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Two-dimensional B-noble-transition-metal
chalcogenide: novel highly stable semiconductors
with manifold outstanding optoelectronic
properties and strong in-plane anisotropy
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In this work, five two-dimensional (2D) noble-transition-metal chalcogenide (NTMC) semiconductors,
namely B-NX (N = Au, Ag; X = S, Se, Te), were designed and predicted by first-principles simulations.
Structurally, the monolayer B-NX materials have good energetic, mechanical, dynamical, and thermal
stability. They contain two inequivalent noble-transition-metal atoms in the unit cell, and the N-X bond
comprises a partial ionic bond and a partial covalent bond. Regarding the electronic properties, the B-NX
materials are indirect-band-gap semiconductors with appropriate band-gap values. They have tiny
electron effective masses. The hole effective masses exhibit significant differences in different directions,
indicating strongly anisotropic hole mobility. In addition, the coexistence of linear and square-planar
channels means that the diffusion and transport of carriers should be anisotropic. In terms of optical
properties, the B-NX materials show high absorption coefficients. The absorption and reflection
characteristics reveal strong anisotropy in different directions. Therefore, the f-NX materials are indirect-
band-gap semiconductors with good stability, high absorption coefficients, and strong mechanical,
electronic, transport, and optical anisotropy. In the future, they could have great potential as 2D
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1 Introduction

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) are a class of materials characterized by an abundance
of possible constituent elements, good stability, an indirect-
direct band-gap transition when decreasing the number of
layers, a suitable band-gap value, comprehensive optical
response, strong Coulomb interactions, and strong light-matter
coupling. Such exceptional properties have made 2D TMDs the
subject of considerable attention from researchers in new
energy technology and nano-optoelectronics. Nonetheless,
research results suggest that the low carrier mobility (about
200-500 cm® V' s7') of 2D TMDs limits their large-scale
application in related fields."” Consequently, researchers aim
to design and develop a new 2D semiconductor material with
superior properties to traditional TMDs, but with higher carrier
mobility, thereby striving to facilitate the application of 2D
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semiconductors in nano-electronics and nano-optoelectronics.

materials in new energy technology and nano-optoelectronics,
stimulating the development of these domains.

In recent years, noble-transition-metal dichalcogenides
(NTMDs), composed of noble-transition-metal and chalco-
genide elements such as PtTe,, PdTe,, PtSe,, PtS,, PdS,, and
PdSe,, have been given much attention.®*? Studies have
discovered that these materials boast distinct structures and
varieties of phases, adjustable band gaps across a broad range,
high carrier mobility, strong anisotropy, and outstanding
stability in air and at high temperatures. Moreover, in contrast
to most classical TMDs, the d orbitals of NTMDs are almost
filled, and the p, orbitals of interlayer sulfur atoms are highly
hybridized, driving a strong interlayer influence and interac-
tions. Due to all these superior features, NTMDs are seen as
being highly viable for usage in electronics, optoelectronics,
renewable energy, catalysis, and sensors.*>*

