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Exploring two-dimensional (2D) narrow-gap materials with exceptional stability and outstanding pho-
toelectric performance has become a key focus in nano-optoelectronics. However, most existing 2D
materials contain relatively large band gaps, and those with narrow band gaps tend to have inadequate
stability. This study employed first-principles calculation to predict three alternative narrow-gap 2D
binary group (II;-V,) materials in the P3m1 space group: CasN,, BazP,, and BasAs,. All these mate-
rials exhibit excellent energetic, mechanical, dynamic, and thermal stability. Their mechanical properties
reveal isotropic characteristics and demonstrate excellent in-plane stiffness and flexibility. Regarding elec-
tronic properties, monolayer CazN,, Ba;P,, and BazAs; possess indirect narrow band gaps of 0.41, 0.61,
and 0.68 eV, respectively. Moreover, they exhibit high electron mobilities (about 10°~10* cm? V~! s~1)
and are nearly isotropic. In terms of optical properties, they demonstrate a significantly broad absorp-
tion range, spanning from the IR to visible and UV regions, with remarkably high absorption coefficients
(approximately 10*-10% cm™!). Additionally, their exciton binding energies are higher than those observed
in traditional bulk materials while lower than most other 2D materials, facilitating excellent light-driven
performance. We propose that these alternative 2D P3m1 CazN,, Ba;P,, and BazAs, binary narrow-gap
semiconductors will hold promising application prospects in nano-optoelectronic fields such as IR light
detection, ambipolar transistors, medical imaging, electrodes, optical communication, and remote sensing.
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L. INTRODUCTION

Narrow-gap materials have become highly relevant
in modern optoelectronic fields such as medical imag-
ing, optical communication, security surveillance, remote
sensing, gas detection, the modern Internet of Things,
photovoltaics, water purification, electrodes, photosen-
sitivity, and photodetection [1-9]. The keys are that
narrow-gap materials own an extensive light-absorption
range and exceptional infrared (IR) detection perfor-
mance. Currently, the majority of the reported narrow-gap
semiconductors are bulk materials, primarily including
II-VI and III-V group materials, such as Hg Cd,_,Te,
indium gallium arsenide In,Ga;_,As or InSb, gallium
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arsenide/aluminum gallium arsenide [GaAs/(Al, Ga)As]
quantum well, indium arsenide antimony/aluminum
arsenide antimony [(In, As)Sb/(Al, As)Sb] superlattice, as
well as type-II InAs/GaSb superlattices [1,10—15]. How-
ever, these materials suffer from drawbacks such as com-
plicated fabrication processes, volume-dependent thermal
noise, and limited pixel size [1,16—19]. Any of these lim-
itations restrict further applications of these narrow-gap
semiconductor bulk materials.

With continuous development in recent years, 2D
materials have emerged as highly promising candidates
for numerous optoelectronic applications [20-25]. Com-
pared to traditional bulk narrow band-gap materials,
2D narrow-gap semiconductors offer a range of advan-
tages such as small size, relatively simple preparation
processes, high-quality surfaces without dangling bonds,
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strong light-matter interaction, a broad range of pho-
todetection, high photoresponse rates, good flexibility,
ease in constructing heterostructures, excellent mechani-
cal properties, and good compatibility with CMOS devices
[1,26-30]. These unique advantages can address the short-
comings of traditional bulk narrow-gap materials, making
2D narrow-gap semiconductors a crucial research focus in
modern optoelectronics, particularly in IR detection and
applications requiring a broad range of photoresponse
[1,26-30]. As research in relevant fields continues to
progress, an increasing number of 2D narrow-gap mate-
rials have been discovered by researchers, including
graphene, transition metal dichalcogenides (TMDs, such
as MoS;, MoTe;, WSe;, and WS;), black phosphorus
with black arsenic phosphorus (b-As,P;_,), black phos-
phorus (bP), tellurium (Te), noble metal dichalcogenides
(e.g., PtSe, and PdSe;), and X P, (X =Ni, Pd, Pt) [1,14,15,
31-33]. Despite their enormous potential, 2D narrow-gap
semiconductors still exhibit several limitations in practical
applications, and only a limited number of 2D narrow-gap
semiconductors have been successfully applied in relevant
fields. For instance, graphene has a low intrinsic sensi-
tivity (less than tens of mAW™'), TMDs possess huge
band gaps, and few-layer black phosphorus is unstable in
ambient air conditions and challenging to produce on a
large scale [1,14,15,31,32]. Consequently, researchers are
dedicated to exploring alternative 2D narrow-gap semi-
conductor materials with excellent stability and superior
optoelectronic performance.

