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ABSTRACT: Ferroelectric (FE) semiconductors that simul-
taneously exhibit spectrally suitable band gaps and room
temperature stable FE polarizations necessary for separation of
photo-excited carriers have been extensively investigated for
FE-photovoltaic (PV) applications. Di tin hexathiohypodi-
phosphate, Sn2P2S6, is one of the rare semiconducting FE
materials. However, owing to the indirect nature of its energy
band gap and relatively large direct band gap, FE Sn2P2S6
absorbs only a small portion of the visible light spectrum. In
the current work, we propose substitution of S by Se anion as
an experimental feasible route to enhance the visible light
absorption for FE Sn2P2S6. Using first-principles calculations, we demonstrate that the effective “band gap engineering” with
respect to Se substitution concentration can be achieved in Sn2P2S6(1−x)Se6x solid solutions. Especially, Sn2P2S4.5Se1.5 compound
is predicted to be an indirect band gap semiconductor, with a direct band gap at Γ point even lower than that of BiFeO3, and
meanwhile exhibits a stable ferroelectricity comparable with single-phase Sn2P2S6. As a result, the improved visible light
absorption can be achieved in Sn2P2S4.5Se1.5 compound, making Se-doped FE Sn2P2S6 more suitable for PV applications.

■ INTRODUCTION

Solar energy conversion through the photovoltaic (PV) effect
requires the efficient absorption of visible light as well as
effective separation of photo-excited electron−hole pairs.
Traditional PV devices are based on semiconductor p−n
junctions, which rely on the potential difference across the p−n
junction to separate the carrier pairs. On the other hand,
ferroelectric (FE) materials with spontaneous polarizations are
promising PV alternatives. As the incident sun light is absorbed
by a single-phase FE material, photo-excited carriers can be
effectively separated by the built-in electric field, leading to the
novel FE-PV effect.1,2 Moreover, the photo current and voltage
generated through FE-PV effect can be switched by the applied
electric field.3−5 As a result, the electric switchable PV response
enables the electric-writing and optical-reading memory
operations in FE-PV devices.6

FE BiFeO3
7−10 and its derivatives (e.g., double perovskite

Bi2FeCrO6
11,12) have been extensively investigated for FE-PV

applications. Unlike the common FE perovskite oxides, which
are wide-gap insulators (Eg > 3.0 eV),13 BiFeO3 has an energy
band gap (Eg = 2.67 eV)14 within the visible light energy range,
able to absorb a portion of visible spectrum. Besides BiFeO3,
many other FE semiconductors have been proposed for PV
applications.15−20 For example, we designed Ruddlesden−
Popper Ca3Zr2S7 as a FE perovskite sulfide for solar energy
conversion.21 As most sulfides are semiconductors with smaller
Eg than insulating perovskite oxides, sulfide compounds are
more suitable for visible light absorption. However, perovskite

sulfide Ca3Zr2S7 with Ruddlesden−Popper layered structure
requires the unique thin-film growth technique, making it hard
for massive production of Ca3Zr2S7 for practical FE-PV
applications.
As a matter of fact, di tin hypothiodiphosphate, Sn2P2S6, a

rare FE sulfide with non-perovskite structure, has been
synthesized in experiment. Typically, Sn2P2S6 single crystals
can be prepared using a chemical vapor transfer techni-
que,22−26 whereas its ceramic samples were obtained through
solid-state sintering process.23,27 As-grown Sn2P2S6 samples
show good stability against moisture and oxygen oxidation at
ambient condition.28 Moreover, Sn2P2S6 exhibits room
temperature stable ferroelectricity, which can be directly
measured in experiment.23,27,29 Optical spectrum measurement
demonstrates Sn2P2S6 as a semiconductor with relatively
narrow band gap.24 However, the indirect nature of the energy
band gap and relatively large direct band gap of Sn2P2S6 make
it less effective for visible light absorption.24 Therefore,
identifying practical ways to modify the energy band gap and
enhance the visible light absorption is required for develop-
ment of Sn2P2S6-based FE-PV materials. Recently, first
principles calculations performed by Li et al.30 indicate that
FE Sn2P2Se6 with a lower band gap (Eg ≈ 1.8 eV) are more
suitable as solar absorbing material than Sn2P2S6. However, the
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presence of ferroelectricity in single-phase Sn2P2Se6 is still
under debate, as experimental Sn2P2Se6 samples always exhibit
the incommensurate phases.22,23,31 On the other hand,
isocovalent anion substitution (e.g., substitution of O by S, S
by Se) has been proven as an effective band gap engineering
approach for many semiconductor materials.2,32−34 Selenide
Sn2P2Se6 possesses non-perovskite structure similar to
Sn2P2S6.

