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Recently, all-inorganic two-dimensional (2D) Ruddlesden-Popper (RP) halide perovskites have drawn
much attention due to their excellent stability in ambient air. However, their electronic and optical perfor-
mance resulting from a wide bandgap and low carrier mobility have hindered their use in photodetectors.
To overcome these limitations, in this work, taking advantage of hexagonal indium selenide (InSe) with a
high electron mobility, we construct an atomically thin heterostructure. Density-functional-theory (DFT)
calculations of the electronic and optical properties are performed for these heterostructures. The results
demonstrate that the photodetection response spectrum of the heterostructures is significantly broadened
as the bandgap decreases from 2.17 to 0.40 eV for the InSe/Cs2SnI2Cl2 heterostructure. Moreover, the
electron effective mass, m∗

e , is reduced from 1.13 m0 to 0.41 m0 for the InSe/Cs2GeI2Cl2 heterostructure.
The significant reductions in both the band gap and effective mass are determined to be related to the type-
II band alignment, which favors the carrier separation at the interface. The physical mechanisms related to
the usage of this material in photodetectors are also discussed. The proposed III–VI semiconductor InSe
and all-inorganic 2D RP perovskite Cs2X I2Cl2 (X = Pb, Sn, and Ge) heterostructures provide challenges
and opportunities for designing high-performance photodetectors.

DOI: 10.1103/PhysRevApplied.13.064053

I. INTRODUCTION

Metal halide perovskites have drawn much attention
owing to their excellent electronic and optical properties,
such as their long charge-carrier diffusion lengths, high
carrier mobilities, and large absorption coefficients [1–4].
To date, significant progress has been made as the power-
conversion efficiency has reached 25.2% for perovskite
solar cells. [5] However, the intrinsic poor moisture and
thermal stabilities of these perovskite solar cells prevent
them from being widely applied [6,7].

With a decrease of the dimensionality from three dimen-
sions (3D) to two dimensions (2D), 2D Ruddlesden-
Popper (RP) halide perovskites have exhibited improved
intrinsic stability [8]. These 2D RP perovskites are usu-
ally formed by inorganic octahedron layers cleaved along
the 〈100〉-oriented layers from the ABX 3 structure, and are
separated by two layers of barrier atoms [9,10]. The gen-
eral formula for these 2D RP perovskites is An+1BnX 3n+1
(n = 1, 2, 3,. . . ), where A is a long-chain organic cation
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or small inorganic atom, B is a divalent metallic ele-
ment, and X is a halide anion. There are two types of
2D RP halide perovskites according to the A site element:
organic-inorganic 2D RP perovskites and all-inorganic
2D RP perovskites. The organic-inorganic 2D RP per-
ovskites show an enhanced stability relative to their 3D
counterparts. For instance, Smith et al. [11] reported
that solar-cell devices that adopted (PEA)2(MA)2Pb3I10 as
absorbers exhibited enhanced moisture stability compared
to (MA)PbI3 thin films. Additionally, Chen et al. [12]
fabricated (iso-BA)2(MA)3Pb4I13 using a hot-casting tech-
nique and found that (iso-BA)2(MA)3Pb4I13 essentially
maintained its optical absorption levels after 840 h when
exposed to a 60% relative humidity condition. Neverthe-
less, the intrinsic moisture sensitivity of these perovskite
solar cells in ambient air remains an issue for both long-
term operation and large-scale device fabrication. [11]
In contrast to organic-inorganic 2D RP perovskites, all-
inorganic 2D RP homologs exhibit better intrinsic stabil-
ities but are more difficult to fabricate [13]. Recently, Li
et al. [13,14] successively synthesized all-inorganic RP
halide perovskites, Cs2SnI2Cl2 and Cs2PbI2Cl2, using a
solid-state method, and these were shown to be stable for
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up to 4 months in ambient air with 65% humidity. How-
ever, inferior photoelectric properties, including a wide
bandgap (up to 3.04 eV for Cs2PbI2Cl2) and low carrier
mobility, limit the potential applications of these mate-
rials in photodetectors [13,15]. The optical properties of
such all-inorganic 2D RP perovskites must therefore be
improved.