Recent studies have revealed a promising class of
2D materials composed of group IIA and VA elements,
denoted as 11V, [34-40]. Among these, compounds with a
3:2 stoichiometry, specifically II3V;, have garnered signif-
icant interest due to their notable structural stability and
remarkable optoelectronic properties. These compounds
hold considerable promise for applications within energy
and optoelectronics. For instance, the electron mobility
of Sr3P, can reach up to 2.46 x 10* cm? V~! s~! while
the photoelectric conversion efficiency of Ca;P,/AIN het-
erojunctions is as high as 21.1% [35]. Nevertheless, the
currently discovered 113V, compound 2D materials gen-
erally have large band gaps (greater than 1 eV), which
constrains their utility in IR detection and applications
requiring a wide range of photoresponse where narrow-gap
2D materials are highly desired [34—40]. As such, explor-
ing 113V, compounds is imperative, focusing on those
with narrow band gaps, excellent stability, and superior
optoelectronic properties to fully exploit their potential in
relevant fields.

Herein, using computational materials screening and
state-of-the-art first-principles calculations based on the
density-functional theory (DFT), we predict three alter-
native monolayer group II-V compounds in a 3 : 2 ratio,
namely Caz;N,, BazP,, and BajAs,. These materials
belong to the P3ml space group. By calculating total

energy, elastic constants, phonon band dispersion, and ab
initio molecular dynamics (AIMD), we verified that these
three alternative monolayer 115V, possess excellent ener-
getic, mechanical, dynamic, and thermodynamic stability.
Subsequently, we systematically studied their mechani-
cal, electronic, and optical properties. Our research find-
ings reveal that, in contrast to reported narrow-gap
semiconductors, the 2D P3m1 Ca;N,, Ba;P,, and BasAs,
enrich the family of narrow-gap 2D materials by presenting
a suite of distinctive benefits. Notably, unlike the tradi-
tional bulk narrow-gap materials, these three 2D materials
possess the typical advantages of 2D narrow-gap materials,
such as small size, a broad range of photodetection, good
flexibility, and excellent mechanical properties. Moreover,
when compared with other reported 2D narrow-gap semi-
conductors like graphene, TMDs, black phosphorus, black
phosphorus with black arsenic phosphorus (b-As,P;_,),
and noble metal dichalcogenides, these three 2D materials
stand out with ideal narrow band-gap values, high carrier
mobilities, exceptional stability, environmentally friendly,
and more cost effective to produce, positioning them as
promising candidates in the fields of IR light detection and
broad-spectrum photoresponsive optoelectronic materials.

II. METHOD

In the present study, we conducted our computational
analyses employing the Vienna ab initio simulation pack-
age (VASP) [41,42]. This work utilized the projector-
augmented wave method [42,43] to meticulously model
the interactions among electrons, selecting a plane-wave
energy cutoff of 600 eV to ensure the precision of our
calculations. To address the exchange-correlation energy,
we adopted the generalized gradient approximation for-
mulated by Perdew, Burke, and Ernzerhof (GGA PBE)
[41,44]. To further enhance the accuracy of our results,
the HSE06 hybrid functional method was employed, a
choice motivated by its renowned precision in assessing
the electronic and optical properties of materials [45,46].
Our study meticulously configured the Brillouin zone sam-
pling using I'-centered K points with a grid resolution of
18 x 18 x 1. For structural optimization, the energy con-
vergence and force convergence criteria were stringently
set to 1078 eV and 0.01 eV/A, respectively. To effec-
tively negate interlayer interactions in our monolayer 13V,
structural model, a vacuum layer of 30 A was introduced
orthogonally to the material layers. Given the significant
role of d electrons in 113 V;, our analysis incorporated com-
parative calculations both with and without the inclusion of
spin-orbital coupling (SOC) in the band-structure evalua-
tions. To account for electron-hole interactions rigorously,
we engaged the quasiparticle many-body GoW, approx-
imation in conjunction with the Bethe Salpeter equation
(BSE) for our optical response calculations [47,48]. Com-
putational constraints necessitated a reduction in K-point
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sampling to 9 x 9 x 1 for GyW, calculations, with a
corresponding adjustment of the plane-wave cutoff energy
to 600 eV. Moreover, the total number of bands consid-
ered in the GyW, calculations was expanded to 240 to
ensure a comprehensive analysis. The phonon-dispersion
curves, essential for understanding the lattice dynamics,
were derived using the finite-displacement method facili-
tated by the PHONOPY code [49]. For the ab initio molecu-
lar dynamics (AIMD) simulations, we configured a system
comprising 80 atoms within a 4 x 4 x 1 supercell. These
simulations were executed throughout 10 ps with a 2-fs
timestep, maintaining the thermostat temperature at 600
K to ascertain the thermal stability of the material under
study. The QUANTUM ESPRESSO package was utilized to
calculate the band symmetry of monolayer 113V, [50].

