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ABSTRACT: Pressure processing is efficient to regulate the structural and physical . . 140
q g g 3 g 3 g 2D halide perovskite
properties of two-dimensional (2D) halide perovskites which have been emerging for Cs,Pbl,Cl,
advanced photovoltaic and light-emitting applications. Increasing numbers of studies
have reported pressure-induced and/or enhanced emission properties in the 2D halide
perovskites. However, no research has focused on their photoresponse properties under
pressure tuning. It is also unclear how structural change affects their excitonic features,
which govern the optoelectronic properties of the halide perovskites. Herein, we report
significantly enhanced photocurrents in the all-inorganic 2D perovskite Cs,PbIL,Cl,,
achieving over 3 orders of magnitude increase at the industrially achievable level of 2
GPa in comparison with its initial photocurrent. Lattice compression effectively regulates
the excitonic features of Cs,Pbl,Cl,, reducing the exciton binding energy considerably
from 133 meV at ambient conditions to 78 meV at 2.1 GPa. Impressively, such a reduced exciton binding energy of 2D Cs,Pbl,Cl, is
comparable to the values of typical 3D perovskites (MAPbBr; and MAPbL,), facilitating the dissociating of excitons into free carriers
and enhancing the photocurrent. Further pressurization leads to a layer-sliding-induced phase transition and an anomalous negative
linear compression, which has not been observed so far in other halide perovskites. Our findings reveal the dramatically enhanced
photocurrents in the 2D halide perovskite by regulating its excitonic features and, more broadly, provide new insights into materials
design toward extraordinary properties.
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B INTRODUCTION mismatch between the quantum well and barrier, providing

Two-dimensional (2D) Ruddlesden—Popper (RP) perovskites lower shielding of the electrons and holes in the octahedron
d o PPe pe ‘ layers. Thus, a relatively weak excitonic feature exists in the all-
exhibiting diverse and tunable optoelectronic properties as well 3 ) ) >
| . ; . inorganic Cs,Pbl,Cl,. More importantly, the significantly
as superior stability, have emerged as potential alternatives to ) : ;
their 3D analogues for applications in high-efficiency solar cells smaller 1‘nterlayer dlsta'nce, setting CSZPbIAZCIZ apart from all
and light-emitting diodes.'® Because of strong dielectric and the hybrid 2D perovskites, e.nables to achieve t},le, unexplored
quantum confinements, excitons (electron—hole pairs) in 2D structural feature Aand provide more opportl}anlesA for both
perovskites are stabilized even at room temperature and fundgmental studle‘s aflfl P erformance optimization upon
possess high binding energies (E, ~ hundreds of meV)."” It is applying external s't1m1'111 including pressure anc?. temperature.
well-known that the E, is crucial for the optoelectronic Pressuré processing1s a p ow.erful way t_o modify tbe thSI_Cal
properties of the halide perovskites because it determines the and chemical properties of various functional materials, which

robability of exciton dissociation and charge carrier furthers our fundamental understanding of structure—property
fecombinztion 89 Hence tuning the E, of ZgD halide relationships and also enables the discovery of novel materials
. 5] b

. . . herwi inable.!'™'° F 1 -
perovskites could further enhance their performance in ot er\fmse unf)btal.nabe . or example, pressure-based
. . .. materials engineering has induced emergent or enhanced
optoelectronic devices. Achieving these calls for a better

. . . . 1 i i f i i i 1fi
fundamental understanding, which requires more suitable optoelectronic_properties of semiconductive oxides, sulfides,

. i : and halides.'"®"" Recently, studies on pressure-induced
material systems as well as advanced in situ regulation and . . .
o variations of structures and emission properties of 2D
characterization methods.

Compared to organic—inorganic hybrid 2D perovskites, all-
inorganic compounds possess higher stability and potentially Received: November 9, 2020
lower Ey, which is attractive for photovoltaic applications.'” A Published: January 19, 2021
recently developed all-inorganic 2D RP perovskite Cs,Pbl,Cl,
exhibits superior characteristics, including strong photo-
response, high carrier mobility, and outstanding stability."’