Recently, inspired by the excellent characteristics of 2D NTMD
materials, researchers have found a new type of layered structure,
namely noble-transition-metal chalcogenide (NTMC) materials.
Monolayer B-AuSe was predicted as a new 2D material with good
stability, appropriate band gap, high visible-light absorption, and
ultra-high carrier mobility (10°-10> em® V' s7') by the first-
principles calculations of Gong et al. in 2019.** Its exfoliation
energy is close to those of graphene and phosphorene. Moreover,
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it can be prepared by liquid exfoliation or mechanical exfoliation.
Besides, its electronic and optical properties exhibit strong in-
plane anisotropy.** In the same year, Machogo et al. synthe-
sized 2D B-AuSe via the colloid method using a gold chloride
precursor and comprehensively studied its structural proper-
ties.” Later, Bai et al used the density functional theory (DFT)
method to study 2D B-AuSe. They found that monolayer B-AuSe
has excellent dynamic and thermodynamic stability. Its forma-
tion energy can reach —7.87 eV per atom and responds well to UV
light.>® In 2020, Tang et al. adopted the DFT method to calculate
the ultra-high and anisotropic carrier mobility of monolayer B-
AuSe. Furthermore, they investigated the contribution of two
non-equivalent Au channels to its electronic properties.”” In 2021,
Yin et al. used the first-principles method to design a Z-type AuSe/
SnS heterojunction photocatalytic hydrogen-evolving material.
They found that this material can respond to most visible and UV
light, and its photocatalytic hydrogen evolution efficiency can
reach 23.96%.%® In 2022, Xie et al. found that single-layer XSe (X =
Cu, Ag, Au) has excellent electric transport properties (ultra-high
Seebeck coefficient and carrier mobility), and all of the XSe
materials exhibit high anisotropy and low thermal conductivity.*
It can be seen that the 2D B-NTMC, a new 2D material that can be
prepared experimentally, has suitable formation energy and
exfoliation energy, good stability, appropriate band-gap values,
high carrier mobility, strong anisotropy, and other excellent
optoelectronic properties. It has good application prospects in
the fields of new energy technology and optoelectronics.
Inspired by these studies, we aim to design and construct
a new 2D material with good stability, appropriate band gap,
and fascinating optical properties based on the novel 2D (-
AuSe. We hope to extend the family members of the new 2D B-
NTMC materials and further promote their application as high-
performance 2D materials in nano-electronics and nano-optics.
This work employs first-principles calculations to predict five
2D NTMC semiconductors, monolayer B-NX (N = Au, Ag; X =S,
Se, Te). In terms of structural properties, they have reasonable
cohesive energy and good mechanical, dynamical, and thermal
stability. The N-X bond is composed of partial ionic and cova-
lent bonds. Meanwhile, there are lone pairs of electrons around
the X atom. In terms of electronic properties, the indirect band-
gap values of monolayer AgS, AgSe, AgTe, AuS, and AgTe are
1.55,1.25, 0.91, 2.13, and 1.36 eV, respectively, using the Heyd-
Scuseria-Ernzerhof (HSE06) screened hybrid functional
method. They have tiny electron effective masses. The effective
hole masses show significant differences in different directions,
indicating strongly anisotropic hole mobility. The linear N
and square-planar N channels give the carriers strong aniso-
tropic diffusion and transport. The B-NX materials show strong
anisotropy in different directions regarding the optical proper-
ties. Along the x-direction, the central absorption and reflection
regions are in the ultraviolet region, far higher in wavelength
than the visible-light and infrared region, and they have good
transparency in the visible-light and infrared region. Along the
y-direction, the absorption ability in the visible light region is
enhanced, and the primary reflection ability is in the visible-
light region, with good transparency in the infrared region.
The B-NX materials are indirect-band-gap semiconductors with
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good stability, high absorption coefficients, and strong
mechanical, electronic, transport, and optical anisotropy,
making them promising for field-effect transistors (FETSs), solar
cells, polarizers, LEDs, catalysis, sensors, and other nano-
electronics and nano-optoelectronics.

2 Computational method

The Vienna Ab initio Simulation Package (VASP) developed at
the University of Vienna was employed for all calculations per-
formed in this work.**** We employed the projector-augmented
wave approximation method to manage the electron interac-
tions, setting the plane-wave energy cutoff to 600 eV.*'*> Perdew,
Burke, and Ernzerhof's generalized gradient approximation
(GGA-PBE) method was chosen to deal with the exchange-
correlation energy.**** The HSE06 hybrid functional method
was used to calculate the electronic and optical properties for
greater precision.**** Additionally, given the abundance of
d electrons in B-NX, we conducted comparative calculations
with and without spin-orbit coupling (SOC) in the band-
structure analyses. We used gamma-central K-points with
a grid size of 16 x 27 x 1 in the Brillouin zone, with an energy
convergence criterion of 10~ eV and a convergence tolerance of
forces of 0.01 €V A™". In order to eliminate the interaction
between different layers, we added a vacuum of 30 A in the z-
direction to the monolayer B-NX structure model.

3 Results

3.1 Structural properties

Determining the structural parameters of new materials is the
most critical point in studying them. After sufficient structural
optimization, we obtained the structural parameters of all the -
NX materials (N = Au, Ag; X = S, Se, Te). Panels (a-d) in Fig. 1
are schematic diagrams of the monolayer B-NX structure from
different views, and Fig. 1(e) is its Brillouin zone. The structures
of B-NX (N = Au, Ag; X =S, Se, Te) are highly similar to that of B-
AuSe, with a sandwich-like structure. The structures have two
types of inequivalent noble-transition-metal atoms: the N*
atoms connected to four X atoms and the N® atoms connected
to two X atoms. In addition, the unit cell of B-NX consists of
two N atoms and two X atoms. The space groups are all P2/m.
The specific lattice parameters of B-NX (N = Au, Ag; X = S, Se,
Te) are listed in Table 1.