III. RESULTS AND DISCUSSION

We employed the computational materials’ screening
approach to study the structural stability and electronic
properties of alternative monolayer group II-V binary com-
pounds 115V, (where II = Be, Mg, Ca, Sr, and Ba; V =
N, P, As, Sb, and Bi) (Fig. 1). The research aimed at
pinpointing materials ideally suited for IR optoelectron-
ics applications, particularly within the wavelength spec-
trum of 0.8-30 pwm. This objective necessitated materials
possessing a band gap inferior to 1.55 eV. Initially, we
evaluated 25 2D P3m1 115V, materials, identifying nine
with confirmed mechanical, dynamic, and thermal stabil-
ity (see Table I). A subsequent refinement using electronic
property criteria yielded a subset of seven materials with
semiconductive properties. Following this, we elimi-
nated previously explored compounds, specifically Ca;P,,
CasAsy, Sr3P,, and Sr3As; [35]. Concluding, our compre-
hensive analysis identified three 2D materials—monolayer
CaszN,, Bas;P,, and BazAs,—as fulfilling the outlined
criteria, exhibiting admirable stability and narrow-gap
semiconducting characteristics. Future stages of our
investigation will methodically explore the structural

TABLE I. Band gaps of nine monolayer P3ml I3V, with
mechanical, dynamic, and thermal stability.

Material Band gap (eV)
PBE PBE+SOC HSE06

Mg;N, 0.00 0.00 0.00
CazN, 0.00 0.00 0.41
CasP, 0.94 0.94 1.41
CazAs; 0.91 0.90 1.38
Sr3N, 0.00 0.00 0.00
Sr3P, 0.58 0.59 1.01
Sr;As; 0.57 0.56 0.99
Ba;P, 0.30 0.29 0.61
BasAs; 0.35 0.34 0.68

stability alongside the mechanical, electronic, and optical
properties of these three promising materials.

A. Structure characterization

The primary concern with the designed class of materi-
als is their structural properties. Figures 2(a)-2(d) shows
the structural schematic diagrams of the alternative mono-
layer II;V, materials in the P3m1 space group, including
CazN,, Ba3;P,, and BajAs,, from various perspectives.
Each material’s hexagonal primitive cell is indicated
within the black frame, containing three group-II atoms
and two group-V atoms, with lattice vectors a and b
being equal and lattice angles « = 8 =90° and y =
120°. Figure 2(d) shows the orthogonal supercell structure,
enclosed within the green frame, containing six group-II
atoms and four group-V atoms, which visually represents
carrier conduction along the x and y directions. Figures
2(e) and 2(f) correspond to the first Brillouin zone (FBZ)
of the primitive cell and the orthogonal supercell, respec-
tively, associated with the hexagonal and orthogonal lat-
tices. From the symmetry perspective, the three materials
belong to the P3m1 space group, which pertains to the
hexagonal system. Due to the high degree of hexagonal
symmetry, these three materials should exhibit good sta-
bility. We will then conduct an in-depth investigation of
the stability of these three materials from various angles.

We conducted a study on the energetic stability of var-
ious materials by calculating their binding energy using

Eq. (1):

3™ 4 2™ — Eyv,
5 b

Econ = (1)
where EZ°™ and E3°™ are the energies of the II atom
and V atom, respectively, and Ey,y, represents the total
energy of monolayer I13V;. Our findings are presented in
Table II. Using the same method, we determined the bind-
ing energy of graphene to be 7.95 eV/atom, silicene to
be 3.71 eV/atom, and phosphorene to be 3.24 eV/atom
[51]. When comparing the results in Table II, we noticed
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FIG. 2. Panels (a)(d) are the crystal-structure schematic dia-
grams of the alternative monolayer II;V, materials in the P3m1
space group. The primitive cell and the orthogonal supercell are
denoted by black and green lines, respectively. (e),(f) correspond
to the first Brillouin zone (FBZ) of the primitive cell and the
orthogonal supercell, respectively.

that the cohesive energy of CazN,, Ba3P,, and BazAs;
falls within a reasonable range, indicating that these mate-
rials have good energetic stability [52]. The mechani-
cal stability of monolayer 115V, is determined using the
Born-Huang elastic stability criterion, which includes three
conditions for material to possess good mechanical stabil-
ity: (i) C11 > 0, (ii) Ces > 0, and (iii) C1;Co2 — C2, > 0.
C;; represents the second-order in-plane elastic constant
calculated using the energy-strain method [53]. The cal-
culation of C;; is based on the following equation: C;; =
(1/So) (0E/d€;0¢;), where Sy represents the equilibrium
area of the system, £ represents the strain energy, and ¢;;
denotes the corresponding in-plane strains ranging from
—1.5% to 1.5%, with an interval of 0.5%. The results of
the calculations are presented in Table III, and we found
that CazN,, BazP,, and Ba3As, all possess mechanical
stability.

