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ABSTRACT: The two-dimensional Ruddlesden−Popper (RP) phases are an important
class of halide perovskites with versatile optoelectronic properties. So far, only organic−
inorganic hybrid RP phases involving long organic spacers were reported in this class. Here,
we report an all-inorganic RP phase lead halide perovskite, Cs2PbI2Cl2 (1, I4/mmm space
group; a = 5.6385(8) Å, c = 18.879(4) Å), synthesized by a solid-state method. The
compound exhibits a band gap of Eg ∼ 3.04 eV and photoconductivity. We find an
anomalous band gap evolution in Cs2Pb1−xSnxI2Cl2 solid solutions. Our combined density
functional theory and experimental study supports the thermodynamically stable nature of
1 as a unique ordered phase in the Cs2PbX4 (X = Cl, Br, I) system. The calculations suggest
that 1 is a direct bandgap semiconductor with relatively small effective carrier mass along
the in-plane direction, consistent with the experimentally observed in-plane UV-light photoresponse. We also demonstrate that
1 is promising for radiation detection capable of α-particle counting. Moreover, 1 shows markedly ambient and thermal stability.

■ INTRODUCTION

Ruddlesden−Popper (RP) phases, with a general formula of
An+1BnX3n+1 (n = 1, 2, ...), are one of the most common forms
of layered perovskite structure, consisting of alternated two-
dimensional (2D) perovskite slabs and spacer cations.1 In the
long investigated oxide perovskites (X = O2−), many
interesting properties have been demonstrated with RP
structure, such as colossal magnetoresistance, superconductiv-
ity, ferroelectricity, orbital ordering transition, and catalytic
activity.2−6 Recently, the class of halide perovskites (B = Sn2+,
Pb2+, X = Cl−, Br−, I−) has been shown to exhibit unexpectedly
excellent optoelectronic and photovoltaic properties, and 2D
RP phases of lead halide perovskites have already been applied
in high-efficiency solar cells and light-emitting diodes with
higher stability.7−10 However, all the reported 2D RP phase
lead halide perovskites are hybrid organic−inorganic com-
pounds with long organic chains, which are also known as
⟨100⟩-oriented 2D perovskites, and to the best of our
knowledge, no record of all-inorganic RP phase halide
perovskites has been reported.9−16 Cs2PbI4 that corresponds
to an all-inorganic RP phase with n = 1 was predicted to have a
1.5−1.9 eV band gap by theoretical calculations, which could
be attractive for photovoltaic applications like tandem solar
cell, however, to our knowledge, this compound does not
exist.17,18 Yu and co-workers claimed the plausible existence of
RP phases in 2D CsPbBr3 nanosheets, providing the possibility
of stabilization effect in nanoscale.19 In the case of “2D”

CsPbBr3, work on printed photodetectors with excellent
photosensing and fast response times has been reported.20

The purely inorganic RP phases of halide perovskites promise
to exhibit a more robust nature relative to the hybrid organic−
inorganic compounds under extreme conditions. Therefore,
studying their physical and chemical properties is important.
Here, we chose the largest inorganic spacer cation Cs+ to
support the perovskite framework and explored the basic
chemistry of the Cs2PbX4 (X = Cl, Br, I) system. We report the
new semiconducting RP compound Cs2PbI2Cl2 with n = 1,
formed by corner-sharing of elongated [PbI2Cl4] octahedral
units.