To examine the B-NX monolayer's energetic stability, we
calculated its cohesive energy. The equation for cohesive energy
calculation is as follows:

I’INEI":}OH‘ + an;i(mm — ENX

Econ =
< nN + nx

(1)

where ny and nx denote the number of N (N = Au, Ag) and X
(X =S, Se, Te) atoms in a unit cell. In this work, ny = nx = 2.
EJ°™ and EX°™ are the energies of the isolated N atom and X
atom, respectively. Exx represents the total energy of monolayer
B-NX. The cohesive energies of monolayer B-NX are shown in
Table 1. It is worth mentioning that the cohesive energies of
graphene, silene, phosphorene, B-PtS, and B-PtSe,, calculated
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Fig. 1 (a—d) Schematic diagrams of the monolayer B-NX structure
from different views. Panel () is the Brillouin zone of monolayer B-NX.

by the same method, are 7.95 eV per atom, 3.71 eV per atom,
3.79 eV per atom, 4.41 eV per atom, and 4.02 eV per atom,
respectively.”*® Comparing the cohesive energy values of the
various B-NX materials in Table 1 with the aforementioned 2D
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materials, the cohesive energy values of B-NX are comparable to  Fig. 3 Atom-projected phonon density of states (PhDOS) of the
those of silene and phosphorene and slightly lower than those ~Monolayer B-Ags (a), AgSe (b), AgTe (c), AuS (d), and AuTe (e).
Table 1 Optimized lattice parameters and cohesive energy of monolayer B-NX
Band-gap (eV)
Cohesive energy
Material a(d) b (A) « (deg) g (deg) v (deg) (eV per atom) PBE PBE + SOC HSE06
AgS 6.054 3.570 90.000 91.083 90.000 2.70 0.98 0.96 1.55 This work
AgSe 6.039 3.755 90.000 92.400 90.000 2.53 0.87 0.74 1.25 This work
AgTe 6.247 4.087 90.000 93.685 90.000 2.42 0.66 0.49 0.91 This work
AuS 6.254 3.541 90.000 88.986 90.000 3.13 1.35 1.28 2.13 This work
AuSe 6.262 3.663 90.000 90.000 90.000 — — — 1.66 Ref. 24
AuTe 6.667 4.010 90.000 90.513 90.000 2.83 0.97 0.66 1.36 This work
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Fig. 2 The phonon dispersion spectra corresponding to the monolayer B-AgS, AgSe, AgTe, AuS, and AuTe, from left to right.
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Table 2 The elastic constants (C; (N m™), Young's modulus (Y?°(6) (N m ™) and Poisson's ratios (v(6)) of monolayer B-NX

Material Ci Coa Ciz Ces Yona() Yonn(6) Vmax(0) Vmin(0)
AgS 7.256 27.462 2.148 2.398 26.826 6.419 0.498 0.078
AgSe 4.605 22.810 0.934 1.270 22.621 3.659 0.569 0.041
AgTe 2.675 21.420 —0.119 0.457 21.414 1.497 0.717 —0.044
AuS 13.065 41.409 4.058 5.380 40.149 12.574 0.397 0.098
AuTe 6.527 32.428 1.700 2.064 31.985 5.638 0.530 0.052

of previously discovered NTMD materials, such as B-PtS,, and
B-PtSe,, indicating that the B-NX monolayers are 2D materials
with strong bonding, good stability, and suggesting the possi-
bility to fabricate the B-NX monolayer experimentally.’”

The dynamical stability is studied using the calculated
phonon dispersion curves (Fig. 2) and atom-projected phonon
density-of-states (PhDOS) (Fig. 3). From Fig. 2, we find no
imaginary frequencies over the entire Brillouin zones, which
indicates that the B-NX structures are dynamically stable. We
further analyze the dynamical properties of B-NX based on the
PhDOS (Fig. 3). We observe that the phonon frequencies of B-NX
are mainly concentrated in three ranges. For example, for B-AgS,
the phonon frequencies are mainly concentrated in the low-
frequency range (0-4.18 THz), the mid-frequency range (6.72-
8.39 THz), and the high-frequency range (9.10-9.94 THz). Two
phonon gaps are also observed. Notably, within the mid-
frequency range in the dispersion spectrum of B-AusS, there is
an overlap of dispersion curves, resulting in only one phonon
gap in the dispersion spectrum of B-AuS. In addition, for B-
AgTe, there is a relatively dispersionless acoustic branch in the
range of 1.79-2.23 THz, which is mainly contributed by the
vibration of Ag atoms. We interpret that this dispersionless
branch is mainly caused by the much more significant contri-
bution of Ag atoms to the vibration than Te atoms. The highest
phonon frequencies for B-AgS, AgSe, AgTe, AuS, and AuTe are
9.94, 7.23, 6.00, 10.60, and 5.60 THz (corresponding to