Figure 3 depicts these materials’ phonon dispersion
curves and phonon density of states (PhDOS). The lack
of imaginary frequencies across the entire Brillouin zone

signifies CazN,, BasP;, and BazAs, hold remarkable
dynamic stability. The peak phonon frequencies identified
are as follows: for CasN,, 12.35 THz (411.95 cm™"); for
Ba3P,, 6.09 THz (203.14 cm™'); and for BasAs,, 4.14
THz (138.10 cm™!). These findings imply a substantial
bond network within the Ca;N,, Ba;P,, and Ba; As, mono-
layers. Further scrutiny of the dynamic characteristics of
these materials was undertaken by examining the PhDOS
plots (referenced as Fig. 3). It is clear that the phonon-
vibration frequencies of monolayer 115V, predominantly
concentrate in three discrete ranges interspersed with two
phonon band gaps. For example, in Ca3;N,, the vibra-
tion frequencies primarily span the low-frequency range
(0-6.18 THz), the midfrequency range (6.33—7.42 THz),
and the high-frequency range (9.36—12.39 THz), with two
phonon gaps evident. Ba3P;, and BasAs, display anal-
ogous patterns, wherein their vibration frequencies con-
centrate in specific ranges accompanied by phonon gaps.
The analysis reveals that the high-frequency phonons are
principally attributed to the vibrations of V atoms, with a
minor contribution from II atoms, thus affirming the robust
II-V bond interactions in monolayer 1I3V,. In the midfre-
quency range, the vibrations predominantly originate from
II atoms, whereas in the low-frequency range, contribu-
tions arise from both II atoms and a limited number of
V atoms. Notably, the vibration frequencies and phonon
gaps in monolayer 113V, exhibit variability with respect to
the composition of the materials. Specifically, a transition
from N to As in the group-V atom or from Ca to Ba in the
group-II atom reduces the maximum phonon frequency.
Concurrently, the phonon gap in the higher-frequency
range decreases, whereas the gap in the lower-frequency
range increases. Essentially, the phonon vibration fre-
quency range and the phonon gaps in monolayer 115V, are
adjustable through atom and alloy engineering. Addition-
ally, the phonon band gap within these materials acts as a
prohibitive barrier to the propagation of mechanical waves
within specific frequency ranges, rendering monolayer
113V, a promising candidate for applications in phononic
devices, such as phonon waveguides, cavities, and filters,
etc.

To assess the practical application potential of 2D 115V,
we employed ab initio molecular dynamics simulations
(AIMDs) to investigate their thermal stability at an ele-
vated temperature of 600 K throughout 10 ps. Our anal-
ysis, focusing on their total energy and structural integrity

TABLE II. Optimized lattice parameters, cohesive energy, and band gap of monolayer 1I3V,.
Band gap (eV)
Material a=b(A) a = B (deg) y (deg) Cohesive energy (eV/atom) PBE PBE+SOC HSEO06
CazN, 3.691 90 120 3.89 0.00 0.00 0.41
Ba;P, 4.811 90 120 3.39 0.30 0.29 0.61
BasAs; 4.955 90 120 3.24 0.35 0.34 0.68
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TABLE III.  The elastic constants [Cj; (N/m)], Young’s modulus [Y?P(9) (N/m)] and Poisson’s ratios (v(#)) of monolayer I3 V,.

Material Cn Cx Ciz Ces ¥2D (9) ¥2D (9) Vinax (0) Vmin (6)
CazN, 85.269 85.269 29.761 27.754 74.882 74.882 0.349 0.349
BasP, 35.635 35.635 6.240 14.698 34.543 34.543 0.175 0.175
BasAs, 32.276 32.276 5.452 13.412 31.355 31.355 0.169 0.169

(Fig. 4), demonstrated that the CazN,, Ba;P;, and BasAs,
maintained remarkable thermal stability of these 2D mate-
rials from room temperature to 600-K environments.

