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Monolayer ThSi,N4: An indirect-gap semiconductor with ultra-high carrier mobility
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The recently synthesized MoSi,N, monolayer [Science 369, 670 (2020)] exhibit outstanding environmental
stability, moderate band gap, and excellent mechanical properties, which opens up a new avenue for the
explorations of two-dimensional (2D) MA,Z, materials. Inspired by this finding, we perform comprehensive
structural predictions of MSi,N, monolayers with lanthanide and actinide metals at the M site. Using the
CALYPSO structural search method and first-principles calculations, we identify seven MSi, N, monolayers
with robust ambient stabilities, four of which are metals (M = Tm, Lu, Pa, Np) and three are semiconductors
(M = Ce, Th, U). Of particular interest is the ThSi, N, monolayer, which is an indirect-gap semiconductor with
ultra-high electron mobility of 14384 cm? V~! s!. Our results enrich the 2D MA,Z, family and offer insights
into the design and synthesis of novel multifunctional materials.
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I. INTRODUCTION

Since the discovery of graphene in 2004, two-dimensional
(2D) materials have continuously demonstrated their unusual
physical properties and potential technical applications [1-3].
Among them, the MA,Z, monolayers are an important class
of 2D materials that offer selectively tailored physical prop-
erties to meet the needs of numerous applications due to
the diversities of M, A, and Z components and distinct per-
mutations [4—8]. Furthermore, the M, A, and Z components
in the heptatomic layer of the MA,Z, monolayer can be
interchanged with different synthesis technologies, further
expanding the potential for tailored properties. Currently,
MA,Z, monolayers are widely used in energy storage and
conversion, such as supercapacitors, rechargeable batteries,
and electrocatalysts. The versatility and promising properties
of the MA,Z, monolayers make them significant candidates
for further research and development in various fields.

Recently, Hong et al. [4] successfully synthesized a high-
quality 2D MoSi;Ns monolayer by introducing silicon to
passivate nonlayered molybdenum nitride surfaces during
chemical vapor deposition growth. This monolayer consists
of a MoN, layer sandwiched between two Si-N bilayers
with septuple N-Si-N-Mo-N-Si-N atomic layers, representing
a typical 2D MA,Z, material with excellent ambient stabil-
ity. Subsequently, a series of studies on MA,Z, materials
have been reported, and important progresses have been made
[9—-14]. Theoretical calculations reveal that the MA,Z, mate-
rials are different from the transition metal carbides, nitrides,
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and disulfides, and show more abundant and interesting char-
acteristics due to the complexity of the structures and the
diversity of components [15-17]. For instance, these char-
acteristics include excellent mechanical properties, intriguing
electronic properties [9], extensively thermal conductivities
[10], pronounced optical absorptions of both visible and ul-
traviolet radiations [11], outstanding photocatalytic capacities
[12], good spin-splitting [13], and magnetic properties [14].
Meanwhile, Cheng et al. [18] have declared that 2D MoSi; Ny
are suitable for both the positive electrode and negative
electrode materials of lithium-air batteries. A high electron
mobility of about 1.4 x 10* cm? V~! s7! is observed in the
TiSi,N4 monolayer [19]. Other potential applications includ-
ing high-efficiency spintronic and valley electronic devices
[13], optoelectronic devices [20], energy-saving devices based
on coupling between multiple electronic degrees of freedom
[21], and field-effect transistors [22] are well documented one
after another. In fact, based on the particular configuration
of MA,Z,4, the researchers have devised a plethora of novel
constituents and structural motifs. For example, a cadre of
innovative and enduring magnetic materials have emerged,
including SCSi2N4, VSi2N4, MnSi2N4, FeSi2N4, COSizN4,
NiSizN4, CuSi2N4, and ZnSi2N4 [23]

Apart from the experimental synthesis of the MoSi;Ny
monolayer, Hong et al. [4] also conducted comprehensive
density-functional theory (DFT) calculations. The calculated
results verified twelve stable MA,Zs monolayers with the
same structure of MoSi,Ny, in which the Mo atoms are re-
placed by the transition metals such as Ti, Zr, Nf, V, Nb, Ta,
Cr, and W atoms, Si atoms are replaced by Ge atoms, and N
atoms are replaced by P and As atoms, respectively. Notably,
the tensile strength of the MoSi;N4 monolayer is 50.6 GPa
at a critical biaxial strain of 19.5% [24]. The MoSi N4
monolayer exhibits high lattice thermal conductivity of about
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440 W/mK [25], mainly attributed to its large group veloci-
ties and small anharmonicity [26]. However, no lanthanide or
actinide metal-based MA,Z, monolayers are explored, espe-
cially for the structural and electronic properties of MA,Z4
monolayers under extreme conditions.