B-NX vary with different compositions of elements. Specifically,
when the N atoms change from Ag to Au, the highest phonon
frequency increases, while the phonon gap in the higher
frequency range decreases. On the other hand, when the X
atoms change from S to Se and then to Te, the maximum
phonon frequencies in all three frequency ranges decrease, and
the phonon gap in the higher frequency range increases, while
the phonon gap in the lower frequency range decreases.
Therefore, the phonon gap of B-NX can be controlled through
atom and alloy engineering.

We subsequently investigated the mechanical stability of B-
NX according to the Born-Huang elastic stability criterion. This
criterion comprises three aspects: (i) C11 > 0, (ii) Ce6 > 0, and (iii)
C11C53 > C15,C4,.%° Here, Cj represents the second-order in-plane
elastic constant calculated using the energy-strain method. The
calculation process is performed using the following equation:
Cy = (1/S0)(6°E/de,0¢)). In this equation, E represents the strain
energy, and ¢; denotes the corresponding in-plane strains
ranging from —1.5% to 1.5%, with an interval of 0.5%. S
represents the equilibrium area of the system.*® The calculation
results are presented in Table 2, and indicate that all the B-NX
samples exhibit good mechanical stability.**** To further
investigate the mechanical properties of f-NX, we calculated the
orientation-dependent Young's modulus and Poisson's ratio
(Fig. 4 and Table 2). The calculation process involves the
following formulas:

YZD(H) — CIICZZ - Cvlz2 (2)
.4 4 CiiCy — G’ N2 2
Cy sin(8)” + Cy cos(8)” + (Ci — 2C12)sm(0) cos(f)
66
. CiCyn — C122\ .
Ci, (sm(9)4 + Cos(0)4) - (C“ + Cy — %66'2) sin(6)cos(6)>
1(6) = — ®
Cn sin(ﬂ)4 + Cxp cos(t?)4 + (% — 2C12) sin(ﬂ)zcos(ﬁ)2
66

331.53 ecm ™}, 241.34 ecm ™Y, 200.14 cm ™Y, 353.75 cm ™Y, and
186.84 cm™ ', respectively). The highest phonon frequency is
contributed by both N and X atoms, indicating the presence of
strong N-X bonds in B-NX. In the mid-frequency range, the
vibration contribution is mainly from the X atom, while in the
low-frequency range, it is contributed by both N and X atoms.
We also found that the phonon frequencies and phonon gaps of
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where 6 is in the range of [0,27t].*® The results demonstrate
strongly anisotropic mechanical properties of B-NX.***

Next, we investigated the thermal stability of B-NX mono-
layers via ab initio molecular dynamics (AIMD) calculations
(Fig. 5 and 6). We found that, after 10 ps of AIMD simulation at
300 K and 600 K, the structures can still maintain good stability.
This indicates that the B-NX monolayers show good stability at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Total energy of the monolayer B-AgS

(a), AgSe (b), AgTe (c), AuS (d), and AuTe (e) in AIMD simulations at 300 K over ten ps. The top view

and side views of the monolayer 3-NX supercell at 10.0 ps are inserted.

temperatures up to 300 K and 600 K, verifying their thermal
stability.

In short, the B-NX monolayers have energetic, dynamical,
mechanical, and thermal stability, which implies that they can
be feasibly synthesized in future experiments.

