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Theoretical prediction of two-dimensional 17 -MSiN;3 (M =V, Nb)
with direct bandgap and long carrier lifetime
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Motivated by the discoveries on the two-dimensional (2D) MoSi,N, family [Y. L. Hong et al., Science
369, 670 (2020)] that can be regarded as 2D transition-metal dinitrides (MN,) attached by Si-N layers on its
two sides, in this work, we propose an emerging 2D M SiN; family, where only one side of MN, monolayer
passivated via a Si-N layer. Among them, 17-VSiN3; and 17-NbSiN3 monolayer are determined to be direct-gap
semiconductors with a bandgap of 1.24 and 2.92 eV, respectively, calculated on the Heyd-Scuseria-Ernzerhof
hybrid functional level. In addition, 17-VSiN; and 17-NbSiN3; monolayer are nonmagnetic within its ground
state, and can maintain the chemical, dynamical, thermal, as well as mechanical stability. In the framework of
quantum many-body perturbation theory, 17-VSiN3 and 17-NbSiN3; monolayer display strong light-harvesting
ability in visible-light region, and have a long carrier lifetime up to the nanosecond level, suggestive of a
high light-to-current conversion efficiency. This finding broadens the 2D semiconductors with excellent optical
features, and would trigger more interest in this emerging family of M SiN; materials.

DOI: 10.1103/PhysRevB.108.155309

I. INTRODUCTION

The layered transition-metal dinitrides (MN;) with a
rhombohedral MoS, crystal, namely, 3R-MoN,, have been
synthesized via a solid-state ion exchange reaction [1]. Thus,
the MN; in an atomic scale as shown Fig. 1(a) could be
produced by exfoliating from layered phase [2,3], similar
to the common synthesis routes for MoS, monolayer (ML)
or multilayers [4-6]. As a consequence, the research on
two-dimensional (2D) MN, sprang up like mushrooms. For
instance, ferromagnetic (FM) 2H-MoN, ML has a very high
Curie temperature (420 K) [2]. The simultaneous isostructural
and magnetic phase transition can be realized in MoN, ML
with a moderate strain [7]. Single-layer (SL) 17-TaN; is a
FM half-metal with a bandgap of 0.72 eV, along with a high
Curie temperature (339 K) [8]. In addition, 17-LaN, ML is a
Dirac spin-gapless semiconductor and Chern insulator with a
high Chern number [9]. SL metallic 2H- and 17-TaN, MLs
turn to superconducting states at low temperatures [10]. All in
all, by the choice of transition-metal component, MN, MLs
exhibit rich electronic properties, including metal, half-metal,
semiconducting, and superconducting states [7,8,10-12].
However, MN, MLs usually lack a reliable chemical stability,
due to the unsaturated 2p orbitals of surface-terminated N
atoms. But, as a two-edged sword, the dangling orbitals in
two-dimensional (2D) MN, offer a chance to design novel 2D
materials via adopting surface modifications or adsorptions.
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Recently, MoSi,N4; ML has been effectively obtained in
the centimeter scale, via a novel chemical vapor deposition
growth method [13]. This exotic structure can be regarded as a
MoN; ML saturated by the Si-N layers on its two sides, form-
ing a seven-atom-layered 2D material [Fig. 1(c)]. Compared
with the freestanding MN, ML, the Si-N layers bring a great
chemical stability with saturated surfaces in the MoSi,Ny
family, as well as significantly improved mechanical and ther-
mal stability. On the other hand, MN, MLs passivated by Si-N
layers also yield fascinating physiochemical features, such
as valley polarization [14-16], highly efficient photocatalysts
[17,18], topological states [19], intrinsic piezoelectricity [20],
selective adsorption of molecules [21], nonlinear optical re-
sponse [22], high and anomalous thermal conductivity [23],
as well as greatly enhanced superconductivity [10,19], etc.
However, the lack of direct-gap semiconductors among the
MSi;Ny family limits their applications in photoelectric field
[13]. As we know, 2D Ga,;N3 has been realized via graphene
encapsulation, which can be viewed as a Ga-N layer attached
on only one side of GaN, ML [24]. More recently, Si-N layers
bring superconductivity, semiconducting states, and ternary
valley structure in graphene, via passivating its two sides step
by step [25]. Naturally a question arises: Can other 2D MN,
MLs be passivated by only one Si-N layer, thus leading to
an emerging 2D M SiNj family of materials, analogous to the
crystals of 2D Ga,;N3?