22 Owing to the good solubility between S and Se
anions, stoichiometric Sn2P2S6(1−x)Se6x solid solutions can be
created after alloying Sn2P2S6 and Sn2P2Se6. In fact,
Sn2P2S6(1−x)Se6x single crystals have been successfully prepared
using either vapor transport or Bridgeman technique.35,36

Once Sn2P2S6(1−x)Se6x compounds simultaneously exhibit
stable ferroelectricity and spectrally more suitable band gaps,
they can be promising alternatives to single-phase Sn2P2S6 for
FE-PV applications.
In this work, we use first-principles calculations to

investigate the effect of Se substitution on FE, electronic,
and optical absorption properties for single-phase Sn2P2S6. We
first identify the ground-state crystal structures for Sn2P2S6 and
Sn2P2Se6, using the systematic structure analysis and
optimization scheme. After isocovalent and isomorphous
substitution of S anions by Se, Sn2P2S6(1−x)Se6x solid solutions
with low Se concentration (x ≤ 25%) are predicted to exhibit
stable ferroelectricity comparable with that of Sn2P2S6.
Detailed crystal structure analysis is also performed to
rationalize the simulated FE properties. Moreover, the effective
reduction of band gaps in Sn2P2S6(1−x)Se6x with respect to Se
concentration is obtained, leading to improved visible light
absorption of Sn2P2S6(1−x)Se6x over the single-phase Sn2P2S6.

■ COMPUTATIONAL METHODS

Our first-principles calculations are performed within density
functional theory implemented in the Vienna Ab Initio
Simulation Package (VASP),37,38 using projector augmented

wave pseudopotentials39 and a plane wave basis set with energy
cutoff of 500 eV. PBEsol functional40 is chosen for structural
optimization, as it can provide the improved structural results
over LDA or GGA-PBE.41 Single-phase Sn2P2S6 (Sn2P2Se6)
crystallizes in a monoclinic phase, containing 20 atoms in its
primary unit cell (see Figure 1). Sn2P2S6(1−x)Se6x solid
solutions are simulated using a 40-atom supercell, which is
obtained by doubling the Sn2P2S6 unit cell along the diagonal
directions (1 × √2 × √2 repetition of Sn2P2S6 unit cell). 4 ×
6 × 6 and 4 × 4 × 4 Monkhorst−Pack k-point grids42 are used
to sample the Brillouin zone for single-phase Sn2P2S6
(Sn2P2Se6) and Sn2P2S6(1−x)Se6x solid solutions, respectively.
All structures are fully relaxed until the Hellmann−Feynman
force on each atom is less than 0.1 meV/Å and stress less than
0.1 kbar. Following the structural optimization, we further
calculate the electronic structures and optical absorption
properties of optimized chalcogenide compounds using
Heyd−Scuseria−Ernzerhof (HSE06)43 hybrid functional.
Spin-orbital coupling (SOC) is excluded in HSE calculations,
as band gap changes arised from SOC effect in single-phase
Sn2P2S6 and Sn2P2Se6 are quite small.30 Phonon frequencies
and eigenvectors are simulated based on density functional
perturbation theory (DFPT).44,45 Electronic contribution to
the polarization is calculated following the Berry phase
formalism.46

■ RESULTS AND DISCUSSION

Structural and FE Properties. Single-Phase Sn2P2S6 and
Sn2P2Se6. Both Sn2P2S6 and Sn2P2Se6 belong to transition
metal phosphorus chalcogenide family with the chemical
formula M2P2X6 (M = Sn, Pb and X = S, Se). In their primary
unit cells, Sn2P2S6 and Sn2P2Se6 contain two (P2X6)

4− anionic
units, whereas four Sn2+ cations are arranged between these
anionic units28 (Figure 1). Each (P2X6)

