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Layer stacking of van der Waals bilayers provides an effective means of engineering their physical properties. Here,
based on first-principles calculations, we systematically investigate the stacking configurations, electronic structure, and
linear and nonlinear optical properties of bilayer SnP,Seg. Our results show that the AB and AC stackings are energetically
degenerate polar states connected by interlayer sliding, with a low switching barrier and opposite out-of-plane polariza-
tions. Interlayer sliding markedly modifies the electronic structure and optical response, and reverses the orbital character
of the lowest conduction-band states, thereby enabling electric-field control of the spatial distribution of photogenerated
electrons and the second-harmonic generation (SHG) response. These findings reveal an intrinsic coupling among stacking
patterns, ferroelectric polarization, and nonlinear optical activity, and identify bilayer SnP,Seg as a promising platform for

reconfigurable ferroelectric and optoelectronic devices.
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1. Introduction

Van der Waals (vdW) layered materials are composed
of atomically thin sheets, in which atoms within each layer
are bound by strong covalent or ionic interactions, whereas
adjacent layers are held together by relatively weak vdW
forces.l!=3] The weak interlayer coupling gives rise to low
sliding barriers between neighboring layers. For example,
the interlayer sliding barriers in bilayer graphene, MoS,, and
CrSBr are approximately 8 meV/atom, 12 meV/atom, and
13 meV/atom, respectively.[*-6! This feature not only enables
mechanical exfoliation of vdW bulk crystals into monolayer,
bilayer, or few-layer forms with atomically clean surfaces,!’"!
but also provides a platform for realizing diverse stacking

10.111' Combined with precise structural engi-

configurations. !
neering, controllable stacking in few-layer two-dimensional
(2D) systems can be achieved, allowing their properties to be
tuned through interlayer translation or twisting.!!'=16 For in-
stance, varying the stacking order can tune the interlayer ex-
change interaction between antiferromagnetic and ferromag-

(171 In twisted bilayer graphene, su-

netic states in bilayer Crl3.
perconductivity with a critical temperature of approximately
1.7 K has been observed experimentally, whereas it is absent
in monolayer and untwisted bilayer graphene. 8]

The stacking order in layered vdW materials directly de-
termines the lattice symmetry and thereby strongly influences

their optical response.!'®!1 In particular, second-harmonic
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generation (SHG), owing to its high sensitivity to inversion-
symmetry breaking, has emerged as a powerful probe of stack-
ing configurations and symmetry reconstruction.?>31 Mono-
layer MoS; exhibits a strong SHG signal because of its in-
trinsically noncentrosymmetric structure, whereas inversion
symmetry is restored in the 2H-stacked bilayer, resulting in
a markedly suppressed SHG response.!?*! Similarly, mono-
layer graphene and rhombohedral graphite preserve inversion
symmetry and therefore exhibit no SHG response, whereas
ABA-stacked trilayer graphene, which lacks inversion sym-
metry, displays an enhanced SHG signal.[*! Artificial engi-
neering of stacking geometry, or the introduction of interlayer
sliding to break inversion symmetry and activate SHG, thus
provides a direct optical fingerprint of the stacking order and
offers an effective route toward symmetry-tunable optoelec-
tronic functionalities. 227!

In addition to enabling tunable electronic, magnetic, and
optical properties, interlayer sliding provides a viable route to
emergent ferroic orders.!'>?8-391 In sliding ferroelectric sys-
tems, the polarization originates from noncentrosymmetric in-
terlayer stacking configurations.[*!! Both the magnitude and
direction of the polarization are intimately linked to the stack-
ing arrangement and can be reversibly switched via interlayer

sliding under external stimuli, such as electric fields,[32-331

(35,36

mechanical bending, 341 or strain. ! For example, Cob-

den et al. demonstrated that applying a vertical electric field
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to bilayer 1T'-WTe, at room temperature induces ferroelec-
tric bistability associated with an out-of-plane polarization.3”]
Moreover, sliding ferroelectricity exhibits fatigue-free behav-
ior and therefore may overcome a major obstacle to the practi-
cal implementation of ferroelectric devices.*®! More intrigu-
ingly, sliding ferroelectricity can couple to other order parame-