3.2 Electronic properties

In order to study the application prospects of 2D B-NX materials
in the field of nano-optoelectronics, we comprehensively

calculated their electronic properties. Due to the abundance of

© 2023 The Author(s). Published by the Royal Society of Chemistry

d electrons in B-NX, we first tested the band structure (Fig. 7)
calculated with/without spin-orbit coupling (SOC). This reveals
that as the chalcogen element changes from S to Te, the
difference between the cases with and without SOC in the band
structure becomes increasingly apparent. However, in general,
similar to the previous study on the band structure of -AuSe,
the main change in the band structure near the Fermi level
when considering SOC is a slight decrease in the band gap.
Considering the large number of calculations in this paper and
the slight influence of the SOC effect on the results, in the

RSC Adv, 2023, 13, 28861-28872 | 28865



RSC Advances Paper
AgS AgSe AgTe
T T T T T T T T 3464 T T T ™
-4081 (a) ) (b) (c)
410 oo porpo 3761 Nepepegey 1 308] T peveyty
B ] o A ° (bo-dp-od) ] -378 1 oo o o> - %o-¢p-0q p-ogp-odp
—~ 412 90,08 .90, P P OD.90 80 — -3501 orof&oqﬁle‘%o(% b
= ] oK K% 1> o3g0d XYY ] > g X R oK.
) 414 ol potpodpod) 1RO oo ianiad c -3524 ?‘ud. 6049,"“’ (;’ o -
O>P) = ¥ %Y e ¥ Q>B 382+ “mooqbuo Saf 5 ¥ E -3544 W éo&oﬁc:\'acqg * -
= 4164 o < <00 o P04 PO b oo p-0- = ooibo.»oq}céj
15 g X X % S 3844 | . Y ] © ® 4 R R
(=] o o ° ° {= —o-4p-od Podpod) = -3564 %o p-og p-od pOeP —
M -418 # R X X 4 m . R® 1 m R x R A
b0 p-0-d >0-<po- 386 o0 p-o podp-odb %o pod potPodp
=1 % | " ' =i 1 4 ¥ % ¥ 1 = -358 1 ¥ o R R T
= 4204 © o< bo © 4 = 4 >0 = 0-0-¢ o8 pod0¢0
& = £ -360
-422
-362 1 s 1
-424 1 ? p 5 AV
WL L Vo 6] ANV
-426 1 ' E
3 T T i J -394- T T 3 4 = -366— T T g 3 T -
0 10002000300040005000 0 10002000300040005000 0 10002000300040005000
Times (2fs) Times (2fs) Times (2fs)
AuS AuTe
4644 T T T T 308] T T T ™)
(d) (e)
-466 4 0 00 08 "8t 400 cegpodpoqpoarp T
o b-o-d p-o o0 dpod pog podP
S 468 codbodbodbod S 027 o fododhodr ]
> % 1 % 1 > |4 o | ¢ R
o o< p-o- -4 p-o-< p O -404- cogpodPodpodp 1
= -470 Bk O &8 = 1'00.00 0.
e © -4 o< p-o-¢ p > oo po€ p-og pogp
5 X X X W B -406 4 w A R A .
5 -4724 colpo{pod e 5 (pod podhodpoo
= o R ™ R o o ° X o -4084 cod e Q{;"C éo‘o 04;' s
E 4744 X N X o X g, m 410 ngAq »og p-o<€poo
E 1 00.00.08, E = T Koot o™ ]
© -4764 - ]
£ = 412
-414 4 g
-4804 o o o, 0% 0" 4161 et R
-482 -418 1

Times (2fs)

0 10002000300040005000

0 10002000300040005000
Times (2fs)
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Fig. 7 Band structures of the monolayer B-AgS, AgSe, AgTe, AuS, and AuTe from left to right. PBE calculations without the SOC effect are the

solid lines, and PBE + SOC effect are the dotted lines.

following sections, we will mainly discuss the results obtained
using the method without the SOC effect.

To make the calculated results more consistent with experi-
mental values, we adopted the HSE06 hybrid functional method
to calculate the band structures and electronic density of states

28866 | RSC Adv, 2023, 13, 28861-28872

(DOS) (Fig. 8). The Fermi level is set to zero. All five f-NX materials
are indirect-band-gap semiconductors. The valence band
maximum (VBM) is at the high symmetry X point, and the
conduction band minimum (CBM) is at the A point, between the
high symmetry Y and I' points. The band gaps of AgS, AgSe, AgTe,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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e2) when using the HSE06 method.
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indicating that the energy of the band containing the VBM located
at the S and Y points gradually decreases, and the energy gap
between the CBM band and the higher-energy conduction band
gradually decreases. Additionally, when the chalcogen element X
is the same, the band gap of AuX is more significant than that of
AgX. To achieve a more comprehensive analysis, we calculated the
partial electronic density of states (Fig. 9). Fig. 9 shows that the
VBMs of B-NX are mainly composed of X-p and N-d electrons, as
well as some N-s electrons, while the CBM is mainly composed of
X-p and N-d electrons. Besides, as the X atom changes from S to
Te, the proportion of N-d electrons at the VBM decreases, and the
proportion of X-p electrons increases.