4− unit consists of two
distorted trigonal PX3 pyramids bound by a P−P bond. In

Figure 1. (a) Major atomic displacement (indicated by arrows) of FE Pc Sn2P2S6 phase with respect to the paraelectric P21/c phase. Both top view
and side view (projected along (101) plane) are presented. Sn, P, and S atoms are in gray, blue, and red, respectively. For clarity, polar
displacements of S atoms are shown only in the side view plot. Evolution of total energy with amplitude of polar displacement relative to
paraelectric phase for (b) Sn2P2S6 and (c) Sn2P2Se6. Symbols are first-principles results and lines are fitted based on Landau phenomenological
model. Double-well polarization energy curve indicates that Sn2P2S6 has a FE phase as its stable structure. However, P21/c paraelectric phase is a
vibrational stable and a low-lying ground-state structure for single-phase Sn2P2Se6.
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experiment, single-phase Sn2P2S6 crystallizes in a polar space
group Pc (no. 7) with monoclinic symmetry and displays a
moderate FE polarization along the [101] direction.27 Above
Curie temperature (TC = 339 K), it transforms into a
centrosymmetric paraelectric monoclinic phase (space group
P21/c, no. 14).

22,27 Unlike the displacive structural transition in
Sn2P2S6, Sn2P2Se6 undergoes two order−disorder-type phase
transitions at 193 and 220 K, respectively, resulting in
intermediate incommensurate structural phases.22,31 Owing
to the order−disorder nature of its structural transition and the
presence of incommensurate phases, it is hard to precisely
determine the low-temperature ground-state crystal structure
for ordered Sn2P2Se6. Only high-temperature P21/c para-
electric Sn2P2Se6 phase is available in experiment.23

We determine the ground-state structures for single-phase
Sn2P2S6 and Sn2P2Se6 as follows: we choose the experimentally
available centrosymmetric P21/c phase as paraelectric refer-
ence, from which the unstable phonon modes and the
associated structure instabilities can be obtained from DFPT
calculations. For Sn2P2S6, paraelectric phase with P21/c
symmetry has an unstable polar mode with imaginary
frequency (ω = i 20.5 cm−1), corresponding to the polar
displacement of Sn cations along the [101] direction.47 After
freezing the unstable polar mode into the P21/c phase,
followed by structural optimization, polar Pc phase with non-
zero FE polarization is obtained for Sn2P2S6. Further DFPT
calculation confirms FE Pc phase as the vibrationally stable and
ground-state structure for Sn2P2S6. Tables 1 and S1 of the
Supporting Information summarize our calculated crystallo-
graphic parameters for FE and paraelectric Sn2P2S6 phases,
both in good agreement with experimental measurement.

In addition, Berry phase calculation predicts a spontaneous
polarization of 13.9 μC/cm2 for FE Sn2P2S6, very close to
experimentally measured value (P ≈ 14.0 μC/cm2).23,29 In
order to understand the FE mechanism of Sn2P2S6, we examine
the atomic displacement and the energy profile connecting the
paraelectric P21/c and FE Pc phases. As shown in Figure 1a,
polar displacement of Sn cations opposite to S anions can
break inversion symmetry of paraelectric Sn2P2S6 phase and
create a net FE polarization along the crystallographic [101]
direction (major polarization component is along the [100]
direction). After recording the variation of the FE polarization
and total energy of Sn2P2S6 with respect to the polar
displacement connecting its paraelectric and FE phases, a
typical double-well polarization−energy curve is obtained
(Figure 1b). Such a P−E curve can be well fitted using a
second-order (continuous) Landau−Devonshire phenomeno-
logical model as: E = α/2(T − TC) × P2 + β/4 × P4 (blue line
in Figure 1b), where α and β are positive parameters and TC is
Curie temperature of Sn2P2S6. Here we estimate TC using the
Abrahams relation: TC = (2.0 × 104) × (Δz)2 K, where Δz is
the largest cation displacement along the polarization
direction, after a shift of origin to make ∑Δz = 0.52 For
ferroelectric Sn2P2S6, Δz = ±0.14 Å for Sn and P ions,
respectively. As a result, the estimated TC is 392 K, close to the
experimental value (TC = 339 K).22 Therefore, Sn2P2S6 is a
proper FE material similar to perovskite BaTiO3 or PbTiO3,
whose FE polarization is mainly contributed by ion polar
displacement.
Following the same procedure, we also perform structural

optimization for single-phase Sn2P2Se6. Our DFPT calculations
indicate that paraelectric Sn2P2Se6 phase with P21/c symmetry
(crystallographic parameters given in Tables 1 and S1) is