In this work, we systematically study the structural and
electronic properties of a 2D MSiN; family of materials,
where M represents the early transition metals with the advan-
tages of being rich and eco-friendly. This family of materials
has only one Si-N layer attached on the surface of 2D MN,.
After high-throughput calculations, we find that SL 17-VSiN3

©2023 American Physical Society
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FIG. 1. The crystals of MSiN; MLs from side view are displayed in (b). MN, and MSi,Ns MLs are also presented in (a) and (c),
respectively. The 2H and 1T phases are depicted in the upper and lower panel, respectively.

and 17-NbSiN; have high stability and direct bandgaps
of 1.24 and 2.92 eV, respectively, at the Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06) level. Moreover, they
display excellent visible-light absorption ability upon in-
cluding electron-hole (e-h) interactions. In addition, via the
nonadiabatic molecular dynamics (NAMD) simulations, their
carrier lifetimes show significant variations at the nanosecond
level. The underlying nonradiative coupling (NAC) and pure-
dephasing times are clearly compared to elucidate their e-h
recombinations.

II. COMPUTATIONAL METHODS

The first-principles calculations were performed by means
of density functional theory, utilizing the Vienna ab initio sim-
ulation package (VASP) [26,27]. The ion-electron interactions
were treated with the projector augmented-wave pseudopo-
tentials [27,28]. The exchange-correlation potentials were
considered on the basis of generalized gradient approxima-
tion, formalized by Perdew-Burke-Ernzerhof (PBE) [29]. The
plane-wave energy cutoff and I"-centered k-point grid were set
to be 500 eV and 25x25x1, respectively. The optB88-vdw
method and dipole moment corrections were considered in all
calculations. In addition, the structural model was separated
by 15 A vacuum space along the z direction. In order to
modify the bandgap values, the HSE06 method was further
considered [30]. The ab initio molecular dynamics (AIMD)
simulations were performed to study the thermal properties,
and a 4x4x1 supercell was adopted. In the framework of
density functional perturbation theory, the features of phonons
were carried out with the PHONOPY code [31]. Moreover, the
HIPHIVE package was used to deal with the high-temperature
phonon calculations [32]. As implemented in YAMBO software
[33], the GyW approximation within many-body perturbation
theory along with the random phase approximation (RPA) or
Bethe-Salpeter equation (BSE) was used to study the optical
properties without or with e-h interactions. Furthermore, the

NAMD was performed via HEFEI-NAMD code to simulate the
carrier lifetime [34]. More detailed computational methods
are provided in the Supplemental Material [35].

III. RESULTS AND DISCUSSION

A. Dynamical stability and electronic features
of SL MiSiN; family

The artificial SL M SiN3; models are depicted in Fig. 1(b),
where M represents the early transition metals, such as Sc,
Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W. In the framework
of a typically structural foundation of MN,; type [Fig. 1(a)],
MSiN3 MLs also can possess two general phases: 2H trigonal
prismatic and 17 octahedral phases [Fig. 1(b)]. These two
phases crystallize in a hexagonal lattice and share the same
space group of P3ml (No. 156) with a Cs, point symmetry.
They are constructed by attaching a Si-N layer on only one
surface of MN, MLs. A similar rule is adopted for syn-
thesizing MoSi;N4 MLs, which can be viewed as a MoN;
passivated by Si-N layers on its two sides [13]. There are
three types of N atoms, assigned a label N’ with i = 1-3,
in which the N' atoms bond with the M atoms, and the N2
and Si atoms fall into the Si-N layer; N* connects the upper
hexagonal Si-N, layer and M atoms.