In this work, we have conducted extensive structure
searches on MA,Z, monolayers that contain lanthanide and
actinide metals at the M site. Our goal is to identify the
stable MA,Z, monolayers that exhibit exceptional physical
properties. The calculations indicate that the MSi,Ns (M =
Ce, Tm, Lu, Th, Pa, U, Np) monolayers are stable at ambi-
ent conditions [27]. Electronic structure calculations reveal
that the MSi;Ny (M = Tm, Lu, Pa, Np) monolayers exhibit
metallic behavior, while the MSi,N4y (M = Ce, Th, U) mono-
layers are semiconductors. Here, we mainly focus on the three
semiconductors, i.e., MSi,N4 (M = Ce, Th, U) monolayers.
Interestingly, the ThSi,N4 monolayer shows a remarkably
high carrier mobility of up to 14384 cm? V~! s~!, which is
the highest among all the stable MA,Z, monolayers.

II. COMPUTATIONAL METHODS

The structural searches on MSi,N4, monolayers are per-
formed using 2D CALYPSO method in combination with
first-principles calculations [28-31]. Both the fixed and vari-
able unit cells are considered in the structural searches.
We first perform the fixed unit cell of 7 atoms struc-
tural searches with stoichiometry of 1:2:4 for MSi,Ny
(M = Ce, Th, U) monolayers, and then carry out the variable
unit cells (one to four formula units) structural searches for
MSi, N4 (M = Ce, Th, U) monolayers. For the structural relax-
ations and reoptimizations, we use the projector-augmented
wave (PAW) potentials [32] and generalized gradient approx-
imation (GGA) [33], as implemented in VASP code [33].
The Perdew-Burke-Ernzerhof (PBE) functionals are adopted
to describe electron exchange correlations. The tested 700 eV
and Monkhorst-Pack k-point grid of 15 x 15 x 1 are utilized
in the enthalpies and electronic structure calculations. We
ensure that the total energy and force converged to be less
than 107° eV and 0.001 eV/A, respectively. A large vacuum
space of 20 A along the z axis is included to avoid spurious
interactions between adjacent images. The phonon dispersion
curves are calculated by using the PHONOPY package [34].
The carrier mobilities of MSi;N4 monolayers are calculated
by the following equation [35-37]
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Mop = (H
where C,p represents the elastic moduli, 7 is the temperature,
kg is the Boltzmann constant, E; is the deformation potential
constant, m* is the effective mass, and m is the average effec-
tive mass of the carrier. The effective mass of m* is calculated
by fitting the parabolic function via the formula

I 1 9%E (k)
m* ho 9k
where E (k) is the wavenumber k-dependent energy at

the valence band maximum/conduction band minimum
(VBM/CBM). The elastic modulus of a 2D monolayer is
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FIG. 1. The geometrical structures of MSi,N4 (M = Ce, Th, U)
monolayers. (a) Top view and (b) side view. h is the layer thickness.
The bonds of Si-N (dSile’ dSi*NZ) and M-N (deN) in MSlzN4 (M =
Ce, Th, U) monolayers are marked by the black double arrow. (c) The
unit cell of MSi, N, (M = Ce, Th, U) monolayers. (d) The Brillouin
zone of MSi,N; (M = Ce, Th, U) monolayers.

defined as [38]
9’E .
Cop = A(Al/b) , 3)
So

where E is the total energy, and Sy is the cell area at equilib-
rium.