Table 1. Comparison between the Experimental and Our Calculated Lattice Parameters; FE Polarization, P; and Energy band
Gaps, Eg; for Single-Phase Sn2P2S6 and Sn2P2Se6

a

a (Å) b (Å) c (Å) β (deg) P (μC/cm2) Eg (eV)

FE Sn2P2S6 exp.48 9.378 7.488 6.513 91.15 14.023,29 2.325,49

cal. 9.183 7.440 6.495 91.24 13.9 2.23(2.79)
paraelectric Sn2P2S6 exp.50 9.362 7.493 6.550 91.17

cal. 9.110 7.425 6.493 91.32
paraelectric Sn2P2Se6 exp.51 9.587 7.682 6.808 90.94

cal. 9.438 7.641 6.852 91.60 1.80(2.22)
aThe calculated direct band gaps at Γ point for single-phase Sn2P2S6 and Sn2P2Se6 are given in parentheses.

Figure 2. (a) Supercell configuration composed of 1 × √2 × √2 Sn2P2S6 primary cell is used for simulation of Sn2P2S6(1−x)Se6x solid solutions.
(b−f) The most energetic stable Sn2P2S6(1−x)Se6x configurations with Se concentration x = 4.2, 8.3, 12.5, 16.7, and 25%. The major component of
FE polarization is directed along the [100] direction of the supercell configuration. Sn, Se, P, and S atoms are marked in dark gray, pink, blue, and
red, respectively. Sn atoms are omitted for clarity in (b−f).
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vibrationally stable and free of any polar instability. If we
displace the atomic coordinates of Sn2P2Se6 based on the polar
displacement pattern found in Sn2P2S6, a single-well P−E
curve, where the paraelectric phase is located at the energy
minimum, will be obtained (Figure 1c, with Landau energy
expansion as: E = A/2 × P2, A > 0). We can therefore conclude
that single-phase Sn2P2Se6 has paraelectric P21/c phase as its
ground-state stable structure, without any detectable FE
polarization. However, it is noted that the aforementioned
conclusion is based on the calculations performed on the
periodic and commensurate Sn2P2Se6 system. Owing to the
fact that there exist incommensurate structural phases in
experimental Sn2P2Se6 samples, the presence of ferroelectricity
in incommensurate Sn2P2Se6 phase cannot be excluded.31

Sn2P2S6(1−x)Se6x Solid Solution. Single-phase Sn2P2S6 and
Sn2P2Se6 are stoichiometric compounds with similar crystallo-
graphic symmetry. Owing to the isostructural nature of their
crystal structures and similar ionic radii between S and Se
anions (1.84 vs 1.98 Å), Sn2P2S6 and Sn2P2Se6 can be used as
two end-member compounds for Sn2P2S6(1−x)Se6x solid
solutions. More importantly, after isocovalent and isomor-
phous substitution of S anions by Se, Sn2P2S6(1−x)Se6x solid
solution can maintain a crystal structure similar to Sn2P2S6,
without any nonstoichiometric defects or vacancies. In this
subsection, structural and FE properties of Sn2P2S6(1−x)Se6x will
be examined.
Figure 2a displays a 40-atom supercell we constructed for

simulation of Sn2P2S6(1−x)Se6x solid solutions. Such a supercell
is large enough to capture the ion polar displacement and Se
doping induced structural disorder in Sn2P2S6(1−x)Se6x
systems.53 Further expansion of supercell size does not lead
to obvious change in the simulated energetic, structural, and
FE results for Sn2P2S6(1−x)Se6x (Figure S1 of the Supporting
Information). In experimental Sn2P2S6(1−x)Se6x samples,
incommensurate structural phases emerge when Se concen-
tration x is larger than 28%.36,54 To simulate those periodic
and commensurate Sn2P2S6(1−x)Se6x structures, we choose to
replace 1, 2, 3, 4, and 6 S atoms by Se, corresponding to a
series of Sn2P2S6(1−x)Se6x solid solutions with maximal Se
concentration x = 25%. For Sn2P2S6(1−x)Se6x configuration
containing more than one Se atom, we consider all possible
arrangements between Se anions to evaluate the anion
substitution-induced structural disorder effect. After structural
optimization, we double check the stability of each
Sn2P2S6(1−x)Se6x configuration against the random atomic and
cell distortions, so that our optimized Sn2P2S6(1−x)Se6x
configurations are confirmed to be energy minima. In this
way, each stable Sn2P2S6(1−x)Se6x configuration we simulated
can be considered as a local structural snapshot of the
experimental solid solutions.
To evaluate thermodynamic stabilities of Sn2P2S6(1−x)Se6x