Constructing a type-II van der Waals (vdW) heterostruc-
ture with a suitable semiconductor is usually an effective
way to enhance the optical properties of perovskites. These
types of geometric and electronic structures permit the use
of the excellent properties of the two involved compo-
nents [16,17]. Ma et al. [18] fabricated a MAPbI3-WS2
heterostructure via vapor deposition and found that the
dark current was suppressed while the photocurrent was
enhanced by more than 1 order of magnitude. More-
over, the on and off switching of the heterostructure was
improved by 5 orders of magnitude compared to that of
pure perovskites. Liu et al. [19] theoretically investigated
CsPbI3-black phosphorus (BP) monolayer heterostructures
based on density-functional-theory (DFT) calculations.
Their results demonstrated that the Cs-I-BP interface is a
typical type-II heterostructure and the BP monolayer effec-
tively improved the absorption coefficient of the CsPbI3
perovskite.

As a III-VI semiconductor, the layered InSe with an
indirect bandgap shows promise as a suitable material
for constructing an InSe/all-inorganic 2D RP perovskite
heterostructure owing to the tunable bandgaps, good air
stability, and especially high electron mobility [20,21].
Recently, monolayer and few-layer InSe were successfully
experimentally synthesized via mechanical exfoliation and
demonstrated better stability than GaSe, as confirmed by
microphotoluminescence (PL) and Raman spectroscopy
[20,22,23]. Few-layer InSe has also been widely used in
photodetectors, demonstrating a broadband response in
the near-infrared and visible to ultraviolet light regions, a
strong photoresponse of 34.7 mA/W, and a fast response
time of 488 us, superior to that of MoS2 and graphene
[22,24,25]. Moreover, Sucharitakul et al. demonstrated
that InSe has a high electron mobility [>103 cm2/(V−1

s−1)] at room temperature [26]. Despite the progress that
has been made with 2D RP perovskites, improving the pho-
toelectronic properties of all-inorganic 2D RP perovskites
has not yet been explored. Considering this, it is important
to investigate the interface engineering of InSe/Cs2X I2Cl2
(X = Pb, Sn, and Ge) heterostructures with enhanced opto-
electronic properties for potential use in high-performance
photodetectors.

In this work, we investigate the electronic and opti-
cal properties of these materials, including the band
structures, carrier-transport properties, interface charge-
transport mechanisms, and absorption coefficients of the
InSe/Cs2X I2Cl2 (X = Pb, Sn, and Ge) vdW heterostruc-
tures using DFT calculations. Our results demonstrate that

the InSe/Cs2X I2Cl2 (X = Pb, Sn, and Ge) heterostruc-
tures show an enhanced electronic and optical performance
compared with the all-inorganic 2D RP perovskites, indi-
cating that they are promising candidates for photodetector
applications.

II. METHODS

Our DFT calculations are performed using the Vienna
ab initio simulation package (VASP) [27]. The exchange
correlation functional is parametrized by the Perdew,
Burke, and Ernzerhof (PBE) model [28]. The Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [29] is used
to calculate accurate bandgap values. Spin-orbit coupling
(SOC) [30] is also included. The choice of α = 43% for
the HSE mixing parameter is based on Ref. [31]. For
structural relaxations, the DFT-D3 method [32] is cho-
sen to account for the vdW interactions. For the struc-
tural relaxation, a cutoff energy of 400 eV is used. A
5 × 5 × 1 Monkhorst-Pack K-mesh is used to sample the
two-dimensional Brillouin zone. The energy convergence
threshold is 1.0 × 10−5 eV and the criteria for the con-
vergence of the Hellmann-Feynman forces on the atoms
is 0.02 eV/Å. The crystal structures are visualized using
VESTA [33].

The effective mass, m*, associated with the band dis-
persion is derived using m∗ = �2[∂2ε(k)/∂k2]−1, where
k is a wave vector and ε(k) represents the energy
eigenvalues. The k-projection method, as implemented
in the program KPROJ [34,35], is also used to obtain
unfold bands for the heterostructures as supercells are
involved in this type of interface structure. The absorp-
tion coefficient is calculated based on the formula α =
(
√

2)ω
[√

ε1(ω)2 + ε2(ω)2 − ε1(ω)
]1/2

[36]. The dielec-
tric functions are calculated by ε(ω) = ε1(ω) + iε2(ω)

[37], where ε1(ω) and ε2(ω) present the real part and the
imaginary part, and ω is the photon frequency. The imag-
inary part could be acquired as follows [38]: ε2(�ω) =
4π2e2/φε0