The inorganic spacer Cs* cations reduce the dielectric
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Figure 1. In situ structural characterizations of Cs,PbL,Cl, under high pressure. (a) Ambient crystal structure along different crystallographic axes
and the elongated [PbL,Cl,] octahedral unit. (b) Synchrotron XRD patterns at selected pressures. (c) Rietveld refinement results of XRD patterns
collected at 0.0 and 2.6 GPa. The inset shows the corresponding crystal structure and the sliding direction. (d) Unit-cell volumes as a function of

pressure fitted by Birch—Murnaghan equation of states. (e) Compressibility along different lattice axes, where a’ =

V/2a/2, b’ = \/2b/2,and ¢’ =2

sin(f)c. (f) Pb—Cl bond length and Cl-Pb—Cl bond angle as a function of pressure.

perovskites have been growing rapidly.”~** However, no
research has focused on their photoresponse under high
pressure despite the fact that the influence of excitonic features
on their optoelectronic properties is of great interest. In this
work, we report the remarkably enhanced photocurrent by
more than 3 orders of magnitude via pressure-tuned excitonic
features in the all-inorganic 2D perovskite Cs,PbI,Cl,. The
variations of structural and physical properties have been
investigated by comprehensive high-pressure characterization
and theoretical calculations, demonstrating the direct link
between the excitonic features and the optoelectronic proper-
ties of 2D halide perovskites.

B RESULTS AND DISCUSSION

Cs,PbI,Cl, adopts the tetragonal structure with space group
I4/mmm (phase 1) and lattice constants of a = b = 5.6385(8) A
and ¢ = 18.879(4) A at ambient conditions. The 2D
[PbL,CL,],*" layer is built by the corner-sharing [PbI,Cl,]*"
units (Figure 1a), where Cl™ and I” anions occupy in-plane
shared corners and out-of-plane terminal ligands, respectively.
With the Cs* cations separating the layers, Cs,PbI,Cl,
possesses a standard 2D RP-type perovskite structure.

In situ X-ray diffraction (XRD) measurements were
performed to investigate the structural evolution of Cs,Pbl,Cl,
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under high pressures. Figure 1b and Figure S1 exhibit the
integrated XRD profiles at different pressures. Upon
compression, all diffraction peaks shift to higher 26 angles
due to the lattice contraction. When the applied pressure
exceeded 2.6 GPa, a structural phase transition occurs, as
evidenced by the anomalous left shift of some diffraction peaks.
We further conducted single-crystal XRD to identify the crystal
structure of the high-pressure phase (phase II), as shown in
Figure S2. At 2.8 GPa, Cs,PbL,Cl, adopts a monoclinic
structure with space group C2/m, giving the lattice constants
of a=7.749(2) A, b = 7.800(2) A, c = 9.863(14) A, and =
112.29(4)° (Tables S1 and S2).

Interestingly, the tetragonal-to-monoclinic phase transition
of Cs,PbI,Cl, arises from the layer sliding of the 2D
[PbL,CL,],>"" plane along the a-axis, which has never been
observed in perovskite materials. Layer sliding could result in
the exceptional phenomenon of negative linear compressibility,
which has been reported in Co(SCN),(pyrazine),, a layered
metal—organic framework.”> In the hybrid 2D
(BA),(MA),_,Pb,1;,.,,, the compression process includes two
steps of interlayer and intralayer dominated compression at
low- and high-pressure regions, respectively.26 As the pressure
increases, the intralayer compression results in Pb—I bond
length shortening and Pb—I—Pb angle narrowing, both of

https://dx.doi.org/10.1021/jacs.0c11730
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Figure 2. (a) Raman spectra of Cs,PbL,Cl, at different pressures. (b) Schematic representation of the vibrational modes of Cs,PbL,Cl,.

