monolayer, sulfur atoms occupy three non-equivalent sites, la-
beled as S1, S2, and S3, with their specific positions depicted
in Fig. 1(a). Among them, S1 atoms are precisely located di-
rectly above and below the centers of the triangular sublat-
tices within the upper and lower kagome layers. The atomic
layer composed of S2 and S3 atoms is situated between the
two kagome layers, with the specific structure illustrated in
Fig. 1(b). Meanwhile, halogen atoms are distributed on the
outer side of the kagome layers, forming a passivation layer
that serves to protect and stabilize the material.

From the perspective of crystal structure details, the cen-
tral layer of ScgS¢Xg is composed of four sulfur atoms lying in
the same plane. Among these four sulfur atoms, three equiva-
lent S2 atoms form the fundamental framework of the kagome
lattice, while the remaining S3 atom is positioned at the center
of the hexagonal ring within the kagome lattice. This unique
configuration renders the kagome lattice imperfect, as shown
in Fig. 1(b). Based on this observation, we hypothesize that
if the S3 atom is removed (as depicted in Fig. 1(c)), a per-
fect kagome lattice composed of S2 atoms can be formed in
the central layer (as shown in Fig. 1(d)), thereby providing an
ideal model for investigating the physical properties of multi-
layer kagome lattice systems.
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Fig. 1. (a) Schematic diagram of SceSeXe and (b) the central sulfur-
atom layer of ScgSeXg. (c) Side view of ScgSsXg, where the blue dashed
spheres represent sulfur-atom vacancies. (d) Schematic diagram of the
central sulfur-atom layer of ScgSs5Xg after introducing an S3 vacancy.

Table 1 provides a detailed summary of the optimized
lattice constants (a/b), corresponding bond lengths (Sc-Sl1,
Sc—S2, Sc—X, Sc—Sc), and other relevant parameters for the
designed ScSs5Xg monolayer. The results reveal that, among
the three compounds, the bond lengths of Sc—S1 (d;) and Sc—
S2 (d,) remain relatively stable, whereas the bond length of
Sc—X (d3) exhibits a notable increasing trend. Additionally,
the difference between the short bond (/1) and the long bond
() of the Sc—Sc bonds constituting the triangular sublattice
becomes increasingly pronounced, as illustrated by the bond-
length schematic shown in Fig. S1.
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Table 1. Structural parameters and band gap values of ScgSsX monolayer.

Materials ~ a/b  d| dy ds Li/h EBE EPBEFSOC pIISE - plISE+SOC
SceSsCls 743 245 258 248 351392 046 0.46 0.97 0.95
SceSsBrg  7.56 245 258 264  3.52/404 043 0.42 0.92 091
SceSsl ~ 7.85 245 26 287 354431 033 0.32 0.75 0.76

It is noteworthy that after the removal of S3 atoms, the
bond lengths of Sc—S1 (di), Sc-S2 (d»), and Sc-X (d3) all
increase compared to those in the ScgS¢Xe monolayer, with
increments of approximately 0.01 A to 0.02 A. Additionally,
the length of the Sc—Sc (/1) bond is shorter than that of the /;
bond in the ScgSeXg monolayer, while the length of the Sc—
Sc (I») bond is longer than that of the I, bond in the ScgS¢Xs
monolayer. Consequently, the difference between /1 and I,
further widens after the introduction of S vacancies, indicat-
ing that the two triangular sublattices in the Sc-based kagome
lattice are further stretched. As a result, the lattice constants
a/b of the entire ScsSs5Xs monolayer also increase by 0.06 A
t0 0.14 A, as detailed in Table SI.

