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Novel two-dimensional materials with fascinating electronic structures hold promise for applications in electronics,
optoelectronics, and sensor devices. In this work, the mechanical, anisotropic, and electronic properties of PbSnS, mono-
layer, which adopts a black-phosphorus-like structure, were systematically investigated using density functional theory
calculations. The PbSnS, monolayer is identified as an indirect band gap semiconductor. The band gap is predicated to be
1.22 eV and 1.69 eV by PBE functional and HSEO6 methods, respectively. Notably, it exhibits a high anisotropic carrier
mobility as ye = 4.46 x 10> cm?-V~!.s~! with electrons preferentially transporting along the zigzag direction. The band
gap can be effectively narrowed under the strains in the armchair direction whereas enlarged in the zigzag direction. In ad-
dition, PbSnS, monolayer exhibits strong optical absorption in visible-light and ultra-visible regions. Our findings suggest
that the ultra-high anisotropy in both carrier mobility and optical absorption makes PbSnS; monolayer a promising candi-
date for applications in unipolar field-effect transistors and photosensitive devices. This study provides valuable insights
for future exploration of low-dimensional materials with tailored functionalities.
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1. Introduction

Two-dimensional (2D) materials are emerging as very
promising candidates for fabricating high performance semi-
conductor devices, owing to their high carrier mobility, excel-
lent optoelectronic performance and tunable electronic struc-
ture. As is well known, the carrier mobility of graphene-based
field-effect transistors can be up to 1.5 x 10* cm2.v—1lg~ 1 [12]
while transition metal sulfides (TMDs) with an excellent pho-
tocatalytic activity in visible region have been successfully
incorporated into photodetectors.>*! The family of layered
transition metal phosphorous trichalcogenides with tunable
band gaps has been proposed as a novel candidate for field-
effect transistors and ultraviolet region photodetectors.>-®! In
particular, black phosphorus (BP) has garnered a substan-
tial attention due to its unique puckered structure and intrin-
sic anisotropic behavior.I”! BP monolayer displays a direct
band gap of 1.70 eV and an intrinsic carrier mobility up to
1 x 10° cm?-V—1.s~! along its zigzag direction,!® highlight-
ing its potential for next-generation electronic technologies. !
However, the high chemical reactivity of BP, particularly
its susceptibility to oxidation and hydrolysis in ambient
conditions, poses significant challenges for its integration

10,11

into high-performance electronic devices.['%!!l As a conse-
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quence, extensive efforts have focused on exploring more
puckered-structure (named as BP-structured) materials, in-
cluding single-element, binary and ternary elements. These
BP-structured materials include polymeric nitrogen,/'%!3]
black arsenic,!'*! and binary IV-VI compounds (e.g., SnS
and SnSe),!!>1%1 which has expanded the library of 2D BP-
structured candidates for high-performance electronic devices.
Notably, ternary IV-VI compounds offer additional degrees of
freedom in tailoring physical properties through compositional
engineering., including solar cells, 7! radiation detectors, 18]
optical switching devices,!'”) and spin transport devices,?’!
etc. Recently, BP-structured PbSnS, monolayer can be ex-
pected to exhibit pronounced anisotropic properties due to its
ternary-element composition, making them a compelling tar-
get for fundamental and applied research. [>1-23!

