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Quantum confinement effect and reduced dielectric screening in two-dimensional (2D) dramatically enhance the
electron-hole interactions. In this work, we use many-body perturbation theory and Bethe—Salpeter equation (BSE) to
investigate the electronic and excitonic optical properties of monolayer SnP,Sg. Our findings reveal that the excitonic
effect dominates the optical absorption spectra in the visible light range, and the lowest-energy exciton X in monolayer
SnP,Sg is optically bright with the binding energy of 0.87 eV and the radiative lifetime of ~ 10~! s, which is highly ad-
vantageous to the photo-luminescence. Most importantly, the absence of optically forbidden states below the bright states
Xo would give rise to a high quantum efficiency of 2D SnP,Sq. We also find that applied biaxial strain can further shorten
the radiative lifetime of the bright states. These results imply that 2D SnP;Sg is a promising candidate for the optoelectronic

devices.
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1. Introduction

Two-dimensional (2D) materials have attracted lots of at-
tention since the successful exfoliation of graphene.!'] Among
all the 2D materials, semiconductors exhibit strong light—
mater coupling due to the quantum confinement and the re-
duced dielectric screening effects. For instance, during low-
energy optical excitation processes, the strongly bounded
electron—hole pairs, e.g., excitons, dominate the absorption
and photo-luminescence spectra, even at room temperature
due to the large exciton binding energy.l>**! Excitons are
also responsible for the valley properties of transition metal
dichalcogenides (TMDs),!*%! and the various novel quantum
states at low temperatures.w’8J Meanwhile, the stable TMDs
under ambient conditions provide an opportunity to optically
manipulate spin-valley properties.

Recently, a new metal chalcogenophosphates layered ma-
terial MP,Xs (M = metal, X = S, Se) attract our attention
with intermediate band gaps between TMDs and boron nitride
(1.6 eV-4.0 eV).’“!1l Among them, SnP,S¢ as a promising
nonlinear optical (NLO) material!'?! has gained more atten-
tion. Zhang et al."3! reported the strong second-harmonic
(SH) response of SnP,S¢, which is 1-2 orders of magnitude
higher than that of other discovered 2D materials. They also
found obvious self-trapped excitons emission in 2D SnP,S¢
crystals caused by structural distortion and strong electron—
phonon interaction.!'*! He et al.l'! revealed as well the large
SH susceptibility of SnP,S¢ bulk single crystal. The pres-
sure dependence of the structural and electronic properties,
including piezoelectric, ferroelectric, thermoelectric, and su-
perconductivity of SnP,S¢ layered semiconductor has been
investigated.!'6-18] Recent studies have shown that SnP,Sg
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posses high carrier mobility, higher dielectric constant than
that of hexagonal boron nitride and is a potential photocata-

.119-22] The intermediate band gap,

lyst for solar water splittin
good photoresponse properties, and strong NLO effect make
2D SnP;S¢ a good candidate for future optoelectronic devices.

For light-mater interaction from the theoretical perspec-
tive, especially for the absorption and emission process, accu-
rate understanding of the electronic structures including quasi-
particle (QP) self-energy corrections is required. Here, based

on many-body perturbation theory!?’]

we firstly discuss the
QP energies of monolayer SnP;,Sg, and then the optical spec-
tra including excitonic effect are calculated from the Bethe—

24251 Following that, we demon-

Salpeter equation (BSE).!
strate the exciton radiative lifetime and brightness of the exci-
tons to the quantum yield. Finally, applying mechanical strain
to SnP,S¢, we present the changes of the excitonic states under

various strains.

2. Computational and theoretical methods

The ground state calculations are performed us-
ing Quantum-ESPRESSO package.?>?’! The exchange—
correlation potentials are treated by the generalized gradi-
ent approximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE) functional.!”®! The wavefunctions are expanded on
a plane-wave basis set with a kinetic energy cutoff of
80 Ry (1 Ry = 13.6056923(12) eV), and a Monkhorst—
Pack mesh of 18x18x1 k-points is adopted. =~ The op-
timized norm-conserving Vanderbilt pseudopotentials from
PseudoDojo!??3%1 are taken into account for the valence elec-
trons. The vacuum thickness is set to 20 A to mimic the iso-
lated system.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Based on the ground states results, the quasi-particle ener-
gies EQP are computed within the one-shot GW approximation
(GoWo) by

E® =ESS 1 (W|Z(E®) — Vi |P), (1)

where Vi, is the exchange—correlation potential of density
functional theory and self-energy X = iGW is the prod-
uct of the noninteracting one-electron Green’s function G
and the screened Coulomb potential W. The plasmon-pole
approximation®!l is used to treat the screening W. A 60-Ry
energy cutoff is taken for exchange part and 14-Ry cutoff for
correlation part, and 370 empty bands plus an extrapolar cor-
rection scheme*?! is used to ensure the converge.