B. Mechanical characterization

Herein, we aim to discuss the basic mechanical prop-
erties of monolayer II3V,, including the orientation-
dependent Young’s modulus and Poisson’s ratio, by
assessing mechanical constants C;; obtained in Table III.
The calculation process adopts the following equations
[54]:

C1iCn —C,

P (6) = e— ,
Cis* + Cpct + (% — 2C12> s2c?
()
_ (2
Cpp (s*+ ) — (Cll +Cn — —C”Cé; C12> s*¢?
v(0) = pE— ,
Cyis* + Cypct + (% — 2C12> s2c?
3)

where s = sin6, and ¢ = cos 6, 0 ranges from 0 to 27, as
depicted in Fig. 5 and Table III. Results revealed that the
values of Young’s modulus and Poisson’s ratio of the three
materials, CazN,, BasP,, and BasAs,, exhibit a descend-
ing order. Additionally, we observed that for each material,
Young’s modulus and Poisson’s ratio show equal val-
ues along different orientations. Our findings demonstrate
that monolayer 113V, are 2D materials with exceptional
in-plane isotropic mechanical attributes.

To validate in-plane stiffness and flexibility, we stud-
ied the ultimate tensile strain of these materials [55]. This

(a) Ca;N, (b)  Ba,P, (c) BayAs,
= 9 = F %j >
= 4 1 ~_L— B
g6 —~—— 2
2 2 -—§ Vad
g3 p—
2 ‘
0 0 0
024 7 14 510
[ MK T pppos ' MK T pppos I' MK T pypos
FIG. 3. (a)Ac) The phonon-dispersion spectrum and the atom-

projected phonon density of states (PhDOS) of the monolayer
1I3V,.

property indicates their ability to withstand significant ten-
sile strain without failure. We analyzed the stress-strain
relationship under axial tensile strain in cubic supercells to
investigate the ideal strength of the monolayer 115 V;. The
stress-strain curves for the monolayer 113V, compounds
are presented in Fig. 6, where the upper limit of strain rep-
resents the ultimate tensile strain (UTS) or ideal strength.
We separately studied the stress-strain curves under uniax-
ial strain along the x and y axes and under biaxial strain
and labeled the corresponding UTS values as UTS,, UTS,,
and UTS,,. The strain step size during the calculations was
set to 1%. For Ca3;N,, we observed UTS, of 35%, UTS,
of 23%, and UTS,, of 13%. For BasP,, the values were
UTS, of 23%, UTS, of 14%, and UTS,, of 8%. More-
over, for BazAs;, the UTS, was 21%, UTS,, was 9%, and
UTS,, was 7%. In all three materials, a consistent trend
of UTS, > UTS, > UTS,, is observed. The reported max-
imum uniaxial UTS values of graphene and hexagonal
boron nitride are 27% and 30%. These values are compara-
ble to the UTS values observed in these monolayer 115V,,
which exhibit ultrahigh ideal strength and good ductility.
Thus, the 2D 113V, compounds play a significant role in
the mechanical properties of 2D materials.

C. Electronic characterization

In the ensuing discussion, we explore the electronic
properties of monolayer 1I3V,. Given that most 13V,
materials incorporate d electrons, an initial examination of
their band structures should be conducted with and with-
out spin-orbital coupling (SOC), facilitating comparative
analysis of their band gaps as delineated in Table II. It is
evident that the incorporation of SOC results in a marginal

() () Ba,P, (©) Ba,As,
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FIG. 4. Total energy of the monolayer CazN; (a), BazP, (b),
and BazAs; (c¢) in AIMD simulations at 600 K over 10 ps. The
top view and side view of the monolayer 113V, supercell at 10 ps

are inserted.
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son’s ratios (v(6)) for monolayer 115 V,.

diminution of the band gap in the band structures of mono-
layer 113V, proximal to the Fermi level, in contrast to
the configurations without SOC. Considering the substan-
tial computational difficulties of this research alongside
the minimal influence exerted by SOC on the outcomes,
our discussions will predominantly focus on the results
obtained without SOC. Furthermore, in pursuit of results
that resonate more congruently with experimental findings,
the HSE06 hybrid functional method was employed to cal-
culate and elucidate the electronic properties of monolayer
115 V;.