■ RESULTS AND DISCUSSION

The investigation in the Cs2PbX4 (X = Cl, Br, I) system was
performed using solid-state synthesis, and the powder XRD
results of the products are shown in Figure S2. When the
binary starting materials with the same halide were used (e.g.,
2CsX + PbX2), the reaction products were composed of
mixtures of CsPbX3 (“113”) and Cs4PbX6 (“416”). For
reactions with different halide binary reactants (e.g., 2CsX +
PbY2, X ≠ Y), the results varied. When the halides were
immediate neighbors in the periodic table for example in the
2CsBr + PbCl2 and 2CsBr + PbI2 cases, the products of “113”
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and “416” phases we observed were in the form of mixed-
halide solid solution (e.g., CsPbBr3−xClx, Cs4PbBr6−xClx).
When the halides were distant neighbors in the case of
2CsCl + PbI2, we observed a new XRD pattern corresponding
to the quaternary phase of Cs2PbI2Cl2 with ordered I/Cl
halides in the structure.
The structure of Cs2PbI2Cl2 was solved and refined using

single crystal X-ray crystallography (see SI file for details). As
shown in Figure 1, Cs2PbI2Cl2 adopts the K2NiF4-type

structure1 and crystallizes in the tetragonal space group of
I4/mmm (no. 139) with the unit cell parameters of a = b =
5.6385(8) Å, c = 18.879(4) Å. The 2D [PbI2Cl2]n

2n− plane is
constructed by the corner-sharing Pb-centered [PbI2Cl4]

4−

unit, where Cl ions occupy in-plane sites serving as the shared
corners of the Pb octahedron and I ions occupy out-of-plane
halide sites serving as terminal ligands. With the Cs+ spacer
ions balancing charge, Cs2PbI2Cl2 has a standard single-layer
(n = 1) RP structure.
We then tested the environmental and thermal stability of

Cs2PbI2Cl2, issues that strongly impede the application of
perovskite materials in solar cells and light-emitting devices.
Figure 2a shows the powder XRD pattern of Cs2PbI2Cl2 after a
4 month storage in ambient air (∼25 °C and ∼65 RH%),
where no sign of degradation or new phase is observed.

Thermal gravimetric analysis (TGA) results show that the
sample starts to lose weight at a high temperature of ∼520 °C,
while the sharp endothermal peak observed in differential
thermal analysis (DTA) indicates a congruent melting of
Cs2PbI2Cl2 at 416 °C. It needs to be mentioned that a second
phase with a small exothermal peak at 359 °C appeared at the
first cooling process and melted incongruently in the second
test cycle, as shown in Figure S4, which could most likely to be
CsPbI3 according to the new absorption edge at 1.73 eV in the
UV−vis spectrum after the DTA measurements (Figure S5),
further confirming the thermodynamic stability of “113”
secondary phase and the importance of slow cooling for single
crystal growth.
After understanding the melting/crystallization behavior, we

used the vertical Bridgman method21,22 to separate Cs2PbI2Cl2
from impurities through slow crystallization and obtained large
single crystals of several-millimeter size. These samples of
Cs2PbI2Cl2 were used for further characterizations of optical
and electrical properties. To investigate the relative thermody-
namic stability of all the possible mixed halide Cs2PbX4
candidates, we performed density functional theory (DFT)
calculations. Considering two crystallographic positions for
halogens, there are 9 possible compounds in 3 types
(schematic view in Figure 3): Cs2PbX4 with single halogen

source; Cs2PbX2Y2 (X ≠ Y, rX > rY) with elongated octahedron
unit (smaller Y in plane); β-Cs2PbX2Y2 (X ≠ Y, rX > rY) with
compressed octahedron unit (larger X in plane). Decom-
position enthalpies (ΔHd) that appropriately account for the
thermodynamic stability of compounds were calculated
through different decomposition pathways.23−25 Basically,
there are two kinds of secondary phases: one has two binary
compounds of cesium and lead halide salts (eq A), and the
other involves two ternary compounds of “113” and “416”
phases (eq B). For the mixed halide cases, the interchange of
different halogens is as follows:

Figure 1. Crystal structure of Cs2PbI2Cl2 from (a) the side view (unit
cell outlined in gray) and (b) top-down view (Cs+ are hidden and the
adjacent perovskite slabs are in different color to depict the relative
stacking of layers with (1/2, 1/2) displacement), and (c) the
elongated [PbI2Cl4] octahedral unit. Selective bond length: Pb−Cl
(2.8193(4) Å), Pb−I (3.171(2) Å), and Cs−I (3.781(3) Å).