ters, such as magnetism, thereby enabling electric-field control

of magnetic properties.>”)
Layered vdW SnP;Seqs has been synthesized
experimentally. [**#!] Monolayer SnP,Ses is characterized by

intrinsic chirality and broken inversion symmetry, which un-
derlie its outstanding optoelectronic responses. In particular,
this material exhibits a robust intrinsic bulk photovoltaic effect
(BPVE), yielding a short-circuit current density (Js.) as high
as 8 mA/cm?.[*01 It also shows a remarkable SHG conver-
sion efficiency of 43.2%/W.[*!1 A previous study has shown
that bilayer SnP;Se¢ possesses two energetically degenerate
minima along the in-plane sliding pathway, corresponding
to reversible switching of the dipole moment.!*?! Moreover,
different stacking configurations in bulk SnP>Seg not only af-
fect the linear optical properties, but also enable tunability of
the SHG response.[*}! In this work, first-principles calcula-
tions are employed to systematically investigate the stacking
potential-energy surface and electronic structure of bilayer
SnP,Seq, and to elucidate the mechanism of ferroelectric
polarization switching induced by interlayer sliding. More
importantly, we establish the structure—activity relationship
between stacking configuration, electronic structure, and SHG
activity, and reveal the microscopic mechanism underlying the
synergistic regulation of the photogenerated electron distribu-
tion and SHG response in bilayer SnP,Seq under an external
electric field.

2. Computational method

Density functional theory (DFT) calculations of struc-
tural relaxations, electronic structures, and optical absorption
spectra were performed using the Vienna Ab initio Simulation
Package (VASP).[#+46] The calculations were performed us-
ing the projector augmented-wave (PAW) method#7#8] within
a plane-wave basis framework with a kinetic-energy cutoff of
520 eV. Van der Waals interactions were described using the
optimized B86b van der Waals functional (optB86b), which
provides a reliable treatment of interlayer interactions.*’]
During the bilayer structural relaxations, the in-plane lattice
parameters and atomic positions were allowed to relax freely
until the residual force on each atom was less than 0.001 eV/A,
while the out-of-plane lattice constant was fixed at 30 A to en-
sure a vacuum spacing greater than 15 A and thereby elim-
inate spurious interactions between periodic images. A I'-
centered 15 x 15 x 1 k-point mesh was used for the primi-

tive cell containing 18 atoms. Transition pathways on the

potential-energy surface and the associated energy barriers
were investigated using the climbing-image nudged elastic
band (cNEB) method.>%>!1 Band gaps and optical absorption
spectra were calculated using the modified Becke—Johnson
(mBJ) potential’®?! to alleviate the issue of the band-gap un-
derestimation by semilocal functionals such as the Perdew—
Burke—Ernzerhof (PBE) functional.'>3! Frequency-dependent
dielectric functions were evaluated within the independent-
particle approximation (IPA). Second-order nonlinear sus-

54-56] with norm-

ceptibilities were computed using ABINIT!
conserving pseudopotentials within the local-density approxi-
mation (LDA), owing to current workflow constraints.>’! The
band-gap values calculated using the LDA, PBE, and mBJ
methods are summarized in the supporting information. %!
Notably, different exchange—correlation functionals primarily
affect the absolute magnitude of the band gap, while the rela-
tive trend in band-gap variation among different stacking con-
figurations remains essentially unchanged. To improve the ac-
curacy of the band-gap description, a scissors-operator correc-
tion was subsequently applied to the LDA band structure such
that the resulting band gap matched that obtained using the
mBJ exchange potential.