Furthermore, we calculated the electron localization func-
tions (ELFs) according to the following equation:

ELF= —— (4)

(d1)

1044 2

(eD)

Fig. 10 (al) Schematic diagram of the different slice planes of
monolayer B-NX. The electron localization function (ELF) spectra of -
AgS (b1-b3), AgSe (c1-c3), AgTe (d1-d3), AuS (el-e3), and AuTe (f1-
f3), where the isosurface value is set to 0.39.
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where D and Dy, are the kinetic energy densities of electron pairs
and the uniform electron gas, respectively.***

To ensure the systematic analysis of the ELFs and gain
a deep understanding of the electronic properties of inequiva-
lent atoms, we plotted 3D and 2D ELF figures containing
inequivalent N atoms on two planes (Fig. 10). Here, the range of
ELF values is selected to be from 0 to 1. ELF = 0, 0.5, and 1
indicates that the electron is in the complete nonlocality,
electron-gas, and perfect localization states, respectively. Fig. 10
shows that, firstly, the ELF values near the X atom are close to 1
for all the B-NX monolayers, which means that the electrons are
mainly localized around the X atom, and the ELF values are zero
around both N® and N®), indicating that there should be an
ionic bond between the N atom and the X atom. Secondly, based
on previous studies, the ELF values near the central position
within the bonds are beyond 0.75, demonstrating that the
chemical bonding is covalent. Thirdly, there is significant
electron aggregation near the X atom pointing away from the
N®-X and N®-X bonds, which indicates the presence of lone-
pair electrons (LPEs) on the X atom. That is to say, in B-NX,
both the N*-X and N®-X bonds are composed of partial ionic
bonds and partial covalent bonds, and there are lone-pair
electrons around the X atoms.****° Such LPEs are more
inclined to be between layers, which gives B-NX excellent
conductivity. Additionally, the linear N channel is intermit-
tent along the y-direction and continuous along the x-direction,
whereas the square-planar N channel is the opposite. More-
over, electron-gas characteristics, which correspond to the
green regions in Fig. 10, give monolayer B-NX a flexible quality.*®

Additionally, we calculated the effective masses of holes and
electrons of the VBM and CBM along different directions for the
different B-NX materials. The equation used in the calculation is
shown in eqn (3), where 7 is the reduced Planck constant, and k
and E represent the wave vector and corresponding energy,
respectively.

PE]

The results are shown in Table 3. We found that near the CBM,
the effective masses of electrons for all the B-NX materials are
small, and the effective masses of electrons along the A-Y and A-I'
directions are almost the same. Near the VBM, the effective
masses of holes for all the f-NX materials along the X-S direction

Table 3 Effective masses of holes and electrons of the VBM and CBM
along different directions for the different B-NX materials, using the
HSEO6 method

m*(me) m*(me)
Carrier
Material ~ Carrier type  A-Y  A-T type X-S X-I
AgS Electrons 0.33  0.32  Holes -3.44  —-1.09
AgSe 0.28 0.25 —2.63 —-1.38
AgTe 0.25 0.21 —5.34 —1.48
AuS 0.43 0.38 -9.95 —0.60
AuTe 0.26 0.23 —4.99 —0.67

© 2023 The Author(s). Published by the Royal Society of Chemistry
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are much larger than those along the X-I" direction, showing
a strong anisotropy.>**” Thus, based on our above research on the
electronic properties of B-NX, we believe that B-NX should have
promising prospects in the field of nanoelectronics applications.