In usual, PbSnS; crystal exhibits two distinct phases: an
NaCl-type rock salt structure and an orthorhombic mineral
phase known as teallite.[**?] The cubic PbSnS, was predi-
cated to be a narrow band gap semiconductor (about 0.2 eV),
which is thermodynamically unstable in the bulk state but can
be stabilized in the form of nanoparticles.>*! Teallite is a nat-
urally layered semiconductor with a direct band gap about
1.6 eV, it can act as an n-type high-performance thermoelec-
tric material by effective Cl or Ni doping.!?®?"] In the teallite
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crystal structure, Pb and Sn atoms form a layered sheet co-
valently bonded with S atoms, with adjacent layers held to-
gether by van de Waals (vdW) forces. Ultrathin PbSnS, flakes
have been synthesized successfully by chemical vapor depo-
sition from teallite crystal, demonstrating giant anisotropy in
charge carrier mobility and optoelectronic responsivity.?? In
addition, PbSnS, flakes can be obtained by mechanical ex-
foliation method, exhibiting a strong angular and tempera-
ture dependence in Raman scattering intensity.>!] Interest-
ingly, a density functional theory (DFT) study show that the
band gap shows an indirect-to-direct transition by compres-
sive stress in armchair direction, while by tensile stress in
zigzag direction.!>3! These findings suggest that 2D PbSnS,
monolayer can possess an ultra-high anisotropic character

t,126] and electronic

in optical absorption,?? thermal transpor
properties, >3] respectively.

Up to now, despite the observation of pronounced in-
plane anisotropy in PbSnS; monolayers, their anisotropic me-
chanical properties and electronic structures remain incom-
pletely explored. In this work, the mechanical, electronic, and
optical properties of PbSnS, were systematically studied by
means of first-principles calculations based on DFT. Our re-
sults predict that 2D PbSnS; is an indirect band gap semicon-
ductor with a robust dynamics and mechanical stability. Ow-
ing to its ultra-high in-plane anisotropy, strain engineering can
modulate the band gap anisotropically: uniaxial strain enlarges
the band gap along the armchair direction while reducing it
along the zigzag direction. Furthermore, the band structure
exhibits multi-peak dispersion near the band edges and shows
an electron mobility as high as 4.46 x 103 cm?>-V~!'.s~! along
the zigzag direction with significantly lower values observed
in other crystallographic directions.

2. Methods

First-principles calculations were performed by the Vi-
enna Ab initio Simulation Package (VASP) within the
projector-augmented-wave (PAW) method.3%3!1 Exchange
and correlation interactions were treated by the general-
ized gradient approximation (GGA) using Perdew—Burke—
Ernzerhof (PBE) functional,’?! additionally, the Heyd—
Scuseria—Ernzerhof (HSE06) hybrid functional*3-3* was em-
ployed to obtain a more accurate band gap value. Wave func-
tions were expanded in a plane-wave basis set with a ki-
netic energy cut-off of 500 eV. Convergence criterion were
set to 1 x 1078 eV for total energy and 1 x 10~ eV/A for
atomic forces, respectively. The 2D Brillouin zone was sam-
pled using a 16 x 16 x 1 k-mesh within the Monkhorst—Pack
scheme for electronic structure calculations with the tetrahe-
dron method by Blochl corrections.3>331 A 15-A vacuum was
adopted to avoid the interactions between two adjacent peri-
odic layers. DFT-D3 method was used for vdW force cor-

5.3%1 Ab initio molecular dynamics

rection in all calculation
(AIMD) simulations were performed by Nosé—Hoover ther-
mostat method.3”-38] Phonon spectra were calculated via the
finite displacement method using PHONOPY code.*”! To
avoid the artifacts from vacuum layer thickness, optical ab-
sorption spectra of 2D sheets were calculated from the optical
conductivity within the independent-quasiparticle approxima-
tion of the complex dielectric function.***! Data visualiza-
tion was performed by VESTA program![#?! and the VASPKIT

package!*3] were employed for data processing.