3. Results and discussion
3.1. Stacking patterns and sliding ferroelectricity

Bulk SnP,Seg has been experimentally found to crys-
tallize in the chiral space group R3,1“**] with adjacent sin-
gle layers separated by a vdW gap of 0.31 nm. Mono-
layer SnP,Seq adopts a honeycomb structure composed of
Sn-centered octahedra, P,-centered octahedra, and cation va-
cancies, as shown in Fig. 1(a), and therefore lacks inversion
symmetry (space group P312). For bilayer SnP,Seq, three
possible high-symmetry stacking configurations can be iden-
tified. In the AA stacking, the Sn-centered octahedra in the
top layer are located directly above those in the bottom layer.
Consequently, this configuration retains the same space group
(P312) as the monolayer SnP,Seg. In the AB stacking, the Sn-
centered octahedra in the bottom layer are vertically aligned
with the P,-centered octahedra in the top layer, correspond-
ing to space group P3. In the AC stacking, the Sn-centered
octahedra in the bottom layer are vertically aligned with the
cation vacancies in the top layer, which also belongs to space
group P3. As shown by the mapped potential energy surface
(PES) in Fig. 1(b), these three high-symmetry structures can
be achieved by translating the top layer along the in-plane lat-
tice vectors, accompanied by variations in the interlayer dis-
tance between the two layers. The PES further indicates that
the AB and AC stacking configurations are two energetically
degenerate local minima and are slightly more favorable than
the AA stacking, as summarized in Table 1.
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Fig. 1. (a) Top view of the SnP,Ses monolayer, the honeycomb structure is framed by a blue hexagon. (b) Scans of the potential energy surface
from translational operations in AA stacking. The purple arrow identifies the cNEB conversion path connecting AB and AC stackings. (c)
and (d) Polarization reversal between AB and AC stackings, indicated by orange arrows. For clarity, only octahedral centers are shown and
connections between octahedra are indicated by solid gray lines, while black dashed lines mark vertical alignment of layer centers. (e) Energy
landscape (black) and variation of the polarization (red) from AB to AC sliding.
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Fig. 2. (a) and (b) Band structure and projected density of states (PDOS) for the AB stacking. (c) and (e) Layer-resolved distribution of the
isolated CB clusters near the Fermi level for different stackings, where color depth represents the dominant Sn layer contribution.

Table 1. Summary of bilayer structures and electronic properties for var-
ious stacking configurations: energy difference relative to AB stacking
(AE, meV/atom), space group (SG), lattice parameters (a-axis, A), inter-
layer distance (d, A), band gap (AE,, eV).

Stacking AE SG a d AE,
AA 4.183 P312 6.361 3.264 1.30
AB 0.000 P3 6.371 3.128 1.51
AC 0.000 P3 6.371 3.128 1.51

AA™" 14.722 P6 6.371 3.847 1.50
AB™ 12.139 P3 6.373 3.716 1.58
AC™ 12.139 P3 6.374 3.709 1.58
AA" 13.133 P321 6.374 3.753 1.53
AB" 13.461 P321 6.369 3.778 1.56
AC” 12.494 P321 6.373 3.737 1.58

Interestingly, both the AB and AC stacking structures
adopt polar space group P3, with spontaneous polarization ori-
ented along the out-of-plane direction, and they can be trans-
formed into each other through interlayer sliding. Our cNEB

calculations show that the energy barrier along the zigzag tran-
sition path is only about 4.1 meV/atom, as shown in Fig. 1(e).
An intermediate state with space group C2 appears at the mid-
point of the transition path and serves as the reference phase
for polarization switching. Our calculated spontaneous polar-
ization, obtained from the Born effective charges and atomic
displacement differences, indicates that the AB and AC stack-
ing structures possess opposite out-of-plane polarization direc-
tions with identical magnitudes of approximately 0.4 pC/m,
as shown in Fig. 1(e). The magnitude of spontaneous po-
larization and energy barrier lie between those of bilayer h-
BNI[3] and 1T'-MoTe,.*”! Therefore, the polarization switch-
ing achieved via interlayer sliding confirms the presence of
sliding ferroelectricity in this system. Additionally, the com-
bination of mirror (1) and rotation (7) operations with the slid-
ing of one layer generates six high-energy stacking structures,
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as shown in Fig. S1.0°% Notably, the AB” and AC™ config-
urations are chiral enantiomers, enabling reversible switching
through continuous interlayer sliding.