In order to clearly capture the basic characteristics among
the SL M SiN; family, we systematically study their dynami-
cal stability and electronic structures. Based on the optimized
SL MSiNj3 crystals, phonon spectra are firstly performed to
verify their kinetic stability. All dynamically stable phases
are listed in Supplemental Material Table S1, verfied by
the phonon spectra (see Supplemental Material Figs. S1-S4)
[35]. Among them, SL 17-MSiN3 with M atoms in groups
IVB and VB are determined to be dynamically stable, while
2H-MSiN; MLs with M atoms only in the group VB are
dynamically stable. But, 17- and 2H-M SiN3 MLs in groups
IIIB and VIB and 2H phases in group IVB are unstable.
In our high-throughput calculations, nonmagnetic (NM) and
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TABLEI. Symmetry, vibration, activity, and frequency (THz) for
the 12 optical vibrational modes at the I" point in SL 17-VSiNj.

Modes  Symmetry Vibration Activity Frequency
4,5) E In-plane V, Si, N? IR 3.98
(6) Ay Out-of-plane V, Si, N? IR 10.08
(7, 8) E In-plane N* IR 10.39
(9, 10) E In-plane N! IR 15.51
11 A, Out-of-plane N' IR 19.18
(12) A Out-of-plane Si, N> IR 20.32
(13, 14) E In-plane Si, N2 IR 24.96
(15) Ay Out-of-plane N? IR 29.36

FM spin configurations were considered. SL. 17-MSiN; (M
= Ti, Zr, Hf) is FM, whereas 1T- and 2H-MSiN; (M =V,
Nb, Ta) MLs have NM ground state. The magnetic moments
in FM MLs mostly originate from the N'-2p orbitals. On
the other hand, due to the weaker electronegativity of M
in group VB and the decrease of charge transfer between
M and N! atoms, SL MSiN; (M = V, Nb, Ta) have NM
ground states. Further electron property investigations re-
flect FM 1T-MSiN; (M = Ti, Zr, Hf) MLs behave metallic
features with a mount of spin-up electronic states crossing
the Fermi level (see Supplemental Material Fig. S2) [35].
In contrast, SL 17- and 2H-MSiN3 (M = V, Nb, Ta) are
semiconductors (see Supplemental Material Fig. S3) [35],
whose bandgaps are in the range of 1.24-3.38 eV at the
HSEOQ6 level (Table I). The diverse electronic properties of
SL MSiNj arise from the progressive filling of the M-d bands
from groups IIIB to VB. When the orbitals are partially filled,
1T-MSiN3 (M = Ti, Zr, Hf) MLs exhibit metallic properties.
When the orbitals are fully occupied, MSiN3 (M = V, Nb,
Ta) MLs are semiconductors. In particular, SL 17-VSiNj3
and 17-NbSiN; are direct semiconductors with a bandgap
of 1.24 and 2.92 eV (HSEO06), respectively, favoring their
underlying performance in the next-generation optoelectronic
nanodevices.

B. Atomic structures for SL 17-VSiN; and 17 -NbSiN;

Given that SL 17-VSiN3; and 17-NbSiN3; have great po-
tential in the optoelectronic field, we mainly focus on them
in the following. The lattice of SL 17-VSiN3 is optimized
tobea=>b=290 10\, which is relatively smaller than that
of SL 1T7-NbSiN; (3.04 A), due to the larger atomic radii of
Nb atoms. As the electron localization function (ELF) [36]
plots in Supplemental Material Fig. S5 [35] show, the Si-N?
and Si-N* bonds exhibit a strong covalent trait, verified by the
strongly localized electron distribution residing at the center
area of bonds. The Si-N? and Si-N? distances of 1.75/1.82 A
and 1.74/1.75 A in 17-VSiN3/NbSiN3; ML also confirm the
covalent feature. The M-N! and M-N3 (M = V, Nb) bonds
possess the ionic feature due to the preference of electron
distribution toward N and M atoms, respectively. This is also
supported by the M-N' and M-N3 distances, of about 1.98
and 2.09 A in SL 17-VSiN;3 and 17-NbSiNj, respectively.
Moreover, N!-N3 and M-M distances are larger than 2.81 A,
showing no significant interactions. In terms of Bader charge
calculations [37] for SL 17-VSiN3/1T-NbSiN3, V/Nb atom

donates 1.06/1.3¢ to the N! atom and 0.81/1.00e to the N3
atom; the Si atom transfers 0.76/0.74¢ to the N3 atom and
2.22/2.17e to the N? atom. Clearly, the amount of transferred
charges in 17-VSiN3 ML (4.85¢) is smaller than that in SL
1T-NbSiN3(5.21e).