3. Results and discussion
3.1. Crystal structure and stability of PbSnS, monolayer

As illustrated in Fig. 1(a), the fully relaxed structure of
PbSnS, monolayer belongs to Pnma space group symme-
try and contains four atoms (Pb, Sn, Sy, and S,) in its unit
cell.[?841 From a top view, PbSnS, monolayer forms a contin-
uous network of rectangular-like lattices, showing a difference
with the hexagonal honeycomb structure of BP monolayer.
Similar to the significant in-plane anisotropy of BP, PbSnS,
monolayer displays two distinct in-plane directions:!** one
along the a vector (zigzag direction), where the atomic chains
exhibit periodic undulations forming a wavy and corrugated
structure, and the other one along the b vector (armchair di-
rection), where atomic chains are arranged in parallel. From
the side view, PbSnS; monolayer consists of two sublayers,
with Sn atoms in the upper sublayer and Pb atoms in the lower
sublayer. Each S atom covalently bonds to one Pb and one Sn
atom, contributing to the corrugated structure along the arm-
chair direction. These optimized lattice parameters, including
lattice constants, bond lengths and bond angles, were listed in
Table 1. Notably, the lattice constant a = 4.10 A is shorter than
b =4.40 A, showing an excellent consistency with the exper-
imental values,?32%1 such as a = 4.06 A and b = 4.28 A[?]
respectively. The calculated monolayer thickness ¢ = 2.73 A
is approximately twice 1.20 A of BP.**] This non-planar ge-
ometry shows more rigid bond angles and shorter bond lengths
in armchair direction than the corresponding parameters in
zigzag direction, respectively. For example, the bond Sn—S;
has a length of 2.69 A which is shorter than 2.73 A of Sn—
Sy, while the angle ZS{-Pb-S; is 80.86° and smaller than
90.78° of ZS1-Sn-S,. Since the angle values of ZS{-Pb-S;
and ZS;-Sn-S; are near 90°, Sn and Pb atoms appear nearly
aligned above S atoms from the top view, leading to the
rectangular-like lattice morphology. This crystal geometry un-
derpins the unique mechanical and electronic anisotropy of
PbSnS; monolayer.

Cleavage energy E is a measurement of the energy
required to split a bulk material into two separate layers,
herein, E; can be used to evaluate the feasibility of obtain-
ing a PbSnS, monolayer by mechanical exfoliation methods.
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The cleavage energy was calculated using the formula E; =
(2Exp — Epui ) /A, where A is the area of unit cell, Epp is the
energy of a single monolayer and Eyx represents the energy
of a bulk crystal constructed from two monolayers. The calcu-
lated cleavage energy of PbSnS, is Eq = 0.49 J/m?, which
is in good agreement with previous result of 0.51 J/m?.[%]
This cleavage energy is higher than ~ 0.38 J/m? of BP!*®! and
~ 0.36 J/m? of graphene!*”! whereas lower than 0.91 J/m? of
2D GeP;*8) and 1.09 J/m? of 2D Ga,N, [#°] respectively, indi-
cating that PbSnS; monolayer can be fabricated via mechan-
ical exfoliation from its bulk crystal.”?!! AIMD simulations
were performed at 300 K, the time-dependent energy fluctua-
tions and AIMD-relaxed structure were presented in Fig. 1(b).
Obviously, the energy fluctuates smoothly over 10 ps, in addi-
tion, both the top and side snapshots of the relaxed monolayer
confirm structural integrity with no bond breakage, demon-
strating high thermal stability. As presented in Fig. 1(c), the
phonon spectra composed of 3 acoustic branches and 12 opti-
cal branches, exhibiting positive phonon frequencies through-
out most of the Brillouin zone except for minor negative fre-
quencies near the I point, which can be attributed to numeri-
cal inaccuracies in inter-atomic force calculations with a small

1.1591 Therefore, the PbSnS, monolayer is considered

supercel
dynamically stable. Herein, PbSnS, monolayer can be con-
sidered as a dynamically stable structure. The elastic mod-
uli of 2D PbSnS; were studied from energy-strain method by

Cij = 0?Ee1y/(A205,08,), where Eq, is the total energy and

ries of strains were applied from —5% to 5% with a step 1%.
There are five independent elastic constants were obtained:
C11 =59.06 N/m, C22 =51.48 N/m, C12 = C21 =35.38 N/m
and Cg6 = 33.90 N/m. These elastic constants well satisfy the
Born criteria of C;1Cy — C%z > 0 and Cgg > 0, confirming an
excellent mechanical stability of PbSnS, monolayer.>?!