The electron—hole interaction is obtained by solving the

Bethe—Salpeter equation 2423

(Eck — Ev)AS+ Y (vek| K4+ 2K [V 'K Y AS o
k/v/c/

= 084S )

veks

where E and E,; are the quasi-particle energies of the con-
duction and valence states, and Q5 and Aﬁck represent the
eigenvalues and wavefunctions of excited states, respectively.
K4 and K* is the direct and repulsive exchange term of the
electron—hole interaction, respectively.!>* If omit exchange
term K*, then we can obtain the spin-triplet excitations.>!
The optical absorption spectra are computed including 5 va-
lence and 5 conduction bands around the band edges. A k-
point grid of 42x42x1 is used for the GW calculation and a
48x48x1 k-point grid for BSE calculation. All the excited
properties calculations are done with Yambo code. [33-34]

The radiative lifetime of exciton is depicted by the Fermi

golden rule.*3361 At 0 K, the radiative lifetime is

where ¢ is the speed of light, A is the area of the unit cell,
Es(0) is the excitation energy, and Ug is the transition dipole
moment of the exciton. For non-zero temperature, the lifetime

is given by

3 <2Msc2kBT> 7 @

(ts)(T) = YS(O)_I X 1 Es(0)?

where kg is the Boltzmann constant and My is the effective
mass of the exciton deduced from the quasi-particle energies.

3. Results and discussion

Figure 1(a) is the geometry of the relaxed monolayer
SnP,Se. The lattice parameter we calculated is a = b =
5.967 A, which is slightly smaller than the experimental value
of the bulk SnP»Sg (5.999 A).I'>] The band structures are
shown in Fig. 1(b). As can be seen, the monolayer SnP,Sg is
a direct band gap semiconductors, with both the valence band
maximum (VBM) and conduction band minimum (CBM) lo-
cating at the K point of the hexagonal Brillouin zone. The
calculated PBE band gap is 1.31 eV, while the quasi-particle
band gap with GoWy approximation is 2.84 eV, meaning the
GW self-energy corrections play a dominant role in the elec-
tronic structures. We also notice that there exits band stretch-
ing for GW results comparison to the PBE one, resulting in a
more significant band dispersion and thus the smaller electron
and hole effective mass. Figure 1(c) illustrates the charge den-
sities of VBM-1 to CBM+1. VBM-1 is composed of p orbital
of S atoms, and also the ¢ bond between the two P atoms.
VBM is dominated by the p orbital of S atoms. CBM mixes
the p orbital of S atoms and s orbital of Sn atom. CBM+1 is
more complicated, arising from the o* antibonding orbital of
P atoms and the s—p hybrid orbitals of the S atoms.
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Fig. 1. (a) Top and side views of monolayer SnP,S¢. The primitive cell is shown by the dashed lines. (b) Quasiparticle (red solid line) and PBE
(blue short-dashed line) band structures. The vertical arrow lines illustrate the interband transitions of exciton Xy and X;. The Fermi energy is
set zero. (c) Charge density of valence (VBM, VBM-1) and conduction (CBM, CBM+1) bands.
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Figure 2 shows the absorption spectra of SnP,S¢ with the
incident light in the direction of (1,1,0), e.g., the electric field
vector of light within the plane of 2D SnP»S¢. The shaded
area is the absorption with the random phase approximation
(RPA) neglecting the electron—hole interaction, where the con-
tinuous absorption threshold is at the 2.84 eV, which is also
the quasi-particle gap of SnP>Sg. When the electron—hole in-
teraction has been taken into accounted through solving the
BSE equation on top of GoWy quasi-particle energies, the ab-
sorption spectra experiences a significant red shift compared
to the GW+RPA results, accompanying with the remarkable
enhancement of the absorption intensity, as illustrated by the
orange line in Fig. 2. All the absorption components below the
continuous absorption threshold originate from the electron—
hole interaction, e.g., the excitonic effect. The lowest-energy
exciton Xp, located at 1.97 eV in Fig. 2, is a bright one con-
tributed by the transition between the VBM and CBM at the
K point. The binding energy of Xj is 0.87 eV, meaning the X,
is very stable at room temperature. The stable, lowest-energy
bright exciton is highly advantageous to the photo lumines-
cence, since the photoexcited electrons can decay radiatively
without passing the optically dark states below the optical gap.
The X; at 2.08 eV, coming from the transition between the
VBM-1 and CBM, has much larger oscillator strength than
Xo, and there is no other photoexcited energy levels observed
between Xy and X;. The absence of optically forbidden states,
i.e., dark states, below the bright states Xy and X; would give
rise to a high quantum efficiency of 2D SnP,Sg. Actually,
group theory predicts that the brightness of the states Xy and
X originating from the allowed dipolar transitions with the
light vector along the plane of the layer (xy plane). The bands
of 2D SnP,S¢ at the K point belongs to C;. For VB at K,
the irreducible representations of S p, and p, is E according
to the character table. For CB at K, p, and p, orbitals of S
are E, and p; is A, and s orbital of Sn is A. For VB — CB,
E®RE =2A+FE, E®A = E, and thus for in-plane light vector
E, the product of the irreducible representations of the polar-
ization direction and the initial and final states contain the to-
tally symmetric irreducible representation A, which is dipole-
allowed in principle. Similar considerations hold also for the
VB-1— CB transition. The calculated radiative lifetime of Xj
is 1.63x107 11 s at 0 K (1.01x1077 s at 300 K), while it is
short as 2.11x1071? s (1.48x 1078 s at 300 K) for X due to
the larger oscillator strength.