C. The stability from chemical, dynamical, thermal,
and mechanical aspects

Since the stability is a fundamental factor for materials
in practical applications, we have systemically explored the
chemical, dynamical, thermal, and mechanical stabilities of
SL 17-VSiN3 and 17-NbSiNj. Firstly, to study the chemical
stability of SL 17-VSiN3 and NbSiN3, the adsorption ener-
gies (E,y) of four general functional groups (FGs) (i.e., -F, -H,
-0, and -OH groups) adsorbed on the unpassivated N! atoms
are evaluated via

Euq = Egysiem — Eusing — Erg, (1)

where Egygem and Eysin, Tespectively denotes the energy of
adsorbed and unadsorbed 17-MSiN; within a 3x3x1 su-
percell. The energies of Epg are derived from the chemical
potential of F,, Hp, and O,, and then the energy of the
OH group can be calculated as Eoy = En,0o — En. The
calculated E 4 of the -F, -H, -O, and -OH groups for SL 17-
VSiN;/NbSiN; are —0.11/0.42, —0.06/—0.01, —0.26/0.20,
and 1.42/2.15 eV, respectively. Therefore, 17-VSiN; and
1T-NbSiN3; MLs are more inclined to maintain their free-
standing phase, rather than be functionalized by the functional
groups.

No imaginary frequencies confirm the dynamical stability
for SL 17-VSiN; [Fig. 2(a)] and 17-NbSiNj [Fig. 2(b)].
Since a primitive cell has five atoms, there are 15 phonon
modes: 3 acoustic and 12 optical branches. Three acoustic
branches mostly contributed by V/Nb atoms are constituted
by the out-of-plane, in-plane transverse, and in-plane lon-
gitudinal modes. Due to the existence of Cs, point-group
symmetry in 17-MSiN3 MLs, four nondegenerate and four
doubly degenerate optical phonon modes at the I point can
be decomposed as

Iﬂoptical = 4Al (IR) + 4E(IR)7 (2)

where I and R represent infrared and Raman-active modes,
respectively. Obviously, these 12 optical branches of SL 17'-
VSiNj at the I point obtain infrared and Raman-active modes
simultaneously. To directly reflect the relative motions of V,
Si, and N atoms, their vibration modes at the I" point are visu-
alized in Figs. 2(c)-2(j). For instance, the doubly degenerate
(4, 5) modes at 3.98 THz are dominated from the in-plane
vibrations of V, Si, and N? atoms. For 11th modes at 19.18
THz, the vibration modes are mostly from N! atoms, along the
out-of-plane direction. More information about their vibration
features at the I' point are given in Table I, where symmetry,
vibration, Raman, and infrared activity are listed. Due to same
crystal symmetry in 17-MSiN3; ML, the vibrational proper-
ties of SL 17-NbSiN;3 can be inferred from 17-VSiN; ML
reasonably.

The energies of 17-VSiN3 and 17-NbSiN3; MLs slightly
fluctuate around the equilibrium energy value during the en-
tire simulation period and there are no signs of structural
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FIG. 2. The projected phonon spectra of (a) 17-VSiN; and (b) 17-NbSiNs, weighted by their constituted atoms. (c)—(j) The vibration
modes at the I' point for optical branches.

disruptions after annealing at 2100 K [Figs. 3(a) and 3(d)].
However, at 2400 K, the M-N' bonds are distorted to a large
extent. Therefore, they can maintain structural integrity at
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an extremely high melting point (2100-2400 K), favoring
further fabrications and applications at high temperatures. In
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FIG. 3. The variations of energy for (a) 17-VSiN3 and (d) 17-NbSiN3; MLs during the AIMD simulation, along with the last snapshots
from the side view. The calculated phonon spectra at 2100 K and the corresponding PhDOS for (b) 17-VSiN3 and (e) 17-NbSiN; MLs. The
orientation-dependent Young’s modulus and Poisson’s ratios are plotted in (c) and (f), respectively.
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1T-NbN, ML strongly improves the thermal stability, as SL
1T-NbNj is not stable at room temperature [8]. In addition,
the phonon spectra calculated at 2100 K also support their
outstanding stability [Figs. 3(b) and 3(e)]. Compared with
the phonon spectra at 0 K, the optical branches shift down
about 4 THz towards the lower frequency region, reflecting
weaker bonding interactions at high temperature. This is due
to the thermal effects leading to more active atomic vibrations
and larger atomic distances between component atoms. As
indicated in the projected phonon density of states (PhDOS) at
2100 K, the contribution of each type of atom locates at their
relative position, relying on their atomic mass.