In addition, the orientation-dependent Young’s modulus
Y(0), shear modulus G(6) and Poisson’s ratio v(0) were cal-
culated to characterize the mechanical anisotropy of PbSnS,
monolayer,!33°4 as plotted in Figs. 2(a), 2(b), and 2(c), re-
spectively. Notably, Young’s modulus along the a+bora—b
direction is significantly higher than along the zigzag or arm-
chair direction. For instance, Y (0) increases steadily from a
minimum of 30.28 N/m in the armchair direction to a maxi-
mum of 77.68 N/m near 8 = 45°. Additionally, the maximum
Young’s modulus in the armchair direction is lower than that
in the zigzag direction. As a consequence, PbSnS; monolayer
shows a pronounced mechanical anisotropy: it undergoes sig-
nificant deformation under tensile stress along the a or b axis,
whereas shear stress applied along the a+ b or a — b directions
more readily induces deformation. The value of 77.68 N/m
is far lower than ¥ = 341.60 N/m of graphene, thus, PbSnS;
monolayer is more susceptible to in-plane strain engineering.
Interestingly, Poisson’s ratios are 0.5 in the zigzag direction
and 0.7 in the armchair direction, respectively, denoting ab-
normal lateral expansion under tension and contraction under

8, is the external stress applied via § = Aa/a.*3>'1 A se-  compression.
Front —9275.0 10
- € (b) (c) X
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Fig. 1. For 2D PbSnS,, (a) crystal structure in top, front, and side views, its unit cell is indicated by the lattice vectors with broken lines; (b) energy
fluctuations during AIMD simulations at 300 K, the snapshots indicate front and side views of relaxed monolayer; (c) phonon dispersion, Brillouin zone is

inserted with high-symmetry points.

Table 1. Present (Pres.) calculated lattice constant with the monolayer thickness ¢* (in unit A), bond length (in unit A), and bond angle (°) of
2D PbSnS,, comparing to some experiment (Expt.) and theory (Theo.) results.

Object Lattice constant Bond length Bond angle
Parameter a b c* Sn-S; Sn-S; Pb-S; Pb-S, /S1-Sn-S, /S1-Pb-S,
Pres. 4.10 4.40 2.73 2.69 273 3.08 2.59 80.86 90.78

Exot 3.991281 420
XptL.
P 40621 428
4321231 4.15 2.89 2.61 2.74 3.18 2.67 79.90 89.65
Theo.
4.0612% 422
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(b)

135° 135°

180°
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270°
Young’s modulus Y(6)
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Shear modulus G(6)

270°
Poisson’s modulus v(0)

Fig. 2. Orientation-dependent (a) Young’s modulus, (b) shear modulus and (c) Possion’s ratio as a function of the in-plane angle 6 for 2D

PbSnS;, 0° is along the zigzag direction.

3.2. Electronic structure of PbSnS, monolayer

In usual, the anisotropy is not only a geometrical effect
but also manifests in electronic structures.>>! Here, the band
structures calculated using the PBE functional were plotted in
Fig. 3(a). Clearly, PbSnS, monolayer is an indirect band gap
semiconductor with the valence band (VB) maximum (VBM)
near the Y point and the conduction band (CB) minimum
(CBM) near X point, respectively. The calculated band gap
of 1.22 eV is larger than experimental case of 0.99 eV %! or
calculated value of 1.08 eVD0! for the bulk state, as a result
of the well-known quantum confinement effect. Neither the
CBM nor the VBM is located at I point as the center of Bril-
louin zone, but the CB exhibits positive parabolic dispersion
and the VB displays negative features, consistent with typi-
cal behavior. Notably, the top VB has a pronounced energy
minimum and the bottom CB has a distinct maximum near the
S point as a corner of Brillouin zone. Interestingly, a unique
double-peak features appear at the band edges near the X and
Y points as the side of reduced Brillouin zone: two maxima
peaks appear in top VB near the X point with the VBM located
at X—I" high-symmetry line. Correspondingly, two minima
valleys appear in bottom CB with the CBM located in the X—§
high-symmetry line, demonstrating the significant anisotropy
of electronic structure. To directly examine the anisotropy of
band dispersion, the three-dimensional (3D) versions of bot-
tom CB and top VB with their 2D projections in the Brillouin
zone were shown in Figs. 4(a) and 4(b), respectively. The
high-symmetry lines of I'-X and I'-Y were technologically
expanded to twice its length in order to have a clear view on
3D versions. Similar to the crystal structure, the band struc-
tures also exhibit a C; symmetry on the 3D version. The most
striking character is a very towering peak for bottom CB and
very deep valley for top VB near S point. Notably, the multi-
peak features can be clearly observed for the bottom CB and
top VB near the X and Y high-symmetry points, which will
play an vital role in the carrier mobility and optical property
of PbSnS, monolayer.