Verifying the stability of newly predicted materials holds
paramount significance for advancing subsequent research en-
deavors. Consequently, we undertook a comprehensive ex-
amination of the stability of the ScgS5Xg monolayer from ki-
netic, thermodynamic, and mechanical perspectives. Initially,
phonon dispersions of the ScgS5Xs monolayer were calculated
using a 2 x 2 x 1 supercell composed of 68 atoms. As shown
in Figs. 2(a)-2(c), the absence of imaginary frequencies in the
phonon spectra indicates that all ScgSs5Xs monolayers exhibit
excellent kinetic stability. From ScgS5Clg to ScgSslg, as the
atomic number of X increases, the phonon frequency range
gradually narrows, and the degree of overlap among vibration
modes increases.

Subsequently, we evaluated the thermal stability of
ScgSsXe within the temperature range of 300 K to 800 K. For
this purpose, AIMD simulations using a 3 x 3 x 1 supercell
containing 153 atoms were performed, with the simulation re-
sults shown in Figs. 2(d)-2(f). After conducting 5 ps AIMD
simulations at each temperature, the ScgS5Clg and SceS5Brg
monolayers can maintain structural stability at temperatures
up to 800 K, while the ScgSslg monolayer remains stable at
500 K, a temperature range that already satisfies the opera-
tional requirements of the vast majority of electronic devices.
However, compared to the ScgS¢Xg monolayer, the thermal
stability of ScgSsXg is reduced (the AIMD results for SceS¢Xs
are shown in Fig. S2). After in-depth analysis, two primary
reasons are identified. First, the introduction of S vacancies
induces a localization effect. After removing the S atoms at
the four vertices, the resulting vacancies cause the surround-
ing atoms to contract toward the vacancy centers, generating
local compressive stress. During the AIMD simulations, ther-
mal fluctuations amplify this stress, leading to increased oscil-
lation amplitudes of atomic positions and ultimately resulting

in structural collapse. Second, from an energy perspective, in
SceSeXe, each S3 atom at the vertices forms bonds with two
neighboring Sc atoms above and below. However, removing
the S3 atoms causes these bonds to break, forming dangling
bonds. The surrounding atoms may partially compensate for
these dangling bonds, potentially leading to bond-angle dis-
tortions and a significant increase in the enthalpy (AH) of the
system. Consequently, the free energy (AG) of the entire sys-
tem rises, as detailed in Table S2, thereby reducing the thermal
stability of the ScgS5Xg monolayer.
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Fig. 2. Phonon dispersion and AIMD simulation results of SceSsXg
monolayer. Phonon dispersion of (a) ScgS5Clg, (b) SceSsBrg, and
(c) ScgSslg. AIMD simulation results of (d) ScgS5Clg, (€) SceSs5Brg, and
(f) ScgSs5l6. The insert is the final crystal structure after the simulations
(800 K for ScSsClg and SceSsBrg, 500 K for SceSsle).

In addition, to comprehensively evaluate the mechanical
stability of the ScgS5Xg monolayer, its elastic constants have
also been precisely calculated. For a 2D trigonal lattice, its
independent elastic constants include Cy; (where Ci; = ),

C12, and C66'
[41

According to the well-known Born-Huang
criterion,*!! for a 2D material to possess mechanical sta-
bility, it must strictly satisfy the following two conditions:
Cfl - C%z > 0 and Cg¢ > 0. After meticulous calculations, the
independent elastic constants for the ScsSs5Xs monolayer are
summarized in Table S3. From the data in the table, it is evi-
dent that all three monolayers conform to the Born—-Huang cri-
terion, which demonstrates their excellent mechanical stabil-

ity. These results further confirm that the ScgS5Xs monolayer
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can stably exist as a free-standing 2D material under environ-
mental conditions above room temperature.