Figure 2. (a) Powder XRD pattern of Cs2PbI2Cl2 after a 4 month
storage in air (T = ∼25 °C and RH = ∼65%). (b) TGA and DTA
measurements of Cs2PbI2Cl2.

Figure 3. Calculated ΔHd values of nine possible RP phase lead halide
perovskites through different decomposition pathways. The gray and
red bars indicate pathways A and B, respectively. Particularly, the light
and dark color in mixed halogen cases represent the consideration of
halogen exchange (light gray: eq A-1, dark gray: eq A-2; light red: eq
B-1, dark red: eq B-2). In parentheses are the least ΔHd values.
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Cs PbX 2CsX PbX2 4 2→ + (A)

Cs PbX Y 2CsY PbX2 2 2 2→ + (A-1)

Cs PbX Y 2CsX PbY2 2 2 2→ + (A-2)

Cs PbX 2/3CsPbX 1/3Cs PbX2 4 3 4 6→ + (B)

Cs PbX Y 2/3CsPbY 1/3Cs PbX2 2 2 3 4 6→ + (B-1)

Cs PbX Y 2/3CsPbX 1/3Cs PbY2 2 2 3 4 6→ + (B-2)

Among all the structures, only Cs2PbBr2Cl2 and Cs2PbI2Cl2
show positive ΔHd for all the decomposition pathways,
reflecting their thermodynamically stable nature. For the
other seven compounds, however, the ΔHd values through
pathway B are negative, indicating tendency for spontaneous
decomposition of forming “113” and “416” secondary phases,
which agrees with the experimental results perfectly. Though
for Cs2PbBr2Cl2, a positive ΔHd is calculated; this is the least
positive value of only +2 meV/f.u. Once we consider the
realistic situation of forming solid solutions (CsPbBr3−xClx,
Cs4PbBr6−xClx), it will increase the entropy and further
stabilize these reaction products, leading to the decomposition
of Cs2PbBr2Cl2. Thus, Cs2PbI2Cl2 is theoretically the most
stable n = 1 RP phase lead halide perovskite in agreement with
experiment.
Figure 4a shows that Cs2PbI2Cl2 has a sharp optical

absorption edge at 3.04 eV. The small kink feature in the
absorption edge is attributed to an excitonic absorption.11

Unlike the strong exciton peak typically observed in 2D hybrid
perovskites, the exciton peak of Cs2PbI2Cl2 seems to be weaker
and could be associated with a reduced excitonic contribu-
tion.11,13 Although the short interlayer spacing is achieved by
the Cs+ (separation distance ∼3.10 Å), it is the all-inorganic
nature that greatly restrains the dielectric confinement due to
the reduced dielectric mismatch between inorganic well and
inorganic barrier compared to the long-chain organic
barriers.26 This dielectric mismatch is believed to predom-
inantly enhance the effective Coulomb interaction between
electron and hole in the lead halide framework and increase the
exciton binding energies of the 2D hybrid perovskites,
therefore the reduced dielectric mismatch in Cs2PbI2Cl2
could result in the decrease of excitonic features at room
temperature.27−29

Cs2PbI2Cl2 exhibits a photoluminescence (PL) peak at 3.01
eV, close to the excitonic absorption peak. Temperature-
dependent PL spectra show that a broad PL emission peak
emerged near the lower-energy tail as temperature decreased,
while the original PL peak at room temperature was much less
altered (Figure S6). Since we did not observe any phase
transition down to 100 K, this broad PL peak could most likely
be correlated with self-trapping excitons.16,30,31 The PL
emission and time-resolved PL spectra were also recorded
and showed in Figure S6, where an average lifetime of ∼3.7 ns
was observed.
Using a hybrid functional with spin−orbit coupling (HSE +

SOC), our calculations predict a direct bandgap for
Cs2PbI2Cl2, close to the experimental value (Figure 4b).32,33

The conduction band minimum (CBM) and valence band
maximum (VBM) both locate at the M point (1/2, 1/2, 0).
The states near the CBM are mainly contributed by Pb 6p
states, while those near the VBM are contributed by I 5p/Cl
3p-Pb 6s antibonding states, which is similar to 2D
MA2Pb(SCN)2I2 and 3D CsPbCl3 and CsPbI3.