∑
c,v,k

|ϕc
k |u · r|ϕv

k |2δ(Ec
k − Ev

k − E), where ε0 and

ϕ present vacuum dielectric constant and crystal vol-
ume, respectively. The Ec

k and Ev
k are the energy of

CB and VB, u represents the vector of polarization for
the incident electric field, and μ · r is the momentum
operator. The real part ε1(ω) can be expressed from
the Kramers-Kronig relationship as follows: ε1(ω) = 1 +
2
π

P
∫ ∞

0 [ε2(ω
′)ω′]/(ω′2 − ω2 + iη)dω′, where P and η are

the principle value of integrals and the refractive index,
respectively.

III. RESULTS AND DISCUSSION

A. Geometric structures

To investigate the InSe/Cs2X I2Cl2 (X = Pb, Sn, and
Ge) heterostructures, we first discuss the free-standing
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InSe monolayer and the Cs2X I2Cl2 (X = Pb, Sn, and Ge)
monolayer. Figure 1(a) shows the bulk phase of InSe with
a hexagonal structure, while the top and side views of
the InSe monolayer are shown in Figs. 1(c) and 1(d),
respectively. The optimized lattice constants for the InSe
monolayer are a = b = 4.08 Å, which agree with the pre-
vious experimental and calculational results. [39,40] The
bulk all-inorganic 2D RP perovskites Cs2X I2Cl2 (X = Pb,
Sn, and Ge) are shown in Fig. 1(b). The bulk Cs2X I2Cl2
(X = Pb, Sn, and Ge) adopt the K2NiF4-type structure
and the tetragonal space group with I4/mmm symmetry.
Figures 1(e) and 1(f) show the top and side views of
the Cs2X I2Cl2 monolayer (X = Pb, Sn, and Ge), respec-
tively. The atomic structures for Cs2X I2Cl2 (X = Pb and
Sn) are directly determined using experimental results
[13,14], wherein the lattice constants for Cs2PbI2Cl2 are
a = b=5.64 Å and those for Cs2SnI2Cl2 are a = b = 5.59 Å.
Additionally, the atomic configuration for Cs2GeI2Cl2 is
fully optimized by substituting Pb with Ge atoms in
the Cs2PbI2Cl2 structure, and the lattice constants are

a = b = 5.46 Å. The constructed InSe/Cs2X I2Cl2 (X = Pb,
Sn, and Ge) heterostructures using the QuantumATK pack-
age [41] are illustrated in Fig. 1(g). The unit cell of the het-
erostructure is composed of a

√
2 × √

2 perovskite mono-
layer supercell and a 2 × √

3 InSe monolayer supercell as
shown in Fig. S1 within the Supplemental Material [42].
The mean lattice mismatch values for the InSe/Cs2PbI2Cl2,
InSe/Cs2SnI2Cl2, and InSe/Cs2GeI2Cl2 heterostructures
are 2.39%, 2.40%, and 2.40%, respectively, which are in
a reasonable range [43,44]. The distance of the vacuum
space is set to 15 Å to avoid the interaction of adjacent
slabs. The vertical heterostructures can be combined in
three different stacking types (AA, AB, and AC) as shown
in Fig. 2. The total energy calculations reveal that AB
for the InSe/Cs2PbI2Cl2 heterostructure is the ground-state
stacking type with the vertical interlayer distance (3.16 Å).
The total energy differences are found to vary from 9.8
to 27.3 meV per unit cell. Besides, as shown in Table
S1 within the Supplemental Material [42], the AB type is
also the ground-state stacking type for the InSe/Cs2SnI2Cl2

(a) (c) (g)

(d)

(e)

(f)

(b)

FIG. 1. Structures of InSe/Cs2X I2Cl2. (a), (b) Structures of the bulk phases of InSe and Cs2PbI2Cl2, respectively. (c) Top view and
(d) side view of the InSe monolayer. (e), (f) Structures of the Cs2PbI2Cl2 monolayer. (g) Geometric structure of the InSe/Cs2PbI2Cl2
heterostructure. The dotted boxes and olive-colored arrows demonstrate the formation of the heterostructure. The atomic color code is
as follows: green, Cs; gray, Pb; purple, I; light green, Cl; pink, In; yellow, Se.
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FIG. 2. Top and side views of
various stacking configurations for
InSe/Cs2PbI2Cl2 heterostructures. The
total energy differences with respect
to the ground-state stacking and the
vertical-interlayer distances are also
given.