Finally, using the calculated elastic constants, the Young’s
modulus (Y) and Poisson’s ratio (v) of the ScgSs5Xg mono-
layer were further evaluated. The relevant results are shown
in Fig. 3, and the specific calculation method is described
in Note 1 of the supplementary materials. The com-
putational results demonstrate that 2D ScgSsXs possesses
isotropic mechanical properties. The Y of the ScgS5Xg mono-
layer lies within the range of 42.81 N-m—! (SceSslg) to
48.69 N-m~! (ScsS5Clg). Compared to MoS, (180 N-m~1)[42]
and graphene (342.2 N-m~!),[43] these values are significantly
lower, indicating that SceS5Xs exhibits higher flexibility than
2D materials such as MoS; and graphene. Meanwhile, the v
of the corresponding SceSs5Xg monolayer ranges from 0.154
(ScgSsClg) to 0.163 (ScgSs5Brg), which is slightly lower than
that of some common 2D materials, such as graphene (0.175)
and MoS; (0.21).1441 Materials with both low Young’s modu-
lus and moderate Poisson’s ratio can effectively suppress sur-
face cracking when devices are bent in practical applications,
maintaining good flexibility while ensuring shape stability.

It is also noteworthy that compared to the ScgSXg mono-
layer, the elastic constants, Young’s modulus, and Poisson’s
ratio of the ScS5Xg monolayer are all reduced, as detailed in
Table S3. A reasonable explanation for this phenomenon can
be provided from the perspective of bonding strength. After
removing the S atoms at the vertices, the adjacent Sc atoms
lose part of their bonding interactions, resulting in a signifi-
cant reduction in local bonding strength. This change directly
weakens the material’s ability to resist tensile and compres-
sive deformations, thereby leading to a decrease in the overall
stiffness of the material.

w SceS5Clg

ScSeBrg
ScgSslg

50
48
46
44
42
40
42
44
46
48
50

180°

Poisson's ratio
o
~

330°

Young's mudulus (N-m~1)

2700

Fig. 3. The calculated angle-dependent in-plane (a) Young’s modulus and
(b) Poisson’s ratio of ScgSs5Xg.

3.2. Bonding properties

Given the unique structural characteristics of the mono-
layer ScgSsXg, it is particularly essential to conduct an
To this
end, the bonding features of the ScgSsXs monolayer have

in-depth exploration of its bonding properties.

been systematically investigated using advanced techniques
such as the electron localization function (ELF),[*9] Bader
charge analysis,[*! and crystal orbital Hamiltonian population
(COHP). 1381 Figure 4(a) presents the ELF results for ScgS5Xg.

As can be observed from the figure, the charge is predomi-
nantly concentrated around the S and halogen atoms, while the
electron density near the Sc atoms is almost negligible. These
results strongly indicate the formation of predominantly ionic
bonding between the Sc atoms and the S/X atoms.

Figure 4(b) and Table 2 present the results of the Bader
charge analysis. Within this analytical framework, negative
and positive values represent electron loss and electron gain,
respectively. The analysis reveals that each Sc atom transfers
approximately 2.07e to 2.12¢ (electrons) to the nearest non-
metal atoms. Notably, there is a clear correlation between
the number of electrons gained by non-metal atoms and their
electronegativity. As the electronegativity gradually decreases
from SceS5Clg to ScgSslg, the number of electrons gained
by the halogen atoms decreases accordingly; conversely, the
number of electrons gained by the S1 and S2 atoms exhibits
an increasing trend.

Table 2. The Bader charge results of SceS5Xs monolayers. The “+”

represents gaining electrons, while “—” represents losing electrons.
Bader cha
Materials ader charge ()
Sc S1 S2 X
SceS5Clg —2.12 +1.46  +1.61  +0.83
SceSsBrg  —2.09 +1.48 +1.62 +0.79
SceSsle —-2.07 4150 +1.66 +0.74

Furthermore, the Bader charges of the ScgSsXg and
SceSeXs monolayers have been compared, with the corre-
sponding data summarized inTable S4. After the removal of
the S3 atom, pronounced changes occur in the electron dis-
tribution within the unit cell: the number of electrons lost by
the Sc atoms decreases by 0.14e to 0.16¢; the electron gain or
loss of the S1 atoms remains largely unchanged; the number of
electrons gained by the S2 atoms increases by 0.13e to 0.15¢;
and the number of electrons gained by the halogen atoms in-
creases by 0.04¢ to 0.06e. These results clearly demonstrate
that the removal of the S3 atom induces a redistribution of
electrons within the unit cell. In particular, the electron re-
distribution is more pronounced for the sulfur atoms (S2) in
the S-vacancy layer and the Sc atoms originally bonded to the
S3 atom, whereas the electron gain or loss of atoms farther
from the S vacancy (S1 and halogen atoms) is relatively less
affected.