configurations, we calculate their solution energies, corre-
sponding to the energy gain for alloying single-phase Sn2P2S6
and Sn2P2Se6 into Sn2P2S6(1−x)Se6x solid solutions: ΔE =
E[Sn2P2S6(1−x)Se6x] − (1 − x) × E[Sn2P2S6] − x ×
E[Sn2P2Se6], where E[Sn2P2S6] and E[Sn2P2Se6] are normal-
ized energy for single-phase FE Sn2P2S6 and paraelectric
Sn2P2Se6 respectively. The negative value of ΔE means
Sn2P2S6(1−x)Se6x configuration meets the thermodynamic stable
condition, without decomposition into separated Sn2P2S6 and
Sn2P2Se6 compounds. Atomic structures of all stable
Sn2P2S6(1−x)Se6x configurations (ΔE < 0) we simulated are
tabulated in Figure S2 of the Supporting Information. Among

those configurations, the most energetic stable Sn2P2S6(1−x)Se6x
structures under different Se concentrations are displayed in
Figure 2b−f. Using the simulated Sn2P2S6(1−x)Se6x config-
urations, we can examine how energetic stability of
Sn2P2S6(1−x)Se6x varies as a function of Se concentrations.
Figure 3a shows the evolution of the solution energy of

Sn2P2S6(1−x)Se6x configurations with respect to Se concen-
tration, where the minimal solution energy (ΔE ≈ −4.5 meV/
f.u.) occurs at the Se concentration x = 16.7%. Under this
concentration, the relatively large energy difference between
the most stable and other low-lying configurations indicates
that it is likely to prepare Sn2P2S5Se sample with ordered S/Se
anion arrangement. Besides energetic stability, we also verify
the dynamic and vibrational stability of the system. We
compute the phonon spectrum of the most stable
Sn2P2S4.5Se1.5 configuration (Se concentration x = 25%)
using DFPT method. It is found that such a configuration is
vibrationally stable and free of structural instabilities (Figure
S3).
The evolution of FE properties of Sn2P2S6(1−x)Se6x solid

solution with respect to Se concentration is examined next.
Figure 3b,c display our calculated FE polarizations and cell
volumes for all stable Sn2P2S6(1−x)Se6x configurations as a
function of Se concentration. Remarkably, after alloying FE
Sn2P2S6 with another paraelectric compound, the overall FE
polarizations for resulting Sn2P2S6(1−x)Se6x solid solutions are
not significantly reduced but even slightly enhanced over the
single-phase FE Sn2P2S6. As Se anion has a large ionic radius
than that of S, replacing S by Se can lead to the expansion of
the cell volume of Sn2P2S6(1−x)Se6x over Sn2P2S6 (Figure 3c).
Volume expansion−induced negative pressure effect is
responsible for polarization enhancement in Sn2P2S6(1−x)Se6x.
In fact, negative pressure effect has been successfully applied to
improve the ferroelectricity and piezoelectric responses of FE
perovskites.55,56 Therefore, under the low Se concentration

Figure 3. Variation of (a) solution energy ΔE, (b) spontaneous
polarization P, and (c) the cell volume V (per 40-atom supercell) for
stable Sn2P2S6(1−x)Se6x configurations as a function of Se concen-
tration x. The results corresponding to the most energetic stable
configurations under different Se concentrations are connected by
solid lines.
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range (x ≤ 25%), Sn2P2S6(1−x)Se6x solid solutions with periodic
and commensurate structural phases can exhibit the FE
polarizations comparable or even superior to single-phase
Sn2P2S6.
Electronic Structures and Optical Absorption Proper-

ties. Unlike the traditional FE perovskite oxides (e.g.,
BaTiO3), which are wide-gap insulators unsuitable for PV
applications, Sn2P2S6 is a rare FE sulfide with semiconducting
band gap. To evaluate the performance of Sn2P2S6 and
Sn2P2S6(1−x)Se6x solid solutions as FE-PV materials, the
electronic and optical absorption properties of these
chalcogenide compounds will be investigated in this
subsection.
We first compute the electronic structures for single-phase