3.2. Electronic structures

Given that interlayer orbital hybridization can strongly
modulate the electronic structures of different stacking
configurations,”! we first examine the band structures of
these bilayer systems. Our calculations show that all high-
symmetry stacking configurations are indirect-gap semicon-
ductors, with the conduction-band minimum (CBM) located at
the I'" point and the valence-band maximum (VBM) at the K
point of the first Brillouin zone [see Figs. 2(a) and S2]. Taking
the AB stacking as an example, inclusion of spin—orbit cou-
pling (SOC) leaves both the valence-band maximum at the K
point and the conduction-band minimum at the I" point nearly
degenerate, rendering the effect of SOC on the indirect band
gap negligible. Moreover, the relatively small band splitting
indicates that SOC introduces only a minor perturbation to
the overall electronic band structure, as shown in Figs. S2(b)
and S3. Analysis of the orbital-projected band structures near
the Fermi level, together with the projected density of states
(PDOS), reveals that the valence bands below the Fermi level
are mainly derived from Se-4p orbitals, whereas the lowest
conduction bands originate from a set of highly dispersive
states formed by strong hybridization between Sn-5s and Se-
4p orbitals, as shown in Fig. 2(b). These results are consistent
with the electronic configuration of the 44 oxidation state of
Sn in SnP;Seq. "]

Interestingly, in all stacking configurations, the two low-
est conduction bands at the I point are always split, although
they remain degenerate at other k points in the first Brillouin
zone for some stackings (see Fig. S2). Our analysis shows that,
in the AB and AC stackings, the contributions of Sn-5s orbitals
to these two lowest conduction bands (band indices 61 and
62) are dominated by Sn-5s states from different layers. For
example, as shown in Fig. 2(c), the lowest conduction band
(LCB) and the next-lowest conduction band (LCB + 1) of the
AB stacking are dominated by Sn-5s orbitals from the bottom
and top layers, respectively. By contrast, in the AC stacking,
the LCB and LCB+1 are dominated by Sn-5s orbitals from the
top and bottom layers, respectively [see Fig. 2(d)]. In the AA
stacking, however, Sn-5s orbitals from both layers contribute
equally to both the LCB and LCB+1 [Fig. 2(e)], because the
two layers are related by symmetry.

To further verify the connection between the conduction
bands and layer-resolved atomic orbitals, we calculated the
partial charge densities of the LCB and LCB + 1 at the I"
point. In the AB stacking, the charge density of the LCB
at I is mainly localized on the Sn-5s orbitals of the bottom
layer, while the Se-p contribution is distributed over both lay-

ers, as shown in Fig. 3(a). As the top layer in the AB stack-
ing slides toward the AC stacking configuration [Fig. 3(b)],
accompanied by the reversal of ferroelectric polarization dis-
cussed above, the charge density of the LCB at I undergoes
a spatial inversion and shifts to the Sn atoms in the top layer.
This reversal of charge localization indicates that the spatial
distribution of the electron wave function is strongly coupled
to the lattice polarization during interlayer sliding. Conse-
quently, when electrons are excited from the valence bands
to the lowest conduction band, the localization of photogen-
erated electrons in a specific van der Waals layer can be pre-
cisely controlled by the stacking configuration, or equivalently
by the polarization direction, thereby enabling layer-selective
separation of photogenerated carriers under an applied elec-
tric field, as illustrated in Figs. 3(a) and 3(b). Because the
layer containing a higher density of photogenerated electrons
exhibits a significantly lower resistance than the other layer,
this mechanism may enable ultrafast electric-field control of
the layer-resolved resistance.
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Fig. 3. Based on the polarization flipping of (a) AB and (b) AC stack-
ing with interlayer charge redistribution, the detection scheme of optical
reading in flipping state is realized. The grey area in the figure represents
the electrode, and the whole device is packaged with h-BN. (c¢) In-plane
absorption spectra for AB stacking. (d) Calculated transition dipole mo-
ments for AB stacking.