heterostructure and InSe/Cs2GeI2Cl2 with the interlayer
distance 3.27 and 3.20 Å. Therefore, we choose the AB
stacking configuration as our study object. Additionally,
the interface formation energies are calculated accord-
ing to the formula �E = (Ehete−EPVK.−EInSe)/S, [45],
where Ehete, EPVK, and EInSe represent the total ener-
gies of the heterostructure, perovskites, and InSe in the
heterostructure lattice, respectively, and S is the area of
the interface. The interface formation energies for the
InSe/Cs2PbI2Cl2, InSe/Cs2SnI2Cl2, and InSe/Cs2GeI2Cl2
heterostructures are −1.29, −1.02, and −1.35 meV/Å2,
respectively, more stable than the TiO2/SnO2-(110) het-
erostructure [45]. Both of the interface formation energies
are negative, demonstrating these heterostructures are sta-
ble and the InSe/Cs2GeI2Cl2 heterostructure forms more
easily. The lattice constants of these heterostructures are
provided in Table S2 within the Supplemental Material
[42].

B. Electronic band structures and carrier-transport
properties

The band structures and projected density of states
(PDOS) for the primitive cells of the InSe monolayer and
Cs2PbI2Cl2 monolayer are calculated with PBE function-
als, as shown in Fig. 3. In Fig. 3(a), the conduction-band
minimum (CBM) of the InSe monolayer is located at point
� while the VBM is located between points M and � in the
Brillouin zone. The InSe monolayer therefore has an indi-
rect bandgap of 1.39 eV, which is in agreement with the
previously calculated value of 1.323 eV [46]. As shown
in Fig. 3(b), the PDOS of the InSe monolayer shows that
the CBM consists of In (s) and Se (p) orbitals, and the

VBM is largely composed of the p orbitals of Se and s
orbitals of In atoms. Besides, the VBM of primitive InSe
monolayer attains a Mexican-hat-type dispersion near the
� point, which leads to a van Hove singularity in the DOS
near the Fermi level [47–51]. This van Hove singularity
can affect the thermoelectric performance and leads to a
ferromagnetic phase transition at sufficient hole doping
[52,53]. In Fig. 3(c), Cs2PbI2Cl2 monolayer is shown to
have a direct bandgap energy of 2.46 eV, with the CBM
and VBM both located at point M in the Brillouin zone.
The value of the bandgap calculated with PBE functionals
for Cs2PbI2Cl2 is underestimated by about 0.6 eV com-
pared with the value 3.04 eV [13], which is discussed in
the following paragraph. Furthermore, as seen in Fig. 3(d),
only the Pb (p) orbital contributes to the CBM, while the
VBM mainly consists of the I (p) orbital, with small con-
tributions from the Pb (s) and Cl (p) orbitals. The band
structures and PDOS of the Cs2GeI2Cl2 and Cs2SnI2Cl2
monolayer are presented in Fig. S2 within the Supple-
mental Material [42]. The bandgaps calculated with PBE
functionals for Cs2SnI2Cl2 and Cs2GeI2Cl2 are 1.54 and
1.73 eV, respectively.

The electronic band structures of the heterostructures
are determined and the bandgaps using several different
functionals are presented in Table I. The bandgaps for
the InSe/Cs2PbI2Cl2 and InSe/Cs2GeI2Cl2 heterostructures
calculated with PBE functionals are 0.42 and 0.55 eV,
respectively, while a type-III heterostructure is present at
the InSe/Cs2SnI2Cl2 interface as shown in Fig. S3 within
the Supplemental Material [42]. In addition, the bandgap
for the single-layer perovskite in heterostructure lattice
(2.20, 1.26, and 1.55 eV for Cs2PbI2Cl2, Cs2SnI2Cl2,
and Cs2GeI2Cl2, respectively) calculated with the PBE
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(a) (b)

(c) (d)

FIG. 3. (a) Band structure and (b) PDOS of the InSe monolayer. (c) Band structure and (d) PDOS of the Cs2PbI2Cl2 monolayer
using PBE functional. The red arrow indicates the magnified area at about 1.5 eV.