FE Sn2P2S6 and paraelectric Sn2P2Se6 using HSE hybrid
functional. Figure 4 displays our calculated band structures for
the two compounds. Both Sn2P2S6 and Sn2P2Se6 are semi-
conductors with indirect band gaps. Their valence band
maximum (VBM) and conduction band minimum (CBM) are
located along the high-symmetry directions of the Brillouin
zone, away from Γ point. The direct energy band gaps
measured at Γ point for both Sn2P2S6 and Sn2P2Se6 are
predicted to be larger than their indirect Eg. More importantly,
HSE calculated indirect Eg for Sn2P2S6 is very close to the
experimental values (Table 1). Therefore, HSE functional can
accurately predict electronic structures, especially energy band
gaps for phosphorus chalcogenide compounds, which is crucial
for precise simulation of their optical absorption properties.
Our calculations predict that singe-phase Sn2P2Se6 has a

smaller Eg than Sn2P2S6 (indirect Eg: 1.80 vs 2.23 eV, direct Eg:
2.22 vs 2.79 eV). The decrease in energy band gap with respect
to Se doping is therefore expected in Sn2P2S6(1−x)Se6x solid

solutions. After performing electronic structure calculations for
most stable Sn2P2S6(1−x)Se6x configurations under different Se
concentrations using HSE functional, the monotonic decrease
in both direct and indirect Eg with respect to Se concentration
is found in Sn2P2S6(1−x)Se6x configurations (Figure 4).
Typically, after 25% Se doping, Sn2P2S4.5Se1.5 configuration is
predicted as an indirect band gap semiconductor (band
structure shown in Figure 4), with a direct band gap at Γ
point of 2.55 eV, which is smaller than that of BiFeO3 (direct
Eg = 2.67 eV),14 a FE material widely used for PV applications.
Moreover, after parabolic fitting of energy bands around CBM
and VBM, Sn2P2S4.5Se1.5 configuration is predicted to have
carrier effective mass (me* = 0.42, mh* = 0.74m0) close to single-
phase Sn2P2S6 (me* = 0.58, mh* = 0.65m0), indicating that Se
substitution will not significantly affect the overall effective
mass and carrier mobility of the parent Sn2P2S6 system.
To obtain a better understanding of Se doping induced band

gap reduction in Sn2P2S6(1−x)Se6x configurations, we calculate
partial density of states (PDOS) for single-phase Sn2P2S6 and
Sn2P2S4.5Se1.5 configuration using HSE functional. Consistent
with experimental X-ray photoelectron valence-band spec-
trum,28 majority of valence states for FE Sn2P2S6 consist of S
3p orbitals, whereas conduction states are mainly composed of
the hybridized Sn 5p and S 3p orbitals (Figure 5a). Similar to
FE perovskite oxides, such as PbTiO3 and BaTiO3,

57 the
hybridization between cation and anion orbitals should be
crucial for ferroelectricity in Sn2P2S6. After Se doping, besides
Sn 5p and S 3p hybridization, there also exists the pronounced
hybridization between Sn 5p and Se 4p orbitals throughout
both valence and conduction states in Sn2P2S4.5Se1.5 config-
uration. Moreover, Se substitution does not introduce any gap
states into the system. As a result, the energy band gaps for

Figure 4. Calculated band structures of single-phase Sn2P2S6, Sn2P2Se6, and Sn2P2S4.5Se1.5 configuration (Se concentration x = 25%) as well as
variation of indirect and direct energy band gaps with respect to Se concentration for most stable Sn2P2S6(1−x)Se6x configurations. Calculated energy
gaps for other stable Sn2P2S6(1−x)Se6x configurations are tabulated in Figure S2. Positions for VBM and CBM in band structure plots are marked as
blue and red circles, respectively.