As listed in Table S2, 17-VSiN3 and 17-NbSiN3; MLs sat-
isfy the Born criteria, C?, > C?, and Ce6 > 0 [38], suggesting
they maintain mechanical stability. Based on the calculated
C;; values, the orientation-dependent Young’s modulus Y(0)
and Poisson’s ratios v(6) as a function of the polar angle can
be expressed as

[oryer
Y(0) = —— Ey— 3)
C1sin*(0) + A cos2(8)sin”(0) + Ciicos*(9)
and
©) C12c08*(0) — Aycos?(0)sin’(0) + Cyy + Cpasin*(6)
vV =

Cy1sin*(0) + A cos?(0)sin®(0) + Cyicos*(8)
“)

respectively, where A; and A, are defined as A = (C121 —
C122)/C66 - 2XC]2 and A2 = 2XC]1 - (C121 - C122)/C66, re-
spectively. As clearly shown in Figs. 3(c) and 3(f), both Y and
v show isotropic characters with perfect circles in the polar
diagram. Moreover, the mechanical properties of 17-VSiNj3
and 17-NbSiN3 MLs are almost identical, with only a 0.92
N/m difference in Y and a 0.01 difference in v. The obtained
Y values for SL 17-VSiN3; and 17-NbSiN3 are about 302
N/m, larger than that of 17-TaN, (162 N/m), but smaller than
SL 17-TaSiyNy4 (455 N/m) and 17-NbSi,Ny4 (449 N/m) MLs
[10]. Thus, the Si-N layers lead to a higher stiffness.

D. Electronic and optical properties

Now, we turn to their electronic properties. SL 17-VSiNj;
and 17-NbSiN3; are direct bandgap semiconductors with va-
lence band maximum (VBM) and conduction band minimum
(CBM) locating at the I' point [Figs. 4(a) and 4(b)]. The
calculations of the transition dipole moment (P?) also mean
directly allowed electronic transition between VBM and CBM
at the I point. The doubly degenerate VBM and CBM are
preserved by crystal symmetry, and respectively dominated
by the orbitals of N and V atoms, indicating the efficient sep-
aration of electron and hole carriers. Moreover, the real-space
partial charge density plots of 17-VSiN3 in Fig. 4(c) show that
the VBM and VBM — 1 states are composed of p, , orbitals
of N3 atoms mostly and N'! atoms partially. For the CBM and
CBM + 1 states, the V-d,; ,. orbitals play a major role, and
the p, , orbitals of N° and N' atoms have little participation. In
addition, the spatial charge distributions of SL 17-NbSiN3 are
similar to 17-VSiN3 ML (see Supplemental Material Fig. S6)
[35]. More importantly, SL 17-VSiN3 has a direct bandgap of
1.24 eV, comparable to that of silicon in experiment (1.23 eV)
[39]; 1T-VSiN3 ML possesses a direct bandgap of 2.92 eV,
slightly larger than that of hittorfene (SL violet phosphorus;
2.71 eV) [40], MoS; (2.25 eV), and WS, (2.32 eV) [41]
MLs at the HSEQ6 level. In addition, the effective masses
for SL 17-VSiN3 are 0.71mg (0.81mg) and 0.38myg (0.41myg)
for electrons and holes along the x (y) direction [see Sup-
plemental Material Fig. S7(a)] [35], which are smaller than
that of hittorfene (0.69—1.24my) [40], and comparable to M X,
(M = Mo, W; X= S, Se, Te) (0.24-0.52my) [42], SL black
phosphorus (BP) (0.17-1.12my) [43], T1,O (0.10-4.01my)
[44], and Sc,CCl, (0.23-2.26my) [45] MLs. Interestingly, the
effective masses for electrons and holes are highly isotropic
[see Supplemental Material Fig. S7(d)] [35], coinciding with
the nearly symmetric energy band structure around CBM and
VBM [Fig. S7(b)]. However, as for 17-NbSiN3; ML, the ef-
fective masses of electrons are 2.61m, and 4.69my in the x
and y directions, respectively, showing an anisotropic feature
[see Supplemental Material Fig. S7(e)] [35]. On the other
hand, the effective masses, both in electrons and holes, are
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TABLE II. The energy of bandgap E, at PBE and HSEOG6 levels
(eV), the optical bandgap E7 (eV), GoW, gap (eV), and the excition
binding energy E,, (eV) for 17-MSiN; (M =V, Nb) MLs.