which manifest as octahedron tilting in the hybrid 2D
perovskite.”””** However, the tilting is not allowed in the
all-inorganic 2D Cs,PbI,Cl, because of its crystallographic
symmetry limitation. The polarization between I” and Cs" is
strong, while the interlayer van der Waals interaction is
relatively weak. Therefore, when the separation distance
exceeds a certain threshold, the original structure collapses,
resulting in a holistic layer sliding without octahedron tilting.
The Rietveld refinement profiles for XRD data collected at
different pressures are displayed in Figure lc and Figure S3.
The ambient tetragonal structure (phase I) was used to fit the
patterns up to 2.1 GPa, while the monoclinic structure (phase
II) was used to fit the patterns at 2.6 GPa and higher pressures.
The variation of the cell volumes of Cs,PbI,Cl, under high
pressure is displayed in Figure 1d. Using the Birch—
Murnaghan equation of state to fit the pressure-dependent
unit-cell volumes, bulk modulus (K,) values of 16.8 GPa for
phase I and 42.8 GPa for phase II were obtained, indicating the
less compressible nature of phase II. The lattice constants for
different axes of Cs,Pbl,Cl, are displayed as a function of
pressure in Figure le, where the anisotropic compressibility
can be found in both phase I and phase II. It is worth noting
that negative linear compressibility is observed in phase II,
where the unit cell counterintuitively expands along the b-axis
(perpendicular to the sliding direction a) accompanied by an
overall volume reduction during compression. This has never
been reported in halide perovskites. The calculated compres-
sibility coefficient of the b-axis is K, = —13 TPa~’, which is
typically in the range of the value from 5 to 50 TPa™' for
crystalline materials.”” The negative linear compressibility
arises from the anisotropic distortion of the octahedron in
phase II, evidenced by the quick decrease of the Cl-Pb—Cl
bond angle and a slight increase of the Pb—Cl bond length
(Figure 1f). This would lead to the contraction of the
octahedron along the sliding direction and expansion
perpendicular to the sliding direction. When the pressure
exceeded 15 GPa, the large deformation of the octahedra
makes the perovskite structure unstable and amorphized.
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The phase transition of Cs,Pbl,Cl, is further confirmed by
in situ Raman spectroscopy. As shown in Figure 2, four Raman-
active modes are observed at wavenumbers of 24.4, 47.2, 52.4,
and 91.6 cm™!, corresponding to interplane breathing, Pb—I
rocking, Cs—I stretching, and Pb—I stretching, respectively.
Upon compression, all Raman peaks shift to higher frequency
due to the bonds shortening. It is worth noting that the peak
intensity for Cs—I stretching obviously increased before the
phase transition, indicating the stronger polarization inter-
action between I and Cs. When the pressure exceeded 2.3 GPa,
the Raman peak for interplane breathing splits into two,
suggesting a breakdown of symmetry, which is in line with the
XRD results.

To understand the relationship of the lattice structure and
excitonic features of Cs,PbI,Cl,, high-pressure UV—vis
absorption spectra were collected (Figure 3a and Figure S4).
At ambient conditions, Cs,PbI,Cl, exhibits a sharp absorption
edge at 3.08 eV, where the kink at the absorption edge is
originated from the excitonic absorption.”’”’" The kink
becomes smaller with increasing pressure, which indicates
the decrease of exciton binding energy E,. As reported, the E,
in 2D perovskite derived from two collaborative effects:
quantum confinement and dielectric confinement."” The
exciton wave function is confined into the 2D plane by the
quantum wells, increasing Ey; then, the barriers with low
dielectric constant poorly screens the electrostatic interaction
between electrons and holes, thereby further enhancing the E,
by dielectric confinement.”*” To evaluate the dielectric
confinement in Cs,PbL,Cl, at different pressures, DFT
calculations were performed to compute the high-frequency
dielectric constants perpendicular to the layers (¢,,). As shown
in Figure S5, the dielectric constants continuously increase
from 3.97 at ambient conditions to 4.36 at 2.1 GPa, which is
mainly attributed to the shortening of the interlayer distance
under high pressure (from ~3.10 A at ambient conditions to
~2.74 A at 2.1 GPa). Therefore, the interlayer dielectric
mismatch is reduced, which suppresses the dielectric confine-
ment of the excitons in Cs,PbL,Cl,.
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Figure 3. Optical characterizations of Cs,PbL,Cl, under high pressure. (a) Selected UV—vis absorption spectra upon compression, where the kink
at the absorption edge is originated from the excitonic absorption. (b) Calculated exciton binding energies at different pressures. (c) The E,, value

of typical 3D and 2D perovskites in comparison with those of Cs,Pbl,Cl, under high pressure (MA = methylammonium, PEA

phenethylammoniuim, and BA = butylammonium), where the data for (BA),PbBr,, (PEA),PbBr,, (PEA),Pbl,, MAPbBr;, and MAPbI,; come from
the literature.>>™>* (d) Optical micrographs collected at selected pressures, where the orange textures stem from the inhomogeneous stress
distribution induced by the phase transition. (d) Bandgap as a function of pressure.

Consequently, the E;, values at different pressures are
calculated according to the Wannier—Mott exciton model*
(Supporting Information) and plotted in Figure 3b, which
reveals a significant decrease from 133 meV at ambient
conditions to 78 meV up to 2.1 GPa. The reduced exciton
binding energy would destabilize the photogenerated excitons
and make them more mobile. Figure 3¢ exhibits the E, value of
typical 3D and 2D perovskites in comparison with those of
Cs,PbL,Cl, at different pressures. Impressively, the E, value of
Cs,PbI,Cl, at 2.1 GPa has reached the region comparable to
the values of 3D halide perovskites and much lower than the
representative 2D hybrid perovskites. Therefore, by applying
pressure, we can regulate the excitonic feature of 2D
perovskites to mimic the behavior in 3D compounds but
without losing their advantages, making the 2D materials more
promising for photovoltaic applications.