III. RESULTS AND DISCUSSION

A. Crystal structure and stability

Figure 1 shows the ground-state structures of 2D MSi; Ny
(M = Ce, Th, U) monolayers in a 3 x 3 x 1 supercell.
These monolayers belong to the hexagonal lattice with space
group P6m2 symmetry, which is the same as the synthe-
sized MoSi;N, monolayer [4]. Each MSi;N; monolayer is
composed of septuple atomic layers arranged as N-Si-N-M-N-
Si-N. The local structure of the middle MN,, layer is similar to
that of 2H-MoS,, which is sandwiched by two Si-N bilayers.
Three Si atoms and three N atoms form a folding chair hex-
atomic ring, and M atoms are coordinated by six Si atoms and
occupy the center of the trigonal prisms. The SiN layers are
connected to the MN,, layers by vertically aligned N-Si chem-
ical bonds. The optimized structural parameters are displayed
in Table 1. The lattice constant of the CeSi,N4 monolayer is
3.041 A, which is obviously smaller than that of the ThSi; Ny
monolayer (3.159 A). However, the atomic radius of Ce
(1.85 A) is similar to that of Th (1.80 A). This abnormal

TABLE I. The calculated lattice constant (a), layer thickness (%),
bond lengths of Si-N (ds;_y1, dsi—n2) and M-N (dy,_y), and band gaps
of MSi;Ny (M = Ce, Th, U) monolayers.

601 h dSio—Nl dSio—NZ dMo—N Eg ngHSE
Monolayer (A) (A) (A) (A) A) (V) (V)

CeSipNy 3.041 7.226 1.814 1.733 2259 049 1.81
ThSi,Ny 3.159 7350 1.880 1.753 2339 042 148
USipNy 3.031 7.410 1.815 1.754 2284 0.13 127
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TABLEIIL. The calculated effective mass m* (m,), elastic modulus C,,, (N/m), DP constant E; (eV), and carrier mobility u (cm? V™! s71)
for the electrons and holes of MSi, N4 (M = Ce, Th, U) monolayers at 300 K. The corresponding values of InSe [40], BP [41], MoSi,Ny4, and

MoS, [4] monolayers are also listed for comparison.

* *

carrier m, my Cop x Cop y Eix Ew M2p_x M2p_y
monolayers type (m,) (m,) (N/m) (N/m) (eV) (eV) (cm? V-1l (cm? V-1l
CeSipNy? electron 0.872 0.872 339.31 343.10 1.69 1.41 3347.90 4825.93
hole 2.958 2.957 339.31 343.10 3.05 3.26 88.82 78.64
ThSi, N, electron 0.418 0.418 273.21 293.82 1.64 1.58 12474.56 14 383.81
hole 3.346 3.346 273.21 293.82 1.86 1.92 151.09 151.26
USirN,* electron 3.630 6.467 335.78 379.57 4.49 4.07 20.24 15.63
hole 2.289 1.331 335.78 379.57 4.36 3.74 94.32 248.93
InSe [40] electron 0.180 0.190 45.99 46.10 4.27 3.97 1619.51 1779.16
hole 2.140 2.020 45.99 46.10 1.28 1.89 134.90 65.70
BP [41] electron 0.170 1.240 21.50 91.43 0.71 4.20 11361.29 191.52
hole 0.160 7.640 21.50 91.43 2.74 1.92 341.30 62.63
BP® electron 0.179 1.270 21.48 91.43 0.63 4.13 13530.84 188.89
hole 0.177 11.15 21.48 91.43 2.81 1.65 234.24 4591
MoSi, Ny [4] electron 0.486 0.486 530.44 531.13 11.04 10.54 261.96 287.79
hole 0.683 0.683 530.44 531.13 3.69 3.69 1226.87 1188.85
MoSi,N," electron 0.452 0.416 479.82 480.79 9.92 9.92 356.65 388.30
hole 0.669 0.669 479.82 480.79 3.34 3.65 1093.80 1148.30
MoS, [4] electron 0.460 0.480 127.44 128.16 10.88 11.36 72.16 60.32
hole 0.570 0.600 127.44 128.16 5.29 5.77 200.52 152.18

*This work. The results are calculated by DFT + U method.
This work. The results are calculated by standardized DFT method.

behavior may be attributed to the fact that the 4f electrons
of lanthanide atoms are tightly bounded to the nucleus, and
the d and s electrons become the free electrons. As a result,
the Ce atom can use more electrons to participate in the
chemical bonding. The difference in chemical bonding leads
to variations in bond distances, resulting in a smaller bond
length dy;_n of the CeSip;Ny (2.259 A) monolayer compared
to the ThSi, N4 (2.339 A) monolayer.