3.3. Linear optical properties

The light—matter interaction directly reflects the evolution
of the electronic band structure discussed above, as shown
in Figs. 3(c) and S5. In the linear optical response, the sys-
tem exhibits pronounced anisotropy, with the in-plane absorp-
tion coefficient consistently exceeding the out-of-plane one
throughout the visible range. The absorption edge evolves in
direct correspondence with the electronic band gap: relative to
the narrow-gap AA stacking, the wider-gap AB stacking ex-
hibits a clear blueshift in the low-energy region (< 2.00 eV),

077702-4


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae8441
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae8441
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae8441
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae8441
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae8441
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae8441

Chin. Phys. B 35, 077702 (2026)

while maintaining stronger absorption in the high-energy re-
gion (> 2.00 eV). To identify the microscopic origin of these
spectral features, we calculated the transition dipole moments
(TDMs), as shown in Figs. 3(d) and S6. The results reveal
that interband TDMs near the Fermi level are extremely weak,
and that the dominant valence-to-conduction excitations occur
at the I point. The lowest-energy absorption peak, located at
~ 1.68 eV, also has the weakest intensity and originates from
the transition from the highest valence band (HVB, band in-
dex 60) to LCB + 1 (band index 62), as shown in Figs. 3(c)
and 3(d). By contrast, the stronger absorption peaks mainly
arise from transitions involving deeper valence bands and the
two lowest conduction bands (LCB and LCB + 1), which are
separated from the higher-lying conduction bands by about
1 eV. In particular, below 3 eV, most absorption contributions
come from transitions from deep valence bands to the LCB
(band index 61). However, in the energy range of strongest
absorption (2.26-2.47 eV), which contains four major peaks,
the TDMs for transitions to LCB + 1 are larger than those for
transitions to the LCB. Therefore, the strong absorption in this
region originates from transitions from valence bands to both
the LCB and LCB + 1.

As the bilayer slides from the AB to the AC stack-
ing configuration along the NEB-optimized path shown in
Fig. 1, the symmetry is progressively lowered. The accom-
panying changes in interlayer interactions modulate the band
gap [see Fig. S7(a)], the electronic structure, and the TDM,
thereby modulating the optical absorption spectrum, as shown
in Figs. S7(b) and S7(c). This effect is particularly pronounced
for the out-of-plane direction (]|). As shown in Fig. S7(c),
the optical absorption gradually decreases as the bilayer slides
from the AB stacking to the intermediate structure with C2
symmetry. Owing to the inversion symmetry of the sliding
path with respect to C2, the absorption spectrum along the C2-
to-AC path mirrors that at the corresponding symmetric posi-
tions along the AB-to-C2 path. Throughout the entire sliding

process, the C2 configuration has the lowest symmetry and ex-
hibits the most pronounced birefringence (An). As the stack-
ing configuration approaches either the AB or AC state, the
birefringence decreases, as illustrated in Fig. S7(d).

3.4. Second harmonic generation

Similar to the bulk phase,*’! the SnP,Seq bilayer ex-
hibits pronounced second-harmonic generation (SHG) activ-
ity because the inversion symmetry of a single layer is absent.
The independent components of the second-order susceptibil-
ity tensor x(?) (o) are determined by the point-group symme-
try of the stacking configuration. In the present work, stack-
ing structures with space groups P3 (point group C3) and P6
(point group C3p) possess six independent tensor components,
whereas those with P312 (point group D3) and P321 (point
group D3) possess only two.

The calculated frequency-dependent x<2>(a)) spectra for
the AA and AB stackings are presented in Fig. 4, while those
for the remaining stacking structures and monolayer SnP,Seq
are shown in Fig. S§. Owing to structural equivalence, the
2® () responses of the AB (AB™) and AC (AC™) stackings
are identical; therefore, only one of them is displayed. The first
prominent peak in y(?) (o), appearing near ~ 1.0 eV, is sub-
stantially larger for the AA, AB (AC), AA™, and AB™ (AC™)
stackings than for the monolayer, whereas the responses of
AA’, AB’, and AC” are comparable to, or even smaller than,
that of the monolayer. Among all stacking configurations, the
AA structure exhibits a particularly strong | x)@(wﬂ response,
with resonant peaks reaching 327 pm/V at 0.89 eV and about
500 pm/V near 1.9 eV. These values are significantly larger
than those of the AB and other stacking structures. In par-
ticular, the rotated structures (AA”, AB”, and AC") exhibit
the weakest )((2)(60) response throughout the photon-energy
range considered here. Moreover, the | xjgyzz) ()| component is
consistently smaller in all stacking configurations, although its
largest value is still found in the AA and AB stackings.