To further analyse the exciton characteristic of the low
energy bright excitons, we explore the exciton spatial distribu-
tion written as [¥5(re,m)) = L AS  Wer (re) Wiy (rn), where
r. and ry, are the coordinates in real-space for exciton S, respec-
tively. The y,, and y,; is the quasi-electron and quasi-hole

wave function, and Aka is the exciton composition in terms of
electron—hole pairs. Figure 3 illustrates the real-space exciton
wave functions of Xy and X;. The strong overlap of the elec-
tron and hole wave functions of X; leads to a more localized
real-space exciton than in Xy, as shown in Fig. 5. According to
the orbital characteristics involved in transition, we fixed the

hole around S atom here.
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Fig. 2. Absorption spectra with the incident light in direction of (I,
1, 0) with (GW+BSE) and without (GW+RPA) excitonic effects. The
oscillator strength is denoted by the vertical lines.

Fig. 3. Exciton wave functions of (a) Xy and (b) X;. The upper (lower)
panels are the top (side) views. The hole position is fixed around S atom
denoted by the cross. The isosurface values are the same for both Xy and Xj .
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Fig. 4. Quasi-particle band structures with biaxial strain of (a) —4% and
(b) 4%.

Strain effects have a substantial influence on the elec-
tronic band structure, transport and optical properties, espe-
cially for atomic-thick 2D structures.37-38! Figure 4 shows the
quasi-particle band structures of monolayer SnP,S¢ with ap-
plied biaxial compressive and tensile strain. The quasi-particle
band gap with compressive strain of —4% is 2.71 eV, exhibit-
ing a band gap reduction of 0.13 eV compared to the strain-
free SnP,S¢. Meanwhile the band splitting between VB and
VB-1 at the K point is larger than in that of strain-free SnP,Se.
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On the contrary, the 4% tensile strain bring about a transition
from indirect band gap to direct band gap semiconductor for
SnP,S¢. As shown in Fig. 4(b), the direct (at the K point)
and indirect band gap (between K and I") are 2.94 eV and
3.04 eV, respectively. Another striking feature of the quasi-
particle band structure is that the VB and VB-1 at the K point
almost degenerate under the tensile strain, accompanying with
less dispersive CB+1, VB and VB-1 energy bands.
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Fig. 5. Absorption spectra under (a) —4% compressive strain and
(b) 4% tensile strain, with the incident light in direction of (1, 1, 0).

In Fig. 5 we present the absorption spectra under strains.
In comparison to the spectrum of strain-free case, the ex-
citation energy difference, for —4% compressive strain in
Fig. 5(a), between Xy (at 1.96 eV) and X; (at 2.21 eV) is
large due to the enhanced energy splitting between VB and
VB-1. The calculated radiative lifetime of Xp is 5.69x 10712 g
at 0K (2.46x 1078 s at 300 K), while itis 6.03x 10713 sat 0 K
(1.82x107? s at 300 K) for X;, one order of magnitude shorter
than that in pristine SnP,S¢. For 4% tensile strain, as shown
in Fig. 5(b), the oscillator strength of X (at 1.97 eV) is greater
than X (at 2.34 eV), owing to the order of VB and VB-1 is in-
verted here compared to the strain-free structure. The increase
in band gap will lead to an enhancement in exciton binding en-
ergy, resulting in a red-shift in the absorption spectrum. In this
way, the increased band gap and the red-shift spectra will can-
cel each other out, making Xy appear unchanged here. The
X is contributed from the transitions between VB and CB
along the path of the K to M point. At 0 K, the radiative life-
time of Xp is 2.36x 10712 s (1.78x 1078 s at 300 K), which is

more than two times shorter than that of in —4% compressive
case, and likewise one order of magnitude shorter than that in
pristine SnP,S¢. For X; in Fig. 5(b), the radiative lifetime is
3.72x10712 s at 0 K (2.0x 1073 s at 300 K), slightly longer
than Xj.

4. Conclusion

In summary, we have theoretically investigated electronic
and excitonic optical properties of monolayer SnP,Sq. We
reveal that the excitonic effect dominates the optical absorp-
tion spectra, and the lowest-energy exciton Xy in monolayer
SnP,Sg is optically bright with the binding energy of 0.87 eV,
meaning it is very stable at room temperature. The stable,
lowest-energy bright exciton is highly advantageous to the
photo-luminescence. The higher excitation exciton at 2.08 eV
has much larger oscillator strength than Xy. Most importantly,
the absence of optically forbidden states below the bright
states Xy and X; would give rise to a high quantum efficiency
of 2D SnP,S¢. We also find that applied biaxial strain can fur-
ther shorten the radiative lifetime of the bright states Xy and
Xj. These results imply that 2D SnP,S¢ is a promising candi-

date for the optoelectronic devices.
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