3.3 Optical properties

Next, we will discuss the optical properties of B-NX. We first
calculated the imaginary part of the dielectric function using eqn
(6) and obtained the real part of the dielectric function through
the Kramers-Kronig relation (eqn (7)).** n is an infinitesimal
number.** The relation between the complex dielectric function
and the absorption and reflection coefficients (eqn (8)-(10))
enabled us to obtain the absorption and reflection properties of
a monolayer B-NX. In eqn (6) and (7), ¢, and vy, refer to conduction
and valence band states, respectively, and u, is the cell periodic
part of the wavefunctions at the k-point. P denotes the principal
value. In eqn (9), ¢ is the speed of light. We employed the HSE06

the real experimental values.

x-direction
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Fig. 11 shows the optical properties of B-AgX along the x- and
hybrid functional method to ensure the calculation results match  y-directions. We can see that along the x-direction, in terms of

y-direction

12 y T T T T

— AgS
— AgSe
— AgTe

.(bl)l

&

I1(10*cm™)
0]
1

4 4
0 1
0.4+
" !
0.2+
0. O ‘T 1 1 1 N 1 v I
0 3 6 0 3 6 9
Energy(eV) Energy(eV)

Fig. 11 The optical properties of monolayer B-AgX in the x- and y-directions using the HSEO6 method. (al) and (b1) are the real part of the
dielectric function, &;(w). (@2) and (b2) show the imaginary part of the dielectric function, e,(w). (a3) and (b3) reveal the absorption coefficient, /(w).
(@4) and (b4) exhibit the reflection coefficient, R(w). In all panels, the green area is the visible light region.
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absorption properties, the absorption edges of AgS, AgSe, and
AgTe are 1.81 eV, 1.42 eV, and 1.20 eV, respectively. Their first
optical absorption peaks are at 2.75 eV, 2.45 eV, and 2.28 eV.
Before that, there is a shoulder peak at 2.11 eV, 1.77 eV, and
1.40 eV. The highest optical absorption coefficients in the
visible (VIS) light region are 2.82 x 10* ecm™" (3.09 eV), 2.06 x
10* em ™" (2.75 eV), and 1.51 x 10* em ™" (2.68 eV). The prom-
inent optical absorption peaks are all in the ultraviolet (UV)
light region. The maximum absorption peaks in the UV light
region are 6.65 €V (9.23 x 10* cm™ "), 6.19 eV (1.05 x 10° cm ™ %),
and 5.70 eV (1.02 x 10° cm %) (Fig. 11(a3)). In terms of the
optical reflection properties, the static reflection rates are
2.83%, 3%, and 3.12%, respectively. The first reflection peaks
are located at 2.00 eV (5.53%), 2.34 eV (7.84%), and 1.30 eV
(4.25%). In the VIS light region, the maximum reflection peaks
are located at 2.67 eV (8.85%), 1.6628 eV (4.87%), and 2.18 eV
(7.12%). The reflection coefficients in the UV light region are
significantly increased. The maximum reflection peaks in the
UV light range are 6.65 eV (14%), 6.22 eV (19.12%), and 5.72 eV
(20.36%) (Fig. 11(a4)).

Paper

Along the y-direction, in terms of the optical absorption
properties, the absorption edges of the three materials are
1.31 eV, 1.03 eV, and 0.72 eV, respectively. Their first absorption
peaks are located at 2.36 €V (6.22 x 10* cm™ 1), 1.94 €V (6.13 x
10* em ™), and 1.58 eV (5.68 x 10” cm ‘). The maximum
absorption coefficients in the VIS light region are all lower than
the peak value of the first absorption peak. The maximum
absorption peaks are all in the UV light region, located at
9.01 eV (7.50 x 10* cm™'), 8.20 eV (8.09 x 10* ecm™ '), and
7.09 eV (9.11 x 10" em™ '), respectively (Fig. 11(b3)). In terms of
the reflection properties, the static reflection rates are 7.78%,
10.33%, and 14.15%, respectively. The first reflection peaks are
the same as the maximum reflection peaks, located at 2.36 eV
(32.23%), 1.91 eV (38.09%), and 1.55 eV (42.98%), respectively.
The reflection coefficients in the UV light region are signifi-
cantly reduced (Fig. 11(b4)).

Fig. 12 reveals the optical properties of B-AuX along the x-
and y-directions. Panel (a3) in Fig. 12 exhibits the optical
absorption properties in the x-direction. We can find that the
absorption edges of AuS, AuSe, and AuTe are 2.14 eV, 1.92 eV,

x-direction y-direction
12 —— —— — T
5] (b1) [~ AuS | ]
! - AuSe| ]
@ ]
CS'
g
Q
=
~
0.0 = T - T T T T
0 3 6 0 3 6 9
Energy(eV) Energy(eV)