Since the GGA method usually underestimates semi-
conductor band gaps, the HSEO06 hybrid functional was em-
ployed to obtain more accurate band structures, also plotted
in Fig. 3(a). As expected, the HSE06 calculated band gap of

1.69 eV is much larger than 1.22 eV obtained by PBE func-
tional. Our PBE band gap 1.22 eV is a little smaller than
previous results about 1.50 eV,[?>23] while our HSE06 value
1.69 eV is larger than these theory values. Although there are
some difference between calculated band gaps, the VBM and
CBM positions remain at the same k points for PBE method
and HSEO6 hybrid functional. Besides that the HSE06 CBs
shift up about 0.47 eV compared with PBE bands, the HSE06
bands show similar dispersion compared with those of PBE
bands, particularly for the top VB. Therefore, the PBE results
were focused on in subsequent discussions for simplicity.

_»ALAE-

'___._5\' J-L A

-2 -1 0
E—FEF (eV)

Fig. 3. (a) Band structures of 2D PbSnS; calculated by PBE and HSE06

levels, respectively, the band gap is indicated by red arrow. (b) Total
DOS and orbital-projected DOS of each atom for 2D PbSnS,.

1

In order to clarify the detailed compositions of band struc-
tures, the total density of states (DOS) and orbital-projected
DOS (PDOS) of each atom were illustrated in Fig. 3, while
the orbital-weighted band structures of each atom were de-
picted in Fig. 5, respectively. Notably, the orbital-weighted
band structures display that the occupied states of VBs are
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mostly contributed by sulfur electrons whereas the unoccu-
pied states of CBs are mainly dominated by metal electrons.
Electronic states near the CBM are mostly contributed by sig-
nificant hybridization between Pb p, and S, s orbitals, evi-
dent in the partial charge density of the CBM, as illustrated
in Fig. 4(c). Meanwhile, electronic states near the VBM are
mainly composed of strong hybridization between Sn s and S
py orbitals, as directly visualized by the partial charge density
of VBM, as illustrated in Fig. 4(d). This high anisotropy of
electronic states observed near the band edges aligns with the
crystal structure anisotropy, for instance, the bond length of
Pb-S, (2.59 A) is significantly shorter than 3.08 A of Pb-S;,

Top CB

(a)

2.00

1.00

—1.00

—2.00

as listed in Table 1. Besides the CBM and VBM, two distinct
energy regions exhibit electron concentration due to strong
orbital hybridization. One energy region is around —0.5 eV
where the electronic states are mostly dominated by Sn and
S| orbitals. The second energy region near —1.0 eV is con-
centrated with Pb and S, electrons. Orbital hybridization be-
tween sulfur and metal orbitals is further confirmed by the
orbital-weighted band structures, as illustrated in Figs. 5(a)—
5(d), respectively. Owing to the strong hybridization between
S orbitals and Pb/Sn orbitals, PbSnS, monolayer exhibits the

excellent mechanical stability and properties.