The atomic radii of actinide atoms follow a similar trend to
the main group elements, decreasing with increasing atomic
number. Specifically, the atomic radius of U is smaller than
that of Th. As expected, the lattice constant and bond length
dy—s; of USi,N4 monolayer are smaller than those of ThSi; Ny
monolayer. Interestingly, the Si-N bond lengths remain largely
unchanged in the sandwiched MA;,Z, monolayers (M = Ce,
Th, U) compared to MoSi,N4 monolayer, indicating minimal
impact from atom substitutions on the upper and lower lay-
ers. In contrast, the M-Si bonds in the monolayers display
noticeable changes. To confirm the stabilities of the CeSi;Ny,
USipNy, and ThSi;N4 monolayers, we have calculated the
phonon dispersions, as shown in Figs. 2(a)-2(c). The phonon
dispersions are calculated by using the density-functional-
perturbation theory (DFPT). A 6 x 6 x 1 Monkhorst-Pack
grid is used. No imaginary frequencies are observed in the
Brillouin zone, indicating the MSi;Ny (M = Ce, Th, U)
monolayers are dynamically stable. To determine the thermal
stabilities of MSi;Ny (M = Th, Ce, U) monolayers, we have
performed ab initio molecular dynamics simulations. A 4 x
4 x 1 supercell is used in the ab initio molecular dynamics
(AIMD) calculations for 10 ps with a time interval of 3 fs. As
shown in Fig. S1 [27], it can be seen that the structures remain
stable at a temperature of 300 K after molecular dynamics
(MD) simulations of 10 ps.

Generally, a complex folded structure exhibits a higher
elastic modulus than a flat structure for a 2D monolayer. By
parabolic fitting the deformation degree and the energy of
structure after deformation, the elastic modulus of MSi, N4
(M = Ce, Th, U) monolayers are obtained and listed in
Table II. All the elastic constants are satisfied with the
mechanical stability criteria [39], indicating the mechanical
stabilities of MSi;Ny (M = Ce, Th, U) monolayers. Inter-
estingly, the MSi,Ny (M = Ce, Th, U) monolayers exhibit
exceptional in-plane stiffness due to their hybridized bond
networks. For example, the C;p of ThSi;Ns monolayer is
294 N/m, which is one order higher than that of InSe [40]
and black phosphorus (BP) [41]. The Young’s modulus and
shear modulus of CeSi,N4 monolayer are the highest among
the MSi;Ny; (M = Ce, Th, U) monolayers, which is consis-
tent with the C,p values. The high elastic modulus indicates
the robust capacity to suppress lattice vibrations and resist
deformations, thus reducing the number of phonons and the
probabilities of electrons being scattered by phonons. Al-
though the C;p of ThSi,Ny calculated by GGA + U method is
the smallest among the MSi, N4 (M = Ce, Th, U) monolayers,
its value is still larger than that of the common 2D layered
materials [41].

B. Electronic structures

The electronic band structures of MSi,Ny (M = Ce, Th,
U) monolayers are calculated by PBE and HSEO6 function-
als. The results are presented in Fig. S2 [27]. The PBE
results show that ThSi;N4 monolayer exhibits a 0.42 eV in-
direct band gap. The conduction band minimum (CBM) of
ThSi,N4 monolayer locates at I' point. The valence band max-
imum (VBM) of ThSi, N4 monolayer locates between M—TI".
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FIG. 2. The phonon dispersions of MSi,N; (M = Th, Ce, U)
monolayers. (a) ThSi,Ny, (b) CeSi;Ny, and (c) USi,;N,.

Normally, the PBE functional is usually underestimated in the
band gap. Thus, we further calculate the band structures of
ThSi,N4 monolayer through HSE method. Compared to PBE
level, the HSE results show a larger band gap of 1.48 eV for
ThSi,N4 monolayer, however the band dispersions are almost
unchanged. Similar results are also observed in MoSi;Ny
monolayer [4]. More details about the band edge constituents
are obtained through the projected density of states (PDOS).
Obviously, the valence band edge of ThSi,N4 monolayer is
mainly contributed by the p state of N atom, while the con-
duction band edge is dominated by the f and d states of
Th atom. Moreover, the partial charge-density isosurfaces for
VBM and CBM of ThSi;N4 monolayer are also calculated
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FIG. 3. (a) The electronic band structures and (b) partial charge
density isosurfaces for CBM and VBM of ThSi,N, monolayers.
The solid black lines and the dotted blue lines represent the band
structures calculated by HSEO6 and PBE methods, respectively. The
isosurface value is 0.7 ¢/Bohr?.