functional is similar to that of the primitive single layer
(2.46, 1.54, and 1.73 eV for Cs2PbI2Cl2, Cs2SnI2Cl2, and
Cs2GeI2Cl2, respectively), indicating the small influence
of the lattice mismatch on the bandgaps. This trend is
also observed for the InSe monolayer. The PBE included
SOC effect is adopted to calculate the band structures.
As seen in Fig. S4 (within the Supplemental Material
[42]), there is no Rashba-type spin splitting of the CBM
and VBM of heterostructures near the �point [54–59].
The SOC effect only reduces the bandgaps. The bandgaps
of Cs2SnI2Cl2 and Cs2GeI2Cl2 monolayers reduced from
1.26 and 1.55 eV to 1.14 and 1.46 eV, while the bandgap
of Cs2PbI2Cl2 decreased by 0.7 eV. The results reveal
that the SOC effect has a great influence on bandgap

for Pb-based systems, but little influence on that for Sn-
and Ge-containing systems. However, the bandgaps for
the free-standing Cs2PbI2Cl2 (2.20 eV) and Cs2SnI2Cl2
(1.26 eV) calculated by PBE functional are much less than
those previously reported for Cs2PbI2Cl2 (3.04 eV) and
Cs2SnI2Cl2 (2.6 eV) [13,14]. Therefore, to improve the
calculational accuracy of the band structures, the bandgaps
are calculated with the HSE06+SOC functional. The cal-
culated bandgaps using the HSE06+SOC functional for
the InSe monolayer (2.22, 2.29, or 2.52 eV) in het-
erostructure lattice are closed to the other experimental
(2.4–2.6 eV) [20] and theoretical results (2.16 eV) [60].
Besides, the calculated bandgaps using the HSE06+SOC
functional for the Cs2PbI2Cl2 monolayer (2.75 eV) in the
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TABLE I. Calculated bandgaps (eV) for free-standing InSe,
Cs2X I2Cl2 (X = Pb, Sn, and Ge) and heterostructures with PBE,
PBE+SOC, HSE06, and HSE06+SOC functionals, respectively.

X InSe Cs2X I2Cl2 Heterostructures

HSE06+SOC Pb 2.22 2.75 1.37
Sn 2.29 2.17 0.40
Ge 2.52 2.67 1.55

HSE06 Pb 2.25 3.40 1.44
Sn 2.33 2.25 0.42
Ge 2.55 2.71 1.59

PBE+SOC Pb 0.91 1.52 0.41
Sn 0.97 1.14 III
Ge 1.15 1.46 0.56

PBE Pb 0.93 2.20 0.42
Sn 0.99 1.26 III
Ge 1.18 1.55 0.55

heterostructure lattice are closed to the other experimental
(3.04 eV) [13] and theoretical results (2.99 eV) [31], while
the bandgaps for the Cs2SnI2Cl2 monolayer (2.17 eV) are
a little smaller than experimental (2.62 eV) and theoreti-
cal results (2.51 eV) [14,31]. The band structures for the
InSe/Cs2PbI2Cl2, InSe/Cs2SnI2Cl2, and InSe/Cs2GeI2Cl2
heterostructures calculated with the HSE06+SOC func-
tional are shown in Figs. 4(a)−4(c). The results show
that these three heterostructures are all direct type-II band
alignment at point �. Only the InSe monolayer contributes
to the CBM, while the VBM consists of the all-inorganic
2D RP perovskites. The bandgaps for the InSe/Cs2PbI2Cl2
and InSe/Cs2GeI2Cl2 heterostructures calculated using the
HSE06+SOC functional are 1.37 and 1.55 eV, respec-
tively, while the bandgap for the InSe/Cs2SnI2Cl2 het-
erostructure is relatively small (0.40 eV). The smaller

bandgap (0.40 eV) for the InSe/Cs2SnI2Cl2 heterostruc-
ture demonstrates it can detect the wider photodetection
response spectrum. Notably, the bandgap of these het-
erostructures using the HSE06 functional as shown in Fig.
S5 (within the Supplemental Material [42]) are similar to
that calculated using the HSE06+SOC functional.