TABLE III. Averaged gaps in the whole AIMD process, absolute
NA coupling (NAC), pure-dephasing time (7'), and carrier lifetime
(t) for 17-VSiN3 and 17-NbSiN3; MLs at 300 K.

Compounds  E, (PBE) E, (HSE06) E;  GoWogap K, Compounds  Averaged gaps (eV) NAC (meV) T (fs) 7 (ns)
1T-VSiN; 0.66 1.24 0.97 1.58 0.61 1T-VSiN; 1.37 5.16 1236 049
1T-NbSiN; 1.99 2.92 2.31 3.64 1.33 1T-NbSiN; 3.34 1.39 19.21 60.16

slightly larger than those in 17-VSiN3 ML, reflected by the
flat band dispersion, especially for CBM [see Supplemental
Material Fig. S7(c)] [35]. Given the suitable bandgaps and
small effective masses, 17-VSiN3 and 17 -NbSiN3; MLs have
great potential in the optoelectronic field.

To consider the e-h interactions and reduced charge screen-
ing effects in our titled 2D systems, the GoW calculations are
further adopted here. The imaginary parts of the macroscopic
polarizability for 17-VSiN3 and 17-NbSiN; MLs, which
directly implies the light absorbance ability, are shown in
Figs. 4(d) and 4(e), respectively. Some related parameters are
given in Table II. SL 17-VSiN3(17-NbSiN3) has a quasipar-
ticle energy gap (GoWy gap) of 1.58 (3.64 eV), according to
the spectral edge from GoyW + RPA calculations. Obviously,
the GoW, approximation corrects the HSE06 bandgap value
about 0.34 (0.72) eV. Based on the GyW, and BSE calcula-
tions, the optical bandgap E?, defined from the first absorption
peak, is determined to be 0.97 and 2.31 eV for 17-VSiN3 and
1T-NbSiN3 MLs, respectively. The lowest optically allowed
peak for SL 17-VSiNj; indicates it can absorb light in the
infrared region originally. As for 17-NbSiN3 ML, it has a
larger E g and starts to absorb light in the visible-light region.
In addition, the exciton binding energy (E;) of SL 17-VSiNj3
is evaluated to be about 0.61 eV, comparable to that in 2D
1T-Ti,OF, (0.61 eV) [46], TiNCI (0.74 eV), TiNBr (0.66 eV)
[47], MoS, (0.80 eV) [48], and Janus-MoSSe (0.95 eV)
[49]. Due to the larger bandgap with weaker screening in
1T-NbSiN3 ML, its E}, is increased to be 1.33 eV. Clearly,
SL 17-VSiN3 and 1T-NbSiN3 have strong light absorbance
ability in the visible-light region, and thus they can be used
as solar energy materials. In addition, 17-VSiN3 and 17-
NbSiN3; MLs are also promising for infrared and ultraviolet
detectors, respectively, due to the excellent light absorption
ability in the desired spectral range.

E. Carrier lifetimes simulations

As discussed above, 17-VSiN3 and 17-NbSiN3; MLs with
strong visible-light absorption abilities, can be applied as solar
energy materials. In this regard, the lifetime of the excited
carrier is the most critical factor in light-to-current conversion
efficiency. Meanwhile, the carrier lifetime is dominated by
the radiative and nonradiative (NA) e-h recombination pro-
cess. However, radiative e-h recombination is usually at the
femtosecond scale, thus, the NA charge recombination is the
dominating factor. The NA e-h recombination rate is strongly
associated with the nonradiative coupling (NAC), which is
defined as [34]