and depicted in Fig. 3(b). In considering the strongly elec-
tronic interactions of lanthanides and actinides, we have also
used the DFT + U method to calculate the electronic band
structures, as shown in Fig. S3 [27]. Based on the linear
response approach method [42], we have tested the Hubbard
U parameters, which are 4.99 eV, 2.59 eV, and 2.36 eV for
MSi;Ny M = Ce, Th, U) monolayers. In addition, it is also
important to consider spin-orbit coupling (SOC) interactions
for transition metals. From the spin-orbit coupling calcula-
tions, as shown in Fig. S4 [27], it is observed that the changes
of the energy bands of USi;Ns monolayer are obvious. The
spin-up and spin-down energy bands intersect the Fermi level,
indicating the magnetism of USi;N4 monolayer. To verify
the magnetism, we have conducted the calculations within a
2 x 2 x 1 supercell and determined the local magnetic mo-
ments of USi;N4 monolayer. The local magnetic moments of
U atoms in USi;N4 monolayer are approximately 1.6 up. By
contrast, the DFT + U calculations indicate that both ThSi, Ny
and CeSi; N4 monolayers are nonmagnetic (NM).

The spatial contributions of atomic orbitals to the band
edges in ThSi,N4 monolayer are different from those in
MoSi;N4 and MoS, monolayers, where both valence and
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conduction band edges are primarily dominated by the d
orbitals of the Mo atom [43]. The electronic band structures
of CeSi;N4 and USi; N4 monolayers are also calculated. The
results are shown in Fig. S2 [27], respectively. In CeSi;Ny
monolayer, the CBM is located at I" point and is mainly con-
tributed from the f electrons of Ce, its VBM locates between
M—K and is also mainly contributed from p electrons of N.
As for USi;N; monolayer, the CBM is located at K, while
the VBM is located between I'—M. In contrast to CeSi; Ny
and ThSi;N4 monolayers, the valence electrons of USi;Ny
monolayer near the Fermi level are mainly contributed by the
f electrons of U. The band gaps of MSi;Ny (M = Ce, Th,
U) monolayers significantly decreases compared to MoSipNy
monolayer, which is attributed to the substitutions of M atoms
that contribute more electrons near the Fermi level.

C. Carrier mobility

The flexible 2D semiconductors with high carrier mobility
are promising for high-speed nanoelectronics. However, con-
temporary 2D semiconductors, especially monolayer semi-
conductors, have limited carrier mobility at ambient condi-
tions. Typically, the charge carrier mobilities of contemporary
2D semiconductors, such as transition metal dichalcogenides
and InSe, are in the range of 10° — 103 cm? V~! s~!. Specif-
ically, the charge carrier mobilities of these materials at
ambient temperature are all below 2000 cm?> V~! s~!. The
recently synthesized MoSi;N4 monolayer shows notable hole
and electron mobilities of 1200 and 280 cm2 V! s~!, re-
spectively, which are 4 to 6 times larger than those of MoS;
monolayer (~200 c¢m? V~!s7!). The carrier mobility is
closely related to the lattice scattering. Thus, it is reasonable
to speculate that the MA,Z, monolayers may also exhibit the
high mobility as MoSi,N4 monolayer [44-52].

We then estimate the acoustic-phonon-limited carrier mo-
bilities of MSi;Ny (M = Ce, Th, U) monolayers by the
deformation potential theory [38]. To confirm the reliability of
the calculated method, we first calculate the carrier mobilities
of 2D BP and MoSi;N4 monolayer. The calculated carrier
mobilities of 2D black phosphorus and MoSi,N4 monolayer
are 13531 cm? V=! s7! and 1094 cm? V~! s~!, respectively.
These values are in good agreement with previous results
of ~11361 cm? V™' s7! [41] and ~1200 cm? V™' s7! [4],
verifying the reliabilities of the current calculations. The
effective mass and carrier mobility of MSi;Ny (M = Ce,
Th, U) monolayers are calculated at ambient temperature.
In fact, to achieve high carrier mobility in 2D monolayers,
three criteria should be satisfied: (i) the small effective mass
m*, (ii) the small deformation potential constant £, and (iii)
the larger elastic modulus C;p. Remarkably, the 2D ThSi,Ny
monolayer satisfies the above three criteria for achieving high
carrier mobility. The carrier mobility of ThSi;N4 monolayer is
ultra-high, reaching values of 16957 cm? V~! s~! with stan-
dardized DFT calculations (See Table S1 [27]). Normally, the
Hubbard U parameters can change the electronic structures,
and thus affect the elastic properties and the carrier mobil-
ities of MSi;Ny (M = Ce, Th, U) monolayers. We further
extend the calculations of the carrier mobilities with DFT + U
method. The calculated results are listed in Table II. It can
be seen from Table II that the carrier mobility of ThSi;Ny is

r M K r
FIG. 4. (a) The projection bands of Th atom. (b) The projection
bands of N atom and (c) the fractional projection bands of Th atom.