To investigate the carrier-transport properties of the het-
erostructures, the effective mass, m*, in the a-b plane of
the CBM and VBM at the bandgap is calculated. From
the band structures we extract the effective masses of elec-
trons and holes around the CBM and VBM according to
the formula: m∗ = �2[∂2ε(k)/∂k2]−1. The effective elec-
tron and hole masses of the InSe monolayer, Cs2X I2Cl2
monolayer (X = Pb, Sn, and Ge), and InSe/Cs2X I2Cl2 het-
erostructures using several different functionals are listed
in Table S3 within the Supplemental Material [42]. We
note that effective masses using the HSE06 functional is
similar to those at the PBE level, which is attributed to
the fact that the HSE06 functional has little influence on
dispersity of band structure. However, the SOC effect has
a great influence on the dispersity of the band structure
for Pb-based systems, but little influence on that for Ge-
and Sn-containing systems. The effective mass of elec-
tron in InSe determined with the PBE+SOC functional
is 0.48 m0 while effective mass of the hole is 1.98 m0,
which is consistent with the high electron mobility of InSe
in Refs. [20,21]. The results demonstrate that the effec-
tive masses of carriers for the heterostructures are reduced
compared with those of primitive InSe, Cs2X I2Cl2 (Pb,
Se, and Ge) monolayers, among which, the electron effec-
tive mass is reduced from 1.13 m0 to 0.41 m0 for the
InSe/Cs2GeI2Cl2 heterostructure.

To clarify the physical mechanism, we study the contri-
butions of different constituents in heterostructure systems.

(a) (b) (c)

FIG. 4. Electronic bands determined from HSE06+SOC calculation for the (a) InSe/Cs2PbI2Cl2, (b) InSe/Cs2SnI2Cl2, and (c)
InSe/Cs2GeI2Cl2 heterostructures. The blue and yellow lines denote the contributions from InSe and the 2D RP perovskite,
respectively.
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Owing to the supercells we adopt in our systems, the
folding bands appear and influence the direct comparison
with intrinsic electronic band structure of the 1 × 1 cell.
Therefore, to reveal the real electronic band structures
of the interface, the k-projection technique [34,35] is
used to unfold the band structures from the supercell
calculations and provide a local band structure, which is
efficiently performed by adopting fast Fourier transforms.
Figures 5(a) and 5(c) are the band structures of free-
standing InSe and Cs2PbI2Cl2 in heterostructure lattice.
These band structures could not simply resemble those of
primitive Cs2PbI2Cl2 and InSe monolayers as shown in
Figs. 3(a) and 3(c). After doing the k projection to the 1 × 1
cell as shown in Figs. 5(b) and 5(d), the unfolded bands
closely resemble the primitive monolayers. The results
demonstrate that the bandgap of the heterostructure is the

result of hybridization between the Cs2PbI2Cl2 and InSe
monolayer. It should be noted that because of the strain
resulting from the lattice mismatch, the X and Y points
in the Brillouin zone of the supercells have a slight dis-
placement, which has little impact on the location of these
folded bands.

C. Interface charge-transport mechanism

To explore the charge-transfer mechanism at the
InSe/Cs2X I2Cl2 (X = Pb, Sn, and Ge) interface, we
calculate the differential charge density according to
the formula �ρ(z) = ρhete − ρCs2XI2Cl2 − ρInSe [19]. The
planar-averaged differential charge densities for the
InSe/Cs2X I2Cl2 (X = Pb, Sn and Ge) heterostructures
along the z direction are presented in Figs. 6(d)−6(f). The

(a) (b)

(c) (d)

FIG. 5. Band structures for the free-standing Cs2PbI2Cl2 and InSe in the heterostructure lattice using the PBE functional are respec-
tively shown in (a) and (c). The unfolded bands derived from the k-projection method are shown in (b),(d). The Fermi level is set to
be zero.
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(a) (b) (c)

(d) (e) (f)

FIG. 6. Differential charge densities using the PBE functional for the (a) InSe/Cs2PbI2Cl2, (b) InSe/Cs2SnI2Cl2, and (c)
InSe/Cs2GeI2Cl2 heterostructures, respectively. (d)−(f) Planar-averaged differential charge densities �ρ(z) for the structural models
shown in (a)−(c), respectively. The red and blue colors indicate electron accumulation and depletion, respectively.