(b) Bottom VB
—0.50
N
o o
..... Al > —
3 5 1.50
R — g
R - — =
AN e
=
) 7 X e >
—1.00 0 N\
—0.50 0.50 &
o —3.50

. y
* (ry) 059 00 1.00

Pb

o
Sn

(-]
Sy

o
S2

Fig. 4. For 2D PbSnS,, 3D versions of panel (a) top CB and panel (b) bottom VB along with their projections in Brillouin zone (here the sides
of Brillouin zone were technologically translated to twice its length), partial charge density maps of panel (c) CBM and panel (d) VBM with

an isosurface of 0.1 x 1073 ¢/A3.
3.3. Carrier mobility of PbSnS; monolayer

Since the carrier mobility u strongly depends on band
edges, now the electron mobility . and hole mobility u. were
investigated to evaluate the anisotropic transport properties of
PbSnS; monolayer. Based on deformation potential (DP) the-
ory, the carrier mobility of 2D materials can be described by
the following expression:>7-61]

- eh3C2D
n kg Tm*deg ’

12 (D

where the parameters 7, e, /i, and kg indicates the temperature
set to be 300 K, electron charge, reduced Planck constant, and
Boltzmann constant, respectively. myq is the average effective
mass defined as mg = | /mim;, where mj is the effective mass
along a specific direction x. Ejy is the deformation potential
which indicates the shift of the band edge induced by stress
0 = Aa/a, read as

Ed = AEedge/67 (2)

where AEcqq. is the energy difference of CBM/VBM be-
As listed in Table 2, the
in-plane stiffness Cop = 61.47 N/m along the zigzag direc-

fore and after applying stress.

tion is larger than 52.20 N/m along the armchair direction,
this feature is consistent with the mechanical properties dis-
cussed above. Notably, the most remarkable mobility is
Ue = 4.46 x 103 cm?-V~!.s7! in the zigzag direction, in well
agreement with the previous theory value of u, = 2.70 x
103 cm?- V1.5~ [23] This highest electron mobility is about
four times larger than the pe = 1.14 x 103 cm?-V~1.s7! of
black phosphorus!®! and approximately 20 times higher than
the pe = 7.20 x 10 cm?>-V~1.s7! of Mo0S,.[%% This highest
electron mobility p. = 4.46 x 10°> cm?>-V~!.s7! aligns with
the smallest DP constant |Eg| = 0.77 eV along with the small-
est effective masses of 0.64mg. Correspondingly, the lowest
mobility py, = 6.32 cm?-V~!.s7! in the zigzag direction corre-
sponds to the largest effective mass of 1.83m(y combined with

alarge DP constant |Eg| = 9.50 eV. Correspondingly, the small
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carrier mobility in the armchair direction is also attributed to
its large DP constant. This anisotropic carrier mobility is di-
rectly visualized in the partial charge density maps, as illus-
trated in Fig. 4(c) of CBM and Fig. 4(d) of VBM, respectively.
The VBM exhibits no electron overlap, resulting in poor car-
rier transport channels in the armchair direction, whereas the
CBM shows significant overlap, particularly along the zigzag
direction, providing an excellent pathway for electron trans-
port. That is to say, PbSnS, monolayer has a high electron
transport in zigzag direction but a low hole mobility.[>*! Such
mobility anisotropy highlights the potential of PbSnS, mono-
layer as an outstanding material for fabricating unipolar diodes
in high-speed switching devices. Additionally, anisotropic car-
rier mobility facilitates electron—hole separation with minimal
recombination, rendering the monolayer advantageous for op-
toelectronic applications. 6%

Table 2. In-plane stiffness Cop (in units N/m), absolute DP constant
|E4| (in unit eV), absolute effective mass m* and a average effective
mass mq (mo, the distinct mass of a free electron), carrier mobility ut (in
units cm?-V~L.s71) for electron ¢ and hole / of VBM and CBM along
the zigzag and armchair directions for 2D PbSnS,, respectively.