B (0i| Ve, Hlgpk)
di' = A — = - = R s 5
J (<Pj|at|</)k> E] ppy 1 ( )

where H represents the Kohn-Sham Hamiltonian, and ¢;
and ¢/ are the wave functions and eigenvalues for electronic
states j/k, respectively. Here, the states j and k indicate CBM
and VBM, respectively. Therefore, the magnitude of the NAC
is determined by the electron-phonon (e-ph) coupling ele-
ments ({(¢;| Vg, H|pi)), energy gap (gr — €;), and the nuclear
velocity R;. As summarized in Table III, the NAC for SL
1T-VSiN; (5.16 meV) is about four times larger than that in
SL 17-NbSiN3 (1.39 meV), hinting that the carrier lifetime
should be longer in 17-NbSiN; ML [50].

Clearly, the NAC is proportional to the nuclear ve-
locity R; and the time-dependent e-ph coupling elements
(@;|Vr, Hl|@k). Here, the R; is roughly proportional to \/m,
where m is the atomic mass [51], and thus the heavier Nb
atom would slightly suppress the NAC in 17-NbSiN3; ML.
In addition, e-ph coupling elements determined by the e-
ph interaction and the wave function overlap between VBM
and CBM are further compared. As reported previously, the
orbital distributions for VBM and CBM in 17-VSiN3; and
1T-NbSiN3; MLs are similar [Figs. 4(c) and S6)], and thus
the wave function overlap plays a negligible role in this giant
NAC difference. In particular, as shown in Figs. 5(a) and 5(b),
the relatively larger amplitudes of the bandgap fluctuations
in SL 17-NbSiNj characterize the stronger strength of the
e-ph interaction. To reveal the dominating phonon modes
that contribute to the e-ph coupling, the Fourier transform of
its normalized autocorrelation functions (ACFs) are plotted
in Fig. 5(c). For 17-VSiN3 ML, a dominant phonon peak
appears at around 4.8 THz, where the in-plane V, Si, and
N? atom vibrations are engaged in the NA process mostly
[Fig. 2(c)], while for SL 17-NbSiN3, there is no dominant
phonon peak in low frequency, due to the heavier atomic
mass of Nb, prohibiting the activation of vibrations. But, the
atom vibrations below the 10 THz frequency region con-
tribute major rules in e-ph interaction. In this regard, the
low-frequency vibrations in SL. 17-VSiN3/NbSiNj3 greatly
stimulate the collisions between free carriers and phonons.
But, higher frequency modes have little influence on NAC.
More importantly, NAC is inversely proportional to the energy
difference between CBM and VBM. The averaged bandgap
for SL 1T-NbSiN3 is 1.37 eV, corrected by the GoW, which
is about three times smaller than SL. 17-NbSiN3 (3.34 eV).
As aresult, 17-VSiN3 ML has a large NAC naturally.

Beyond the NACs, the pure-dephasing functions reflect
loss of quantum coherence in the electronic subsystem due to
coupling to phonons. And the pure-dephasing (also named as
decoherence) times are much shorter than the e-h recombina-
tion times. Therefore, the carrier lifetimes are evaluated with
inclusion of decoherence into the NAMD algorithm, as imple-
mented in the HEFEI-NAMD code [34]. In the framework of

155309-6



THEORETICAL PREDICTION OF TWO-DIMENSIONAL ...

PHYSICAL REVIEW B 108, 155309 (2023)

2.0

_ 16(&1) —IT-VSiN | © — IT-VSiN, - VS_N(d)
&' 2 — IT-NbSIN, | 0961 TV
Q12 2 1=0.49 ns
a Gap ave=137eV ) 9 092}
=
s 08 @) <
O 48 = S 100%—10 20 30 40 50 60
2 . [® — IT-NbSIN, | £ 5 Ny (e)
s 361 8 ~ 0.99 S - - IT-NbSIN,
O e edog | o S
3.2f & S A n 0.98 1=60.16 ns R
jap_ave 3.34¢ . ™ -~
2.8 i i : i P~ : n . N N
0o 1 2 3 4 0 5 10 15 20 25 30 0 400 800 1200 1600
Time (ps) Frequency (THz) Time (ps)