red charge area indicates charge accumulation, while the
blue charge area indicates charge depletion. It can be seen
that the charge at the interface flows from the all-inorganic
2D RP perovskite to the InSe monolayer, which restricts
the recombination of electrons and holes. The differential
charge densities for the InSe/Cs2X I2Cl2 (X = Pb, Sn, and
Ge) interfaces are also provided in Figs. 6(a)−6(c). The
accumulated charge cloud is shown to be concentrated
around the Se atoms, while the depleted charge cloud is
concentrated around the I atoms. Moreover, the work func-
tion is calculated to demonstrate the charge movement.
The values of the work functions for the heterostructures,
free-standing InSe, and all-inorganic 2D RP perovskite are
listed in Table S4 within the Supplemental Material [42].
Considering the Pb-based heterostructures, the value of the
work function for free-standing InSe, 5.33 eV, is larger

than that of Cs2PbI2Cl2, 4.55 eV. The charge would there-
fore move from Cs2PbI2Cl2 to InSe until they possess the
same work-function values. When InSe and Cs2PbI2Cl2
are in contact, the work function for the heterostructure is
4.95 eV, which is a moderate value compared with those of
InSe (5.33 eV) and Cs2PbI2Cl2 (4.59 eV).

D. Optical properties

To explore the influence of the InSe monolayer on
the absorption coefficient of the heterostructures, we cal-
culate the absorption coefficients of the heterostructures,
InSe monolayer, and all-inorganic 2D RP perovskites
using PBE functionals according to the formula α =
(
√

2)ω
[√

ε1(ω)2 + ε2(ω)2 − ε1(ω)
]1/2

. It is worth not-
ing that the PBE functional are adopted rather than the

(a) (b) FIG. 7. Calculated absorp-
tion coefficients for the (a)
InSe/Cs2PbI2Cl2 and (b)
InSe/Cs2GeI2Cl2 heterostruc-
tures using the PBE functional.
The blue, red, and black lines
represent the InSe, 2D RP per-
ovskite, and heterostructure,
respectively.
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HSE06+SOC functional to calculate the absorption coef-
ficient as computational resources are limited [61–74].
Considering the type-III heterostructure that is identi-
fied at the InSe/Cs2SnI2Cl2 interface via the PBE func-
tional, we calculate the absorption coefficients of the
InSe/Cs2PbI2Cl2 and InSe/Cs2GeI2Cl2 heterostructures for
comparison between the heterostructures, free-standing
InSe, and perovskites. This allowed for the qualitative
analysis of the influence of the InSe monolayer on the
absorption coefficient of the heterostructure. The calcu-
lated absorption coefficients of the InSe/Cs2PbI2Cl2 and
InSe/Cs2GeI2Cl2 heterostructures are shown in Figs. 7(a)
and 7(b). It can be seen that the all-inorganic 2D RP per-
ovskites Cs2PbI2Cl2 and Cs2GeI2Cl2 show small absorp-
tion coefficients in the visible region compared with
that of the InSe monolayer. The absorption coefficient
of the InSe/Cs2X I2Cl2 (X = Pb and Ge) heterostruc-
tures are also shown to be greatly enhanced. Owing to
the bandgap reduction from 2.17 to 0.40 eV for the
InSe/Cs2SnI2Cl2 heterostructure, the absorption spectrum
of the heterostructures are broadened to incorporate the
near-infrared region, which is more favorable for applica-
tion in high-performance photodetectors, compared with
Pb- and Ge-based heterostructures.

IV. CONCLUSION

In summary, the electronic and optical properties of
the InSe/Cs2X I2Cl2 (X = Pb, Sn, and Ge) vdW het-
erostructures are investigated via DFT calculations. Our
results demonstrate that the photodetection response spec-
trum of the InSe/Cs2SnI2Cl2 heterostructure is dramat-
ically broadened as the bandgap decreased from 2.17
to 0.40 eV, and an enhanced absorption coefficient is
observed compared to the isolated systems. Moreover,
the electron effective mass is reduced from 1.13 m0 to
0.41 m0 for the InSe/Cs2GeI2Cl2 heterostructure. These
enhancements are ascribed to the type-II energy-band
alignment, wherein the InSe monolayer contributes to the
CBM while the VBM results from the all-inorganic 2D
RP perovskites. Band unfolding further supports such a
band alignment for this type of heterostructure, which
favors carrier separation. Our results indicate that the
InSe/Cs2X I2Cl2 (X = Pb, Sn, and Ge) vdW heterostruc-
tures are promising candidates for use in high-performance
photodetectors.
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