Direction  Carrier  Cop |Eq] m* my u
e 077 064 078 4.46x10°
Zi 61.47
18248 h 950 184 125 632
e 1003 081 119 1150
Armchai 52.20
ey, 655 094 111 2500

Owing to the electronic structures of BP monolayer can
be efficiently tuned by uniaxial strains,[+%! the band struc-
tures of BP-structured PbSnS, monolayer were explored in
further by applying uniaxial stress ranging from —5% to +5%
with a step 1%. Compared to the pristine band structures near

(b) Sn

or :

ﬁ?’%‘%‘y ﬁ :

the Fermi level, selected band structures under different strains
in the zigzag and armchair directions were plotted in Figs. 6(a)
and 6(b), respectively. Under uniaxial tension (compression),
both the CBs and VBs shift towards higher (lower) energy lev-
els across the entire Brillouin zone, except for a narrow range
along the high-symmetry Y-I" line. This trend is consistent
for both zigzag and armchair directions relative to the pristine
state. Interestingly, the most significant deformation occurs at
the X point under uniaxial strains in the zigzag direction, es-
pecially for the CBs. This results in the smallest DP energy of
0.77 eV, which is advantageous for the high electron mobility
(Ue) as discussed above.

The energy varies under the uniaxial strains in the zigzag
and armchair directions for VBM and CBM were presented in
Fig. 6(c), respectively. Notably, in the zigzag direction, the
VBM energy remains nearly constant, while the CBM energy
decreases with increasing uniaxial strains, leading to a widen-
ing of the band gap. The uniaxial strain dependence of the
band gaps was illustrated in Fig. 6(d). In the armchair direc-
tion, both the VBM and CBM energies decrease with strain,
however, the VBM energy decreases more slowly than the
CBM energy, resulting in a narrowing of the band gap. When
the applied compressive strain reaches —5%, the band gap of
PbSnS; becomes 0.7 eV in the zigzag direction and 1.46 eV
in the armchair direction. At a tensile strain of +5%, the band
gap increases to 1.6 eV in the zigzag direction and decreases to
1.18 eV in the armchair direction. As expected, the band gap
can be efficiently and anisotropically tuned by uniaxial strains,
which makes a promise for PbSnS; applications in sensor de-
vices.

(¢) sy
Y R RO

(e)
1
300 _VBl—CBl 100 _VBl—CBZ 100 —VBz—CB1 ‘ 120 ’ VBzf‘CBZ
1 |
250 80 80 (o0l |
~ | ‘ [
b 200 80 : 1
3 60 60 ; (| [
2 150 60 1 \
= 40 }
3, 100 40 10 1
50 20 20 20
0 0 0 | oV
r x s vy rr I X 8§ vy I X 8§ vy o T X S§ Y I

Fig. 5. Orbital-weighted band structures of atom (a) Pb, (b) Sn, (¢) S, and (d) S, respectively. Transition dipole moment in square form as P2
of electronic transitions between (e) VB and CBj, (f) VB; and CB,, (g) VB, and CBy, (h) VB, and CB,, respectively.
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Fig. 6. For 2D PbSnS,, band dispersion near the Fermi level under uniaxial strains in (a) zigzag and (b) armchair directions, respectively.
(c) Energy varies under uniaxial strain in the zigzag and armchair directions of the CBM and VBM, respectively. (d) Band gaps of PbSnS; as
a function of uniaxial strain in the zigzag and armchair directions, respectively.