FIG. 5. The variations of bandgaps during the molecular dynamics for (a) 17-VSiN; and (b) 17-NbSiN; MLs, as well as the averaged
bandgap values. (c) The spectral densities for the bandgaps. Time evolution of the hot electron population due to nonradiative e-h recombination

in (d) 17-VSiNj3 and (e) 17-NbSiN; MLs.

the second-order cumulant approximation of optical response
theory [52], the decoherence time was obtained by fitting the
dephasing functions with a Gaussian, exp[—0.5(t/T)*]. As
plotted in Supplemental Material Fig. S8(a) [35], the decoher-
ence time for SL 17-VSiN3 (12.36 fs) is slightly faster than
that for SL 17-NbSiNj3 (19.21 fs). The fast dephasing time is
associated with the large fluctuations between VBM and CBM
[Figs. 5(a) and (5b)], and also supports the stronger e-ph inter-
actions. In addition, the unnormalized ACFs (u-ACFs) decay
on similar timescales [see Supplemental Material Fig. S8(b)]
[35], while their initial values have an evident difference. Gen-
erally, a larger squared initial value of u-ACF that corresponds
to the standard deviations of phonon-induced fluctuations of
bandgaps, means a faster accumulation of the wave function
phase difference, thus reflecting a shorter decoherence time
[53,54]. Therefore, the initial value of u-ACF in SL 17-
NbSiNj3 indicates a fast pure-dephasing process and a large
gap fluctuation, coinciding with former results.

The evolutions of the excited electron state population are
exhibited in Figs. 5(d) and 5(e). Here, the doubly degenerate
VBM and CBM at 0 K are inclined to be nondegenerate
as temperature is heated to 300 K, and thus have small in-
fluence on the carrier recombination rate [46]. Thus, one
hot electron is presumed to relax from the nondegenerate
VBM to the CBM state. By fitting a linear expansion of
exponential decay, f(t) =exp(—t/t) ~1—t/t, the carrier
lifetimes for 17-VSiN3; and 17-NbSiN3; MLs are evaluated
to be 0.49 and 60.16 ns, respectively. Within the Marcus
theory [55] and Fermi’s golden rule [56], a weaker NAC
and a faster pure-dephasing process would lead to a pro-
longed e-h recombination process. Here, more specifically,
the smaller e-ph interactions in the low-frequency and larger
bandgap regulate the weaker NAC in SL 17-NbSiN3;. How-
ever, a slightly lighter V atomic mass and faster quantum
decoherence process in 17-VSiN;3 ML cannot delay car-
rier recombination significantly. Therefore, their instrinsic
bandgaps are the primary factors for such a huge differ-
ence in carrier lifetimes. Numerically, their carrier lifetimes

reach the nanosecond scale, particularly for SL 17-NbSiN3
(60.16 ns), which is much longer than that for pristine and
doped BP (0.39-5.34 ns) [51], MoS, (0.39 ns) [57], Janus-
MoSTe (1.31 ns) [48], Ti,OF; (0.39-2.8 ns) ML [46], and
even longer than that of MAPbI; perovskite (12.0 ns) [54],
and BaZrS;-based perovskites (6.83—-33.88 ns) [58], favoring
their exotic performances in optoelectronic fields.

IV. CONCLUSION

In conclusion, we have obtained two direct-gap semicon-
ductors, 17-VSiN3 and 17-NbSiN3; MLs, by high-throughput
calculations in the 2D 2H /1T-MSiN; (M = early transition
metal) family. SL 17-VSiN; and 17-NbSiN; are NM in
their ground states, and behave with reliable stability from
chemical, dynamical, mechanical, and thermal aspects. Within
HSEOQ6 level, the bandgap values for SL 17-VSiN; and
1T-NbSiN3 are 1.24 and 2.92 eV, respectively. Moreover,
1T-VSiNj and 17-NbSiN3; MLs possess pronounced visible-
light absorption ability, implying their excellent application as
light-harvesting candidates in solar field. The carrier lifetime
of SL 17-NbSiN3 (60.16 ns) is much longer than that for SL
1T-VSiNj (0.49 ns), due to its intrinsic larger bandgap. Our
work would provide promising candidates in optoelectronic
nanodevices among the MSiN; family, and will stimulate
more efforts on this emerging material.
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