Subsequently, the COHP method has been employed to
perform an in-depth analysis of the bonding and antibond-
ing characteristics of the ScgSsXg monolayer, with the re-
The COHP results clearly
indicate that the bonding states between the Sc atoms and
the S/X atoms dominate below the Fermi level. In contrast,
the COHP of the Sc—Sc bonds is mainly distributed above

the Fermi level and exhibits mixed bonding and antibonding

sults shown in Figs. 4(c)—4(e).
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characteristics. Notably, compared with the COHP results of
the ScgSeXg monolayer, additional Sc—S1 antibonding states
emerge within the energy range from —2 eV to 0 eV below
the Fermi level. This indicates that partial occupation of these
antibonding states weakens the interatomic interactions, lead-

ing to an elongation of the Sc—S1 bond lengths. Based on the
above analysis, it can be concluded that the introduction of S
vacancies reduces the bonding stability of SceS5Xs compared
with ScgSXs, which is fully consistent with the previously

discussed thermal stability and related results.
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Fig. 4. (a) ELF results of ScsS5Xe, (b) Bader charge results of the ScsS5Xs, and COHP results of (c) ScgS5Clg, (d) SceSs5Br6, and (e) ScSsls.

3.3. Electronic properties

In the aforementioned content, we have successfully un-
veiled a series of key microscopic features of the 2D SceS5Xe
system: the removal of the S3 atom induces local lattice dis-
tortion and charge redistribution. Specifically, the charge loss
of the Sc atoms decreases by 15%, while the electrons gained
by the S2 atoms and halogen atoms increase by 9% and 7%,
respectively. To further elucidate how such structural recon-
struction regulates the macroscopic properties of the material,
it is therefore essential to analyze the evolution of its electronic
structure.

Firstly, the GGA+PBE functional has been employed to
calculate the electronic band structures of monolayer ScS5Xg,

with the corresponding results shown in Fig. S3. The calcu-
lated band gap values of ScsS5Clg, SceSsBrg, and SceSslg
are 0.46 eV, 0.43 eV, and 0.33 eV, respectively. However, it
should be noted that, due to the intrinsic limitations of the
GGA-PBE method, its accuracy in predicting the band gaps
of semiconductors and insulators is generally limited.4"->0!
To obtain more reliable results, the HSE06 hybrid functional
has been further adopted to calculate the band structures of
ScSs5Xg, as shown in Fig. S4. In comparison with the GGA-
PBE results, the HSEQ6 calculations yield significantly larger
band gaps, increasing to 0.97 eV, 0.92 eV, and 0.75 eV for
SceS5Clg, SceSs5Brg, and ScgSs1e, respectively.

Considering that the monolayer ScsSs5Xg contains rela-
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tively heavy elements, the influence of spin—orbit coupling
(SOC) on the band structure has also been investigated, with
the results shown in Figs. 5(a)-5(c). Consistent with the GGA-
PBE and HSEOQ6 results, all ScgSs5Xs monolayers exhibit indi-
rect band gap characteristics, with the valence band maximum
(VBM) located at the K point and the conduction band mini-
mum (CBM) at the M point. Further analysis indicates that the
SOC effect has only a minor influence on the band gap, result-
ing in a band gap variation of approximately 0.01 eV. More
detailed information can be found in Fig. 5(d) and Table 1.
Figure 5(e) shows the density of states (DOS) of the mono-
layer SceSsClg. It can be clearly seen that the valence and
conduction bands near the Fermi level are mainly contributed
by the Sc-d orbitals (marked in purple and blue in the band
structure, respectively). In addition, a sharp peak appears at