(a) 500f (b) 500f —xzTY (C)140 - = —-TTY /\\
—~ 400+ —~ 400} zyz < e -yyy| .’ N
Z 300 z 300 —Jviz E ‘/ ‘\
L | » .
g g Bz} .
: 200+ : 200+ TTT — , \\
5 6 zrT 2 ,/ N
= 100+ = 100} ~ x ko g --e--~—®---%
LA\ =< 120t
0 L 0 A X N
00 05 10 15 20 00 05 10 15 20 0 4 8 12 16

hv (eV)

hv (eV)

Sliding coordinate

Fig. 4. Calculated photon energy-dependent second-order nonlinear polarizability for (a) AA and (b) AB stacking structures of bilayer SnP,Se¢.
(c) The change of static second-order nonlinear polarization tensor during the NEB path from AB to AC.

The static second-order susceptibility, x(z) (0), also re-
flects the crystal symmetry. For example, as shown in
Fig. 4(c), during interlayer sliding along the path from the

AB to AC stacking, symmetry lowering initially increases the

number of independent tensor components. In particular, the
| xﬁ} (0)] and | xy(}z}) (0)| components, which are equal in mag-
nitude in the AB and AC structures, become split along the

sliding pathway. The magnitude of | xgy)(O)\ increases from
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approximately 123 pm/V in the AB stacking to a maximum
value of 142 pm/V at the intermediate configuration (C2),
which corresponds to the midpoint of the NEB pathway and
to the paraelectric state of the ferroelectric phase transition
2% (0)] de-
creases nearly linearly back to approximately 142 pm/V in

[see Fig. 1(e)]. Beyond the paraelectric phase,

the AC stacking. In contrast, the magnitude of | xy()zy) (0| re-
mains essentially unchanged throughout the phase transition.
These results indicate that interlayer sliding, which can be
controlled by an external electric field, provides an effective
means to tune the second-order nonlinear optical response of
the SnP,Seg bilayer.

4. Conclusion

In this work, we investigated the stacking configurations,
electronic structures, and linear and nonlinear optical prop-
erties of SnP,Seq bilayers. We found that the AB and AC
stackings are energetically degenerate and constitute the most
stable configurations. The AA stacking is higher in energy
by about 4 meV/atom relative to the AB (or AC) structure,
whereas the structures generated by mirror (m) and rotation
(r) operations lie approximately 12—14 meV/atom above the
AB stacking. Owing to the chiral nature of the monolayer, all
bilayer structures except AA™ preserve chirality, and none of
them possesses inversion symmetry. We further show that the
AB-stacked bilayer exhibits sliding ferroelectricity, character-
ized by an energy barrier of ~ 4 meV/atom and a spontaneous
polarization of 0.4 pC/m, comparable to that of other sliding
All stack-
ing configurations are indirect-gap semiconductors with band

ferroelectric materials such as GaSe and MoS,.

gaps around 1.5 eV, except for the AA structure, which has
a smaller gap of about 1.3 eV. In addition, all configurations
exhibit strong optical absorption in the visible range (1.5-
3.2 eV), arising primarily from transitions between the valence
bands and the two lowest conduction bands. All structures are
also active in nonlinear optics, with the AA and AB stack-
ings showing larger second-order susceptibilities than both the
monolayer and the other bilayer stackings. More importantly,
interlayer sliding from AB to AC, which can be controlled by
an external electric field, enables switching of the photogen-
erated electron distribution between the top and bottom layers
and simultaneously enhances the second-harmonic-generation
response. By clarifying the microscopic origin of these op-
toelectronic properties, our results provide a route for tuning
light—matter interactions through stacking engineering. These
findings identify bilayer SnP,Se¢ as a promising platform for
intelligent photoelectronic devices.
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