Figure 5. (a) PDOS and (b) optical absorption coefficient (α(ω)) for FE Sn2P2S6 and Sn2P2S4.5Se1.5 configuration calculated using HSE hybrid
functional. The conduction states in PDOS are marked as gray areas. Dashed lines in (b) are extrapolated to identify the effective optical absorption
edges (indicated by the arrows) for the two compounds.
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Sn2P2S6 and Sn2P2S4.5Se1.5 compounds are primarily deter-
mined by the orbital hybridization between Sn cation and S/Se
anions. As atomic energy level of Se 4p orbital is lower than
that of S 3p,34 hybridization between Sn 5p and Se 4p orbitals
can generate a small band gap in selenide. Moreover, as Se
concentration increases, the shorter Sn−Se bond (Figure S4)
enables larger amount of hybridization (orbital overlap)
between Sn 5p and Se 4p, which can lead to a smaller Eg.
Therefore, substitution-induced Sn−Se bond change is
responsible for band gap reduction with respect to Se
concentration in Sn2P2S6(1−x)Se6x configurations.
The reduced band gap of Sn2P2S4.5Se1.5 configuration can

lead to the improved visible-light absorption of Sn2P2S4.5Se1.5
over Sn2P2S6. In order to evaluate the optical absorption
properties of the two compounds, their optical absorption
coefficients α(ω) are simulated. α(ω) can be obtained by
calculating the frequency-dependent dielectric function ε(ω)
based on the independent particle approximation implemented
in VASP (computational details can be found in ref 21). More
than 140 empty bands are included for dielectric function
calculations, so that our simulated ε(ω) are well converged as
they satisfy the f-sum rule (formulated as: −∫ 0

∞Im(1/ε(ω))1/
ω dω ≈ π/2).
Figure 5b displays our simulated optical absorption

coefficients α(ω) for Sn2P2S6 and Sn2P2S4.5Se1.5. Owing to
their indirect band gaps, optical absorption coefficients for
both Sn2P2S6 and Sn2P2S4.5Se1.5 around the energy close to
their indirect Eg are quite weak, as α(ω) near the indirect Eg
shows quadratic dependence on the photon energy (α ∝ (ℏν
− Eg)

2).58 As a result, Sn2P2S6 and Sn2P2S4.5Se1.5 can only
effectively absorb the incident light whose photon energy is
above their optical absorption edges. We identify the effective
optical absorption edges for two compounds after the
extrapolation of the simulated α(ω) (shown in Figure 5b).
Our simulation predicts an optical absorption edge of 2.69 eV
for single-phase Sn2P2S6, whereas experimental measured
values range from 2.40 to 2.70 eV.59−61 After Se doping,
optical absorption edge of Sn2P2S4.5Se1.5 configuration can be
further reduced up to 2.51 eV. Accordingly, Sn2P2S4.5Se1.5 is
able to effectively absorb a larger portion of the visible
spectrum. As a stoichiometric compound, Sn2P2S4.5Se1.5 solid
solution simultaneously shows the FE polarization and optical
absorption properties more superior to those of single-phase
Sn2P2S6. Therefore, the improved PV performance is expected
in FE-PV device based on Se-doped Sn2P2S6 compounds.

■ CONCLUSIONS
In summary, we perform first-principles calculations to
investigate the structural, FE, electronic, and optical absorption
properties of non-perovskite phosphorus chalcogenides
Sn2P2S6, Sn2P2Se6 and their solid solutions Sn2P2S6(1−x)Se6x
(x ≤ 25%). Our calculations reveal that, unlike FE Sn2P2S6,
single-phase selenide Sn2P2Se6 crystallizes in a paraelectric
phase, without any detectable FE polarization. After alloy FE
Sn2P2S6 with paraelectric selenide, the resulting
Sn2P2S6(1−x)Se6x solid solutions with low Se concentration (x
≤ 25%) still exhibit the FE polarization comparable with the
parent Sn2P2S6. Moreover, Se substitution-induced effective
“band gap engineering” is achieved in Sn2P2S6(1−x)Se6x systems.
Especially, Sn2P2S4.5Se1.5 compound with Se concentration of
25% has a smaller optical absorption edge than single phase
Sn2P2S6, enabling the more effective absorption of the visible
light. On the basis of the spectrally more suitable energy band

gap and stable FE polarization, we propose that FE
Sn2P2S4.5Se1.5 compound can exhibit improved PV perform-
ance than single-phase Sn2P2S6. As Sn2P2S6(1−x)Se6x solid
solutions are experimentally synthesized compounds, our work
will further motivate the future experimental exploration of
their FE-PV properties.
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