We now undertake a detailed analysis of the band struc-
tures, projected density of states (PDOS), and projected
band structures of CazN,, Ba;P,, and BazAs,, depicted in
Figs. 7 and 8, respectively. These figures reveal that each
of the three semiconductors falls into the indirect band-
gap materials. In particular, their valence-band maximum
(VBM) is situated at the high-symmetry M point, whereas
their conduction-band minimum (CBM) is located at the
high-symmetry I point. Employing the HSE06 computa-
tional method, we have ascertained the band-gap values
for Caz;N,, BasP,, and BazAs; to be 0.41, 0.61, and 0.68
eV, respectively. Further, in Cas;N,, the VBM predomi-
nantly comprises N-p electrons, with a minor contribution
from Ca-d electrons and a negligible presence of Ca-p

electrons. Similarly, the CBM is mainly constituted of N-p
and Ca-d electrons, with a slight involvement of Ca-p elec-
trons. In Ba;P,, the VBM is primarily composed of P-p
electrons, augmented by a modest amount of Ba-d elec-
trons and a minimal quantity of Ba-p electrons, while the
CBM is mainly made up of Ba-d electrons. Similar patterns
are observed in BasAs;, where the VBM is principally
constituted of As-p electrons, supplemented by a minor
component of Ba-d electrons and a trivial portion of Ba-
p electrons, and the CBM is predominantly composed of
Ba-d electrons. The p-d hybridization effect in these mate-
rials holds the potential to stabilize the structure at the band
edges, influencing the material’s band-gap characteristics
and contributing to its overall stability and narrow band
gap [39].

Furthermore, we conducted a symmetry analysis of the
electric dipole transitions in the band structures of Caz;Nj,
BaszP,, and Bas As;, based on the selection rules for electric
dipole transitions from group theory. The results, which
include the point groups and irreducible representations
at high-symmetry points for dipole transitions from the
topmost valence band to the lowest conduction band, are
meticulously detailed in Table IV. Our analysis disclosed
that for CazN,, dipole transitions are allowed from the top-
most valence band at I" to the lowest conduction band at
I', and similarly from K to K, while they are forbidden
from M to M. In comparison, Ba;P, and Ba3As, demon-
strate allowed transitions from the topmost valence band
to the lowest conduction band at the high-symmetry points
of I' and M, while forbidden for the K to K in-plane
transitions. To validate the transition probabilities between
the band edges, we have calculated the squared transition
dipole moments (TDM?), donated by P2, using the HSE06
method at different high-symmetry points [56]. We con-
sidered the direct transitions between the topmost valence
band and the lowest conduction band, per the approaches
outlined in prior research [56,57]. Results reveal that the
P? for the direct transitions between band edges across the

Ca;N, Ba,P, Ba;As,
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FIG. 6.

Stress-strain relationship of monolayer II3V;, under x-uniaxial strain (blue), y-uniaxial strain (green), and biaxial strain

(orange). The ultimate tensile strain (or ultimate tensile strength, UTS) points for each considered compound are depicted by an arrow.
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FIG. 7. The band structures and projected density of states

(PDOS) of CazN,, BazP; (b), and BazAs; (¢) under the HSE06
method.

materials are as follows: CazN, manifests a I'-I" transi-
tion of 440.13 Debye?, an M-M transition of 0.24 Debye?,
and a K-K transition of 0.32 Debyez; Ba;P, exhibits a
I-T' transition of 138.83 Debye?, an M-M transition of
15.37 Debye?, and a K-K transition of 0.93 Debye?; and
BajAs, displays a I'-I" transition of 199.61 Debye?, an
M-M transition of 10.96 Debye?, and a K-K transition of
0.68 Debye?. Due to biases in our TDM? calculations, P?
values lower than 1 Debye® can be treated as zero. The
TDM? calculations nearly agree with the electric dipole
transition results based on the symmetry analysis. It can
also be seen that although, in general, the K-K transition

in CazN, is permitted based on the symmetry analysis, the
TDM? calculation indicates that it is negligible. These find-
ings underscore the pivotal role of transition intensity in
exciton binding energy.

The exciton binding energy, fundamentally rooted in
the Coulombic attraction between electrons and holes, is
profoundly modulated by the band structure, specifically
through the lens of transition intensity. A strong correla-
tion exists between the magnitude of the TDM and the
transition intensity of excitons, where robust intensities
indicate heightened probabilities of electron-hole interac-
tions. Conversely, transitions with weak intensities suggest
reduced opportunities for exciton formation, resulting in
diminished binding energies. In addition, the indirect band-
gap characteristic, as supported by prior research [58,59],
decreases the recombination rate of photoexcited carriers.
When electrons return to the valence band, they must emit
a phonon. This process requires a certain k-space distance
to travel, which hinders the recombination probability
between electrons and holes.