14384 cm? V~! 57! with DFT + U method, which is obvi-
ously larger than those of InSe (~1779 cm? V~! s~1) [40] and
MoS, (~200 cm? V! s71) [4]. Therefore, in the following,
we mainly focus on the 2D ThSi, N4 monolayer to explore the
underlying mechanisms of its ultra-high carrier mobility.

The effective masses of electrons and holes in ThSi;Ny4
monolayer are 0.418 m, and 3.346 m,, respectively. The cal-
culated electron effective mass is comparable to those of
MoSipNy (m = 0.486 m,) [4] and MoS; (m}

electron electron—x

0.480 me, M ypon—y, = 0.480 m,) [4] monolayers. It can be
seen from Fig. 3 that the conduction band dispersions of
ThSi;N4 monolayer are sharp along I'—M and I'—K direc-
tions. The dispersive bands cause the larger second derivative
of 32E (k)/dk?, which hence leads to the small effective mass.
To explore the underlying mechanisms, we calculate the pro-
jected band structures of ThSi,N4 monolayer, as shown in
Fig. 4. Our results reveal that the main contributor of the
conduction band of ThSi,N4 monolayer is Th atom, while the
N atom mainly contributes to the valence band. Furthermore,
the orbital-resolved band structures demonstrate the CBM of
ThSi;N4 monolayer is primarily dominated by the f elec-
trons of Th atom. Thus, the small effective mass observed
in the ThSi,N4 monolayer can be attributed to the presence
of actinide Th atom. This phenomenon indicates a weak cou-
pling between the carriers (both electrons and holes) and the

205427-5



CHENG LU et al.

PHYSICAL REVIEW B 108, 205427 (2023)

lattice, enabling efficient carrier transport within the crystal
and resulting in high carrier mobility.

The deformation potential constant E; is determined by
fitting CBM and VBM with respect to the strains. The electron
deformation potential constant E; of ThSi;N4 monolayer is
1.64/1.58 eV, which is one order of magnitude lower than
that of MoSipNy (11.04/10.54 eV) monolayer. The CBM
charge distributions of ThSi,N4 monolayer show small elec-
tron clouds, indicating the less electron transfer between the
adjacent atoms. Consequently, the overlap degree of the wave
functions is low, and ThSi;N4 monolayer is insensitive to the
applied strains, which causes the small deformation potential
constant Ey. The small value of E; leads to a small residual
energy of the carrier after phonon scattering, which is con-
ducive to carrier transport. Therefore, the small deformation
potential constant E| is one of the factors contributing to the
high carrier mobility of ThSi;N4 monolayer.

The ultra-high carrier mobility of 14384 cm? V=!s~! in
ThSi,N4 monolayer is attributed to its small effective mass.
The carrier mobility of ThSi,Ny is larger than other high mo-
bility 2D semiconductors such as InSe (~1779 cm? V-l s™h),
and BP(~11361 cm? V~! s7!). By contrast, USi,N4 mono-
layer is hole dominated with a much lower carrier mobility of
249 cm? V~! 57!, The carrier mobilities of MSi, N, (M = Ce,
Th) monolayers are higher than those of MoSi;Ny (~1226
cm? V=1 s71), and MoS; (~200 cm? V™! s~!) monolayers.
The CeSi,Ny and ThSi;N4 monolayers improve carrier mo-
bility compared with the previously synthesized MoSi;Ny
monolayer with the similar configuration. The electron and
hole carrier mobilities of MSi;N4 (M = Ce, Th, U) monolay-
ers are different, which indicates that the MSi; N4 monolayers
possess both excellent carrier mobility and substantial carrier
polarization.