3.4. Optical property of PbSnS, monolayer

Owing to the unique dispersion of multi-peak band edges
near the high-symmetry points, PbSnS, monolayer is expected
to exhibit excellent optical absorption. The absorbance of 2D
PbSnS; calculated using the PBE method in the zigzag (xx)
direction and armchair direction (yy) was plotted in Fig. 7, re-
spectively. Due to the indirect band gap, the absorbance curve
increases slowly when the photon energy exceeds the band gap
of 1.22 eV. The first absorption peak in the zigzag direction oc-
curs at 1.66 eV with an absorbance of 2.5%, which is half the
value of the first absorption peak of 5.0% at 1.82 eV in the
armchair direction. Subsequently, the second absorption peak
appears around 2.40 eV with an absorbance about 12% in the
zigzag direction and near 11% in the armchair direction. Be-
sides the absorption peaks in the visible range, the absorbance
continues to increase, reaching the strongest and broadest ab-
sorption peaks in the ultraviolet range. These peaks have an
absorbance exceeding 15% in the zigzag direction and near
20% in the armchair direction. As a consequence, PbSnS,
monolayer shows a strong optical absorption in the visible and
ultraviolet range, which is in accordance to the experimental
observation. %%}

Based on the entire symmetry and spatial overlap of elec-
tronic wave functions, the transition dipole moment (TDM)
P between initial and final electronic states was calculated
to investigate the origin of visible-region absorption peaks in

66,67] Typically, the square of TDM mag-

PbSnS, monolayer. !
nitude as P? represents the transition probability between two
states.!*!l The variations of P? along the high-symmetry line

were plotted in Figs. 5(e)-5(h) to illustrate the transition prob-

abilities between the initial VBs of VB; VB, and final CBs of
CB|, CBy, respectively. Here, VB and VB, indicates the top
and second top VB while CB; and CB; indicates the bottom
and second bottom CB, respectively, as labeled in Fig. 3(a).
Clearly, the electronic transitions are predominantly allowed
near X and Y high-symmetry points, whereas the transitions
are nearly forbidden at I'" point and exhibit very low proba-
bility at S point. As can be seen, the absorbance peak near
1.66 eV originates from the electronic transitions between S
py and Sn s states of VB to Pb py and Sn py, states of CB; near
the Y point, the peak at 1.82 eV is from the transitions between
Sn s states of VB to Pb p, states of CB; near X point, the
peaks around 2.40 eV are mostly from the transitions between
S, py states of VB, to Pb p,, states of CB1 near X point. These
TDM results demonstrate that S, Pb and Sn all play crucial
roles in the optical properties of PbSnS; monolayer.

20 Infrared I Vl;ib. Ultraviolet

go\ 15t 2.42 eV,
Y
2 10}
<
0
—
2
Q2  5f
<

0 1.66 eV

0 1 2 3 4 5 6

Energy (eV)

Fig. 7. Optical absorbance of 2D PbSnS; calculated by PBE functional.
The arrows indicate the energies of absorption peaks.
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4. Conclusion

In this study, the mechanical, electronic and optical prop-
erties of 2D PbSnS; monolayers were thoroughly investi-
gated using first-principles calculations based on DFT. The
BP-structured PbSnS; monolayer displays excellent dynami-
cal stability, as confirmed by phonon spectra calculations, and
mechanical stability, as evidenced by the satisfaction of the
Born criteria for the elastic constants. The mechanical proper-
ties exhibit significant anisotropy, with the Young’s modulus
and shear modulus showing directional dependence. PbSnS,
is identified as a semiconductor with an indirect band gap
of 1.22 eV, which can be anisotropically tuned by apply-
ing uniaxial strains. The calculated carrier mobility shows a
pronounced anisotropy, with electron mobility reaching y. =
4.46 x 10° cm?>-V~!.s~! along the zigzag direction. The op-
tical absorption characteristics of PbSnS; monolayer exhibit
two distinct peaks in the visible range for both zigzag and arm-
chair directions besides the strongest absorbance in the ultra-
violet range. The transition dipole moment analysis indicates
that the electronic transitions near the X and Y points are pri-
marily responsible for these absorption peaks. Our findings
reveal that PbSnS, monolayer exhibits remarkable anisotropy
and unique electronic and optical characteristics, making it
a promising candidate for high-speed switching devices, ad-
vanced sensor devices and excellent optoelectronic applica-
tions.
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