Next, we used the deformation potential (DP) theory-
based calculation method to compute the effective masses,
electron mobilities, and relaxation times of monolayer
I3V, along various directions at 300 K [60—63]. The
results are presented in Table V. We conducted detailed
calculations and employed the following equations:

2eh3C @
fop = —————s—,
3kpT |m*|* E?
r= 2T (5)
. 2E7"
mt = 1P [W} , (©)
0’E
= [—z]sol, ™
d(Aa/ay)
8Eedge
— e 8
"7 3(Aa/ag) ®)

In these equations, uyp represents the electron mobility
of monolayer 113V,, C is the elastic constant, m* is the
effective mass of the carrier, £ is the total energy of the
system under uniaxial strain, and t is the relaxation time
of the electron, T represents temperature and is set to 300
K here, and kp stands for the Boltzmann constant. As the
monolayer 113V, structure exhibits low symmetry along
the x and y directions, we separately considered the uni-
axial strain effects along both directions. Additionally, e
represents the charge of an electron, £ is the DP constant,
FEeqge is the shift of the band edge considering the vacuum
level, Aa is the change in lattice parameters relative to the
equilibrium lattice constant under strain, and a, represents
the lattice constant at equilibrium.
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The computational analyses reveal that CazN, demon-
strates the electron mobility reaching up to 3.30 x
10° ecm? V7! s7! along the x axis and 3.22 x
103 cm? V~! s~! along the y axis. Similarly, Ba3P, exhibits
electron mobility up to 3.58 x 10° cm? V~! s7! in the x
direction and 3.53 x 103 cm? V~! s~! in the +y direction.
Notably, BaszAs, shows the electron mobility as elevated
as 1.37 x 10* cm? V~! s7! along the x direction and
1.35 x 10* cm? V~! s7! along the y direction. Thus, 115V,
monolayers emerge as another 2D material, featured by its
high electron mobility and marginal anisotropy in mobil-
ity characteristics. These materials surpass the electron
mobility of black phosphorus (1000 cm? V~! s7!) and
potentially rivaling that of graphene. Moreover, from the
perspective of relaxation time, the electron relaxation time
across different axes can extend to 10>—-103 femtoseconds
at ambient temperature, highlighting the stability of its
superior electron transport efficiency and reinforcing its
exceptional electrical conductivity.

It should be noted that the DP theory is founded on
the scattering process between acoustic phonons and elec-
trons, which tends to overestimate the carrier mobility and
relaxation time. Incorporating the effects of optical phonon
scattering and possible impurity scattering into compu-
tations is essential for a more accurate study of carrier
mobility and relaxation time in future studies [64—66].

In short, as potential narrow-gap semiconductors,
monolayer 113V, compounds manifest extraordinary

The projected band structures of monolayer CazN; (a), BasP; (b), and BazAs; (¢) under the HSE06 method.

electronic properties as another 2D material, heralding
these materials can apply in the fields of infrared and
the broad range of photoresponse nanosemiconductors and
nano-optoelectronic devices.

D. Optical characterization

Following, we discuss the optical properties of the
materials. We adopted the many-body approach, which
combined the quasiparticle (QP) GW method with the
Bethe-Salpeter equation (BSE) method [67]. These meth-
ods were derived by solving the Bethe-Salpeter equation
(BSE), where the quasiparticle (QP) energies and screened
interactions (W) were obtained through the GW approxi-
mation [67]. The calculated absorption coefficient o (w) for
monolayer 113V, with in-plane light polarization, using the
GoW+BSE calculations, is presented in Fig. 9, where the
o (w) was determined using the following equation [68]:

2 1/2
a(w>=%w[wl(w)usz(w)z—sl(@] . O

where &;(w) and &;(w) represent the real and imagi-
nary parts of the frequency-dependent dielectric function,
respectively, and c is the speed of light. It is worth noting
that the calculated absorption coefficients for 2D materials,
derived from computing the dielectric function—a com-
mon practice in theoretical research—may exhibit slight
discrepancies compared to experimentally obtained values.

TABLE IV. The calculated point groups and the respective irreducible representations at high-symmetry points of the valence and

conduction band edges for monolayer Ca3;N,, Ba3P;, and BasAs;.

Material The topmost valence band The lowest conduction band
K point r M K r r M K r
Point group D3y Co Ds Dsq D3y Cop D D3
Caz;N, Irreducible representations E, Ay E E, Aig B, Ay Aig
Ba3P2 Eu Au A2 Eu Alg Ag A1 Alg
Ba3A52 Eu Au A2 Eu Alg Ag Al Alg
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TABLE V. The calculated effective mass (m™*), elastic constant (C), DP constant (E}), electron mobility (1), and relaxation time (7)
along x direction and y direction of monolayer CazN,, Ba3P; , and BazAs;.