approximately —1.5 eV below the Fermi level, corresponding
to an extremely flat band in the band structure (marked in or-
ange), which is predominantly derived from the S2-p orbitals.
Figure 5(f) presents the spatial charge density distributions of
the VBM and CBM in the monolayer ScgS5Clg. The results
indicate that the charge densities of both the VBM and CBM
are mainly localized around the Sc atoms, in good agreement
with the electronic structure analysis. Moreover, for the VBM,
a pronounced coupling between the two Sc-based kagome lay-
ers is observed at the original position of the S3 atom. This
observation clearly demonstrates that the introduction of S3
vacancies significantly modifies the electron density distribu-
tion, thereby exerting a pronounced influence on the electronic

structure of the monolayer.
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Fig. 5. Electronic band structures of (a) ScSsClg, (b) ScgS5Brg, and (¢) ScgS51g calculated at the HSE06+4-SOC level. (d) Band gaps of ScSs5Xe

obtained using various computational methods. (e) DOS of ScgS5Clg.
with an isosurface value of 0.03 e-A~3.

Subsequently, taking ScgS5Clg as a representative exam-
ple, the orbital contributions to the band structure have been
further analyzed, with the results shown in Fig. 6. In the en-
ergy range between —1 eV and 3 eV, the bands are predom-
inantly derived from the Sc-d orbitals, whereas the contri-
butions of the non-metal atoms in this region are negligible.
More specifically, the isolated bands near the Fermi level orig-
inate mainly from the Sc-d,; and Sc-d,, orbitals, while the flat

02

(f) Spatial charge density distributions of the VBM and CBM in ScS5Clg

bands above the Fermi level are primarily contributed by the
Sc-d 2, Sc-d,;, and Sc-dy, orbitals. In the lower energy region
of the valence band (2.5 eV to —1 eV), the S2-p, and S2-p,
orbitals contribute to the flat bands associated with the sulfur-
based kagome lattice. For even lower energy valence bands
(below —2.5 eV), the states are mainly generated by the cou-
pling between S1-p and Cl-p orbitals, with the S1-p, orbital
and Cl-p, and Cl-p,, orbitals playing a dominant role.
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Through comparative analysis, it is found that, compared
with the monolayer ScgSXs, the Fermi level in the SceS5Xe
band structure shifts upward, as shown in Fig. S5. Combined
with the Bader charge analysis, it is evident that the removal
of the S3 atom releases the electrons originally bonded to it,
leading to a spatial redistribution of charges. Specifically, Sc
atoms gain some electrons compared to the pristine system
(i.e., the number of electrons lost decreases), while S2 and
halogen atoms also gain additional electrons. Therefore, the
introduction of S vacancies effectively acts as donor defects,
injecting extra electrons into the system and increasing the

overall electron concentration. In terms of the electronic struc-
ture, this manifests as enhanced electron filling of the Sc-d
and S2-p orbitals, which lowers the energy of the correspond-
ing bands and results in a downward shift of the valence and
conduction bands near the Fermi level. At the same time, the
increased electron occupation enhances the density of states,
reduces the band curvature, and increases the electron effec-
tive mass, leading to flatter bands. Moreover, the introduction
of S vacancies breaks the lattice symmetry, causing the two
originally quadratic bands that formed Dirac points at the K
point to separate and open a gap at the Dirac points.
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Fig. 6. Projected band structures of ScgSsClg based on HSE06+SOC calculations.
3.4. Carrier mobility the material’s potential for device applications. Currently,

Finally, we focus on the carrier mobility of the 2D
SceSsXe monolayer, which is a crucial factor in evaluating

the deformation potential theory proposed by Bardeen and

Shockley®!l (hereafter referred to as the BS theory) is the
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most widely used approach for assessing carrier mobility.
However, the conventional BS theory has certain limitations,
as it does not account for anisotropy in the material. To ob-
tain more accurate carrier mobility values, we employed the
anisotropy-corrected BS method proposed by Lang et al.[>?!
to evaluate ScgSsXg. For comparative purposes, the results
obtained using the standard BS theory are also presented. De-
tailed information regarding the computational procedures can
be found in Note 2 of the supplementary materials.