D. Absorption spectra and strain effect

Carrier polarization is useful in a variety of practical
applications, such as photocatalytic carrier separation. The
calculated band gaps of MSi,Ny (M = Ce, Th, U) monolayers
also suggest the potential visible-light absorption properties
of MSi; N4 monolayers. The light absorption coefficients of
MSi;Ng (M = Ce, Th, U) monolayers are calculated and
shown in Fig. 5. Notably, the absorption spectra of MSi;Ny
(M = Ce, Th, U) monolayers are found to exhibit the main ab-
sorption peaks in the visible-light range. The maximum peak
of ThSi,N4 monolayer occurs at the photon energy of 2.4 eV
with the light absorption rate of approximately 10%. The
main peak of ThSi;N4 monolayer appears in the green light
region of visible light. CeSi;N4 and USi;N4 monolayers also
exhibit ~10% and ~13% absorptivity in the visible region. It
is noteworthy that the visible-light absorptivity of the MSi, Ny
(M = Ce, Th, U) monolayers is found to be higher than
that of BP (~7%) [53]. In addition, the USi,N;s monolayer
displays small peaks in both infrared and ultraviolet regions.
To explore the influence of excitonic effects in absorbance of
ThSi, N4 monolayer, we have used the ab initio GW approx-
imation plus Bethe-Salpeter equation (GWyp-BSE) method,
which is one of the most common and accurate methods
[54-56]. In order to achieve the numerical accuracy in GW,
the empty bands are chosen to be 10 times greater than the
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FIG. 5. The optical absorption spectra of ThSi,N4 and BP mono-
layer. The visible-light energy range is marked in color.

number of occupied bands. Meanwhile, the BSE is solved
by a fine grid of 15 x 15 x 1. The optical absorption spectra
calculated by GWj-BSE method are shown in Fig. S5 [27].
The results show that the light absorption spectra in both x
and y directions are coincident for MSi,Ny (M = Ce, Th,
U) monolayers, indicating their isotropic behaviors to polar-
ized light. The maximum peak in the visible-light range of
ThSi,N4 monolayer occurs at the photon energy of 2.84 eV
with the light absorption rate of about 10%. The main peak of
ThSi,N4 monolayer is shifted from the green light region to
the blue light region of the visible light.

We then study the strain effect on MSi;Ny (M = Ce, Th,
U) monolayers. Interestingly, the MSi,N4 (M = Ce, Th, U)
monolayers undergo the semiconductor to metal transition
under different strains. The valence band (VB) and con-
duction band (CB) are deformed under different structural
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FIG. 6. The band structures of ThSi, N, monolayer under biaxial
strains. (a) Compressed 10%, (b) compressed 5%, (c) stretch 5%,
(d) stretch 10%.
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deformations. The change of band structure mainly reflects
in the squeezing and transformation of the highest VB and
the lowest CB near the Fermi level, while the energy changes
of CBM and VBM are small. The semiconductor to metal
transition of ThSi;N4 monolayer occurs at 10% compression
and 10% tension, and the VBM position changes and shifts
to K point under tensile deformation, as shown in Fig. 6.
Compared to ThSi;N; monolayer, the CeSi,N4 monolayer
is more obstinate, and the transition from semiconductor to
metal of CeSi,N4 monolayer is difficult, requiring at least
20% compression or 13% tension. Specifically, the VBM of
CeSi;N4 monolayer moves from I' point to M point with com-
pressed strain of 10% under compressive deformation, and the
band gap changes simultaneously from indirect to direct. The
USi;N4 monolayer shows an indirect band-gap semiconductor
under compressive strain up to 10% and transforms to metal at
13% compression and 5% tension. The results are presented
in Figs. S6 and S7 [27], which show the abundant electronic
modulate behaviors of MSi;N4 (M = Ce, Th, U) monolayers.

IV. CONCLUSION

In summary, we carry out extensive structure searches of
MSi; N4 monolayers with lanthanide and actinide metals at

the M site by 2D CALYPSO structural prediction method
and first-principles calculations. We uncover three semicon-
ducting MSi;Ns (M = Ce, Th, U) monolayers with robust
stabilities at ambient conditions. The ThSi,N4 monolayer is
an indirect-gap semiconductor showing abundant electronic
modulate behaviors. The electron mobility of ThSi; N4 mono-
layer is 14 384 cm? V! s~!, which is higher than those of the
conventional 2D monolayers, such as MoS,, InSe, and BP.
The current study identifies new members of the 2D MA,Z,
family and describes their structural and electronic properties,
which provide significant insights into the design and synthe-
sis of advanced functional materials.
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