1 Iy
Material m7 (m.) m; (m.) Ei(eV) Eiy (eV) Cop (N/m) Cop_, (N/m) (ecm*V~'s™')(em* V7s™h) 7, (fs)

T, (fs)
CazN, 0.36 0.36 1.66 1.68 82.5567 82.6171 330 x 100 3.22x10°  665.20 649.93
Ba;P; 0375 0375  1.007 1.013 35.7886 35.6856 358 x 103 3.53 x 103 752268  741.243
BasAs,  0.32 0.32 0.575 0.579 32.5165 32.4138 137 x 10*  1.35x 10* 246 x 10° 2.42 x 10°

While definitive accuracy requires experimental valida-
tion, this discrepancy does not undermine the validity of
our analysis focused on optical absorption characteristics
in the current study.

It can be observed that all three materials have their opti-
cal absorption edges in the IR region. Their absorption
range extends from the IR to the deep UV region. These
materials demonstrate a high optical absorption coefficient,
approximately 10* cm™! in the IR, visible (VIS), and UV
regions. This is comparable with organic perovskite solar
cells [69]. Furthermore, their optical absorption charac-
teristics display isotropic properties in different in-plane
directions.

Furthermore, it is essential to consider the effect of
the exciton on the optical properties of 2D indirect band-
gap semiconductors. The lowest energy exciton’s binding
energy is calculated in this study by finding the differ-
ence between the QP band-gap energy, which is a minimal
direct gap determined by the GyW;, method, and the exci-
ton energy, which is the energy of the lowest transition
in the optical spectrum obtained through the GoW,+BSE
method. Our calculations show that Caz N, has a first opti-
cal absorption peak at the photon energy of 0.17 eV, Ba;P,
has one at 0.38 eV, and BasAs, has one at 0.41 eV. This
excitonic peak in the IR range is located below the calcu-
lated GoWy band gap of 0.66 eV for CazN,, 0.52 eV for
Ba3P,, and 0.57 eV for BazAs,. We estimate the binding
energy of the first exciton to be 0.49 eV for CazN,, 0.14
eV for BasP;, and 0.16 eV for BazAs,.

It is worth noting that monolayer 113V, compounds have
a higher exciton-binding energy compared to bulk materi-
als like silicon, which only has an exciton-binding energy
of 15 meV [70]. This is due to the quantum confine-
ment effect that results from changes in dimensionality,
which alters the wave functions of electrons and holes
and enhances their interaction, reducing the screening
effect of electrons. When compared to other common 2D
materials like TMDs, graphene derivatives, IV/III-V com-
pounds, black phosphorus, and functionalized MXenes,
monolayer 113V, compounds exhibit a relatively smaller
exciton-binding energy that is comparable to that of
narrow-gap 2D materials like TiS3, Ti,CO,, and topolog-
ical materials like Sn, SnF, PbTe, single-quintuple layer
Bi,;Ses, and GaBiCl, [71,72].

The above studies show a linear scaling law between
the quasiparticle band gap (E;) and the exciton-binding
energy (Ej) of 2D semiconductors, regardless of their lat-
tice configuration, bonding characteristics, and topological
properties [71,72]. Therefore, the smaller exciton-binding
energy of monolayer 113V, compounds compared to other
2D materials is primarily due to the narrow band gap of
115 V,. This implies that monolayer 115V, compounds have
enough charge carriers for the reaction process, enabling
effective electron-hole pair separation. As a result, 113V,
monolayers are promising candidates for various appli-
cations with their isotropic optical response, broad pho-
toresponse range, ideal IR absorption, and high optical
absorption coefficient.

(a) Ca;N, (b) Ba,P, (c) Ba,As,

= 6
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The optical absorption coefficients for the monolayer Ca;N,, BasP,, and BasAs; using the GoW(+BSE method (a)—(c). The

first optical absorption peak in the IR range is specifically enlarged, labeled, and inserted in panels (a)—c).
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IV. CONCLUSION

In this study, we utilized first-principles calculations
to design and analyze three alternative binary monolayer
narrow-gap semiconductors: Ca;N,, BazP,, and BasAs,,
composed of group II-V elements with a 3:2 stoichiometry
and belonging to the P3ml space group. We exhaus-
tively investigate their structural, mechanical, electronic,
and optical properties. These materials exhibit remark-
able energetic, mechanical, dynamic, and thermal stabil-
ity alongside isotropic mechanical behavior characterized
by excellent in-plane stiffness and flexibility. Further-
more, as indirect narrow-gap semiconductors with high
electron mobilities and significant light absorption across
the IR to deep UV spectrum, and coupled with lower
exciton-binding energies than other common 2D materi-
als, these other materials demonstrate promising potential
for applications in a wide range of modern photoelec-
tronic fields, including IR detection, ambipolar transistors,
medical imaging, optical communication, and more, high-
lighting their significant applicability and potential impact
on future technological advancements in photoelectric
devices and systems.
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