34−36

The highly dispersive bands near the valence and
conduction edges for the 3D halide perovskites are credited
for their amazing carrier transport properties.37 The electronic
bands of Cs2PbI2Cl2 have similarly broad bandwidths near the
VBM and CBM. By applying the parabolic band approx-
imation, our DFT calculations predict relatively small electron
and hole effective masses for Cs2PbI2Cl2 along the
[PbI2Cl2]n

2n− plane (Table 1). While the hole effective mass
is larger, the electron effective mass is comparable to those of

Figure 4. (a) UV−vis absorption and PL spectra of polycrystalline
Cs2PbI2Cl2 samples. Inset: image of a single crystal obtained by the
Bridgman method and a mechanically exfoliated crystal slice. (b) HSE
+ SOC calculated electronic band structure along the Γ (0, 0, 0)-X(0,
1/2, 0)-M(1/2, 1/2, 0)-Y(1/2, 0, 0)-Γ(0, 0, 0)-M(1/2, 1/2, 0)-A(1/
2, 1/2, 1/2) path throughout the Brillouin zone as schemed in the
inset and (c) calculated partial DOS of Cs2PbI2Cl2. (d) Current−
voltage curve of Cs2PbI2Cl2 single crystal under 0.6 mW/cm2 UV light
(365 nm) and (e) on−off switching measurements under 10 V bias
voltage. Insets in (d) display the interdigitated Au electrode pattern
and the logarithmic coordinate I/V chart that shows the symmetric
character of current output. (f) 241Am α-particle (Ek = 5.49 MeV)
counting response of Cs2PbI2Cl2 single crystal under 100 V bias
voltage using in-plane electrode configuration.

Table 1. Calculated Effective Masses of Electron and Hole
of Cs2PbI2Cl2, CsPbCl3, and CH3NH3PbI3

me*/ m0 mh*/ m0

Cs2PbI2Cl2
in-plane 0.237 0.531
out-of-plane 19.254 7.511

CsPbCl3
38 0.28 0.18

CH3NH3PbI3
37 0.25 0.19
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CsPbCl3 and CH3NH3PbI3. In contrast, along the c-axis,
perpendicular to the layers, the band dispersions are nearly flat
as can be seen between M and A point in reciprocal space
(Figure 4b), predicting large effective masses and strong
confinement of electrons and holes in the layers, predicting an
anisotropic carrier transport property.
The case where the I and Cl ions positions are switched in

the structure (i.e., the hypothetical β-Cs2PbI2Cl2 where the
bridging halides in the plane are I ions and the terminal atoms
out of plane are Cl ions) was also considered in order to assess
the relative stabilities between the two forms. The calculated
density of states (DOS) provides a useful perspective into
understanding the destabilization effect of halogen swapping in
Cs2PbI2Cl2. Because the total energy of a compound is
determined by the highest occupied states, we can focus on the
band composition near VBM that associates with the
antibonding states of I 5p-Pb 6s and Cl 3p-Pb 6s. Since the
energy of I 5p orbitals is higher than that of Cl 3p, the
antibonding states of I 5p-Pb 6s exhibit higher orbital energy,
and the degree of antibonding between Pb 6s and I 5p
determines the total energy relation of Cs2PbI2Cl2 and β-
Cs2PbI2Cl2. As a result, the β-Cs2PbI2Cl2 form has a narrower
bandgap (Figure S7a and c) and higher total energy (−26.282
eV/f.u.) than the Cs2PbI2Cl2 (−26.765 eV/f.u.).
We performed UV light measurements to test the photo-