Fig. 12 The optical properties of monolayer B-AuX in the x- and y-directions using the HSEO6 method. (al) and (bl) are the real part of the
dielectric function, &;(w). (@2) and (b2) show the imaginary part of the dielectric function, e,(w). (a3) and (b3) reveal the absorption coefficient, /(w).
(@4) and (b4) exhibit the reflection coefficient, R(w). In all panels, the green area is the visible light region.
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and 1.66 eV, respectively. The first absorption peaks of AuS,
AuSe, and AuTe are located at 3.33 eV, 2.93 eV, and 2.87 €V.
Before that, a shoulder peak exists in the region with smaller
photon energy, and this shoulder peak becomes more and more
evident as X changes from S to Te, accompanied by a red-shift.
The absorption coefficients in the VIS light region are all less
than 3 x 10* em™?, and the prominent absorption peaks are all
located in the UV light region. In the UV light region, the
maximum absorption peaks are located at 7.75 eV (1.13 X
10° em ™), 6.42 eV (1.11 x 10° ecm '), and 5.81 eV (1.25 x
10° cm ™), respectively. Panel (a4) in Fig. 12 shows the reflection
properties of B-AuX along the x-direction. The static reflectiv-
ities are 3.6%, 2.9%, and 4.3%, respectively. The first reflection
peaks are located at 2.54 eV (8.99%), 2.28 eV (7.45%), and
1.87 eV (7.24%). The maximum reflection peak values in the VIS
light region are all less than 9.64%. The reflection coefficients in
the UV light region are significantly increased. In the UV light
region, the maximum reflection peaks are located at 7.84 eV
(19.38%), 6.50 eV (24.24%), and 5.89 eV (28.02%), respectively.

Panels (b3) and (b4) in Fig. 12 show the optical absorption
and reflection properties of f-AuX in the y-direction. In terms of
the absorption properties, the absorption edges of the three
materials are 1.80 eV, 1.46 eV, and 1.13 eV, respectively. The first
optical absorption peaks are located at 2.90 eV (4.28 X
10* em ™), 2.69 eV (5.18 x 10* em '), and 2.23 eV (5.77 x
10" em ™). The absorption coefficients in the visible light region
are all less than 5.77 x 10* ecm™', and the maximum optical
absorption peaks are all located in the UV light region. They are
8.31 eV (8.52 x 10" em™"), 5.89 eV (6.21 x 10* cm '), and
6.78 eV (10.51 x 10° cm™ '), respectively. As for the reflection
properties, the static reflectivities are 5.38%, 5.58%, and 9.06%,
respectively. The first reflection peaks are the same as the
maximum reflection peaks, located at 2.56 eV (19.91%), 2.36 eV
(22.85%), and 2.20 eV (31.34%). The optical reflection coeffi-
cients in the UV light region are distinctly reduced.

Generally, the primary absorption and reflection regions of
B-NX along the x-direction are all in the UV light region, much
higher in wavelength than the VIS and infrared (IR) light
regions. The materials have good light transmittance along this
direction in the VIS/IR light region. Meanwhile along the y-
direction, their absorption capacity in the VIS light region
increases significantly. The difference in absorption capacity in
the UV light region is significantly reduced compared with that
along the x-direction, and the central light reflection region is in
the VIS light region. Along the y-direction, the materials have
good transparency in the IR light region, and their light trans-
mittance in the VIS light region is weaker than in the x-direc-
tion. The optical properties of the f-NX materials show strong
anisotropy along different directions. In the future, they could
have good application value in the nano-optoelectronic fields,
with uses in solar cells, polarizers, LEDs, catalysis, and sensors,
for example.

4 Conclusions

By employing first-principles calculations, we have predicted
five new NTMC semiconductor materials, B-NX (N = Au, Ag; X =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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S, Se, Te), with excellent stability, and electronic, transport, and
optical properties. Our research illustrates that B-NX materials
have good mechanical, dynamical, and thermal stability. Their
chemical bonds are composed of partial ionic and covalent
bonds, and they have a flexible quality. Additionally, the B-NX
materials have a reasonable band gap, tiny electron effective
mass, LPEs, strongly anisotropic hole mobility, and anisotropic
carrier diffusion and transport. These characteristics make
them promising for applications in FETs, logic circuits, and
integrated circuits. Furthermore, the -NX materials have high
absorption coefficients, and their optical properties show
strong anisotropy in different directions, making them prom-
ising for high-performance solar cells, polarizers, LEDs, catal-
ysis, and sensors. Hence, the NTMC semiconductor B-NX is
a highly anticipated type of 2D material in the fields of nano-
electronics and nano-optoelectronics.
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