As shown in Fig. 7 and Table S5, the calculated carrier ef-
fective masses and mobilities of monolayer ScgSs5Xg are sum-
marized. For holes, the effective masses exhibit minor vari-
ation, ranging from 0.72myg to 0.87mg (where my is the rest
mass of a free electron), which are relatively low compared
to the electron effective masses. However, owing to relatively
high deformation potential energies, ranging from 1.13 eV to
1.77 eV, the hole mobilities remain moderate, with values be-
tween 482.64 cm>-V~!.s7! and 930.26 cm?>-V~!.s7 1.

In contrast, the electron effective masses show more pro-
nounced anisotropy. Along the a-direction, the electron ef-
fective masses range from 0.83mg to 1.29mg, while along
the b-direction, they are generally larger, exceeding 2myq in
most cases. Notably, for ScgSslg, the electron effective mass
reaches 50.64my.
ily attributed to the relatively flat band structure in this sys-

Such a large effective mass is primar-

tem, which in turn results in a very low carrier mobility of
6.73 cm?-V~ sl
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Fig. 7. The calculated (a) carrier effective masses (e for electron, & for
hole), and (b) carrier mobility of SceSsXe.

It can be observed that for monolayer SceSsClg and
SceSsBrg, when oriented along the a-direction, both the elec-
tron effective mass and the deformation potential energy are
relatively low, ranging from 0.16 eV to 0.26 eV. As a result,
the electron mobility of these two materials is comparatively
high, exceeding 103 cm?-V~1.s71 (2114.21 cm?-V~!.s7! for
SceS5Clg and 2505.33 cm?-V—1-s™! for SceSsBrg). For addi-
tional data on carrier mobility, refer to Table S5 in the supple-

mentary materials.

4. Conclusion

In summary, we have employed an innovative strategy
by precisely introducing sulfur vacancies at specific sites in
SceSeXs, thereby constructing a novel 2D kagome semicon-
ductor, SceS5Xe (X = Cl, Br, 1), featuring three kagome lay-
ers. Theoretical calculations reveal that the incorporation of
S vacancies induces substantial structural reorganization, in-
cluding the elongation of bond lengths and the expansion of
lattice constants. More importantly, this structural modifica-
tion results in a reduction of thermodynamic stability at ele-
vated temperatures due to the emergence of local compressive
stress.

In terms of mechanical properties, the presence of S va-
cancies decreases both the Young’s modulus and Poisson’s ra-
tio, significantly enhancing the material’s flexibility. This ef-
fect is attributed to the reduced bonding density in the vacancy
regions and the partial occupation of antibonding states in the
Sc—S1 bonds.

The electronic structure is profoundly affected as well.
Acting as donor defects, the S vacancies trigger charge re-
distribution, resulting in a reduction of the band gap to 0.76—
0.95 eV and a transformation in the semiconductor band type.
The kagome bands contributed by the Sc-based kagome lat-
tices are predominantly located near the Fermi level. Addi-
tionally, the disruption of lattice symmetry induces the open-
ing of a band gap at the Dirac points. Regarding carrier
mobility, with the exception of ScgSslg, which exhibits ex-
tremely low electron mobility due to its excessively large ef-
fective mass, the remaining monolayers demonstrate favor-
able electron and hole mobilities within the range of 10°—
10> cm?-V—l.s~1

Overall, our work not only highlights the potential appli-
cation prospects of the 2D kagome semiconductor ScgSsXg in
electronic devices, but also provides a practical paradigm for
constructing novel 2D multilayer kagome materials, laying a
solid foundation for future development in this field.
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