response of Cs2PbI2Cl2 using single crystals with (00l)
orientation of the cleavage facet (Figure S8). As shown in
Figure 4d, the compound exhibits a large dark in-plane
resistivity of 3.1 × 1011 Ω cm, suggesting a very low intrinsic
carrier density. When 0.6 mW/cm2 UV light (365 nm)
illumination was applied, the resistivity markedly decreased by
nearly 2 orders of magnitude to 7.5 × 109 Ω cm. Figure 4e
shows the reversible on−off switching properties (on−off ratio
of ∼60) measured under 10 V bias voltage. The on−off cycling
results at low frequencies in Figure S10 showed a highly stable
and reproducible behavior, and a rising time of ∼0.2 s and a
decay time of ∼0.06 s for the UV-light detector could be
extracted (Figure S11).
Because of the relatively high density and high atomic

number elements in this material, the CsPbI2Cl2 has potential
as a hard radiation detector.39−42 We therefore made an initial
assessment using an 241Am α-particle source. The α-particle
detection of Cs2PbI2Cl2 device was operated using pulse mode,
where the generated pulses of α-particle were collected
separately in a given time period. Under the 241Am α-particle
source (Ek = 5.49 MeV), Cs2PbI2Cl2 single crystal with in-
plane electrode configuration showed a clear counting signal
under 100 V bias voltage (Figure 4f). The demonstration of
response to UV light and α-particles suggests that Cs2PbI2Cl2
can be further developed as a promising wide-gap semi-
conductor for radiation detection at room temperature.
The chemical investigation of the all-inorganic RP phase

mixed halide perovskites was also expanded to the mixed Pb/
Sn systems. The Sn-based analogue, Cs2SnI2Cl2, can be
synthesized according to our recent results.43 Compared to
Cs2PbI2Cl2, Cs2SnI2Cl2 has a thinner but longer unit cell
(smaller a/b and larger c, Table S10). As shown in Figure 5,
the lattice parameters change linearly for the Cs2PbxSn1−xI2Cl2
solid solutions, but the band gaps show an anomalous bowing
evolution. When Sn is introduced, the band gaps quickly drop
to ∼2.52 eV for the intermediate compositions (x = 0.25, 0.5,
0.75) and increase again as reaching the pure Sn analogue (2.6
eV). This bowing evolution of band gap is also observed in 3D

CH3NH3Pb1−xSnxI3 solid solutions and was attributed to the
competition between the spin−orbit coupling (SOC) and the
lattice distortion.44,45 In the Cs2Pb1−xSnxI2Cl2 case, however,
no octahedral distortion is observed and the bowing effect
could be related to the anomalous decrease of lattice parameter
c, which needs further investigation.
The size of A-cations is also found to play an important role

for stabilizing the RP structure. When Rb+ was used instead of
Cs+, the RP structure collapsed, and RbPbI3 and Rb3PbCl5
dominated as main products (Figure S13). In addition, no sign
for the existence of high-member RP phases could be
distinguished in the nominal compositions of either
Csn+1PbnIn+1Cl2n (Cs+ as both spacer and interlayer cations)
or Cs2Rbn−1PbnIn+1Cl2n (Cs+ as spacer, Rb+ as interlayer
cations). All of these results emphasize the uniqueness of
Cs2PbI2Cl2.

■ CONCLUSION
In conclusion, Cs2PbI2Cl2 is an all-inorganic 2D RP phase
perovskite with ordered mixed halides. The compound exhibits
a direct band gap of 3.04 eV and a large in-plane resistivity of
>1011 Ω cm. A combined DFT and experimental study
excludes all other candidates in the Cs2PbX4 (X = Cl, Br, I)
system which decompose through an energetically favored
pathway involving the two ternary compounds CsPbX3 and
Cs4PbX6. A strong UV-light response and an effective in-plane
α-particle counting ability confirm the very promising
optoelectronic properties of 2D Cs2PbI2Cl2. The finding of
Cs2PbI2Cl2 expands the low-dimensional halide perovskite
family and opens new opportunities for functionality beyond
photovoltaics.
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