It is interesting that the orange textures can be observed
starting from 2 GPa (Figure 3d and Figure S6). The
inhomogeneous stress distribution induced by the phase
transition could usually break the single crystals, and cracks
or interfaces may generate.'® The bandgap widths of
Cs,PbI,Cl, under high pressure are plotted in Figure 3e,
where a sudden drop happened at 2 GPa due to the phase
transition. Theoretical calculations reveal the direct bandgap
nature and a similar band structure for both phases (Figure
S7). The states near the conduction band minimum (CBM)
are mainly consisting of Pb-6p states, and the valence band
maximum (VBM) consists of Cl-3p/I-Sp and Pb-6s antibond-
ing states.'””” The highly dispersive nature near the band
edges of Cs,PbL,Cl, are credited for the outstanding in-plane
carrier transport properties. By utilizing parabolic band
approximation, we calculated the effective masses of both the
electron and hole in Cs,Pb,Cl, at different pressures (Figure
S8). The effective masses continually decrease upon
compression, which indicates enhanced carrier mobility. The
calculated pressure-dependent bandgap is exhibited in Figure
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S9, which is in line with experimental results. The narrowing of
the bandgap during the phase transition is ascribed from the
enhanced overlap of the Pb—I and Pb—Cl electron clouds by
the Cl-Pb—Cl and I-Pb—Cl bonds bending (Figure 1f and
Figure S10), thereby increasing the electronic band dispersion.

The key processes for photovoltaic applications include
photoabsorption, charge carrier separation, and migration.
Cs,PbL,Cl, is reported to be promising as a UV and hard
radiation detector at ambient conditions due to its direct
bandgap, high carrier mobility, and excellent moisture
stability.'>*” However, the performance is still limited by its
relatively high E, (133 meV) compared to kT (26 meV at
room temperature), suggesting that the photogenerated
excitons can be stabilized and hardly dissociate into free
carriers. Benefiting from the reduced E,, by pressure regulation,
the enhanced photoresponse is presumable. To this end, we
performed an in situ in-plane photocurrent measurement in a
Cs,PbL,Cl, single crystal under high pressures. As shown in
Figure 4a, the photocurrents exhibit fast on—off switch
responses and rapidly enhance up to 2 GPa. The
corresponding photoconductivity markedly increases by more
than 3 orders of magnitude to 2.2 X 10™° S/m at 1.91 GPa
compared with 1.3 X 107® S/m at ambient conditions (see
Figure 4b). After the phase transition, and with rising pressure,
the photocurrents of Cs,Pbl,Cl, gradually decrease (Figure
S11) because of the generation of interfaces and the structural
amorphization, which introduce carrier scattering and addi-
tional recombination channels.”®*’

The mechanism of photoresponse evolution in Cs,PbI,Cl, is
illustrated in Figure 4c. The generated excitons could either be
stabilized or dissociate into free carriers depending on the
binding energy E,,*”*' making E, one of the key parameters
for optoelectronic materials.”"** The relatively high E, value of
Cs,PbI,Cl, at ambient conditions stabilizes the excitons, giving
the observed excitonic feature in the absorption spectrum
(Figure 3a). When the pressure reaches 2.1 GPa, the reduced
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evolution of photoconductivity, where the data at ambient conditions is derived from the literature.'® The inset displays a microphotograph of the
crystal with platinum probes in the diamond anvil cell. (c) Schematic diagram of the pressure-promoted exciton dissociation.

E, is comparable to the 3D perovskites MAPbBr; and MAPbI,.
This means that the excitons are more likely to dissociate into
free carriers, just like in the 3D compounds. Moreover, the
pressure-induced higher mobility makes these free carriers
easier to migrate toward current collectors. Therefore, a
dramatically enhanced photoresponse in Cs,PbI,Cl, is
achieved via the pressure-reduced excitonic feature.

B CONCLUSION

Using pressure to regulate the excitonic features, we achieved
remarkably enhanced photocurrents in an all-inorganic 2D
halide perovskite Cs,PbI,Cl,, reaching more than 3 orders of
magnitude increment at ~2 GPa in comparison to the initial
value. The dielectric confinement is greatly suppressed during
compression, providing lower shielding of the Coulombic
interactions between electrons and holes. Consequently, the
exciton binding energy of Cs,PbI,Cl, decreased from 133 meV
at ambient conditions to 78 meV at 2.1 GPa, reaching a value
comparable to the typical 3D halide perovskites. Further
compression induces a tetragonal-to-monoclinic phase tran-
sition that arises from the sliding of the octahedron layers.
Intriguingly, an unusual negative linear compression phenom-
enon was revealed in the high-pressure phase of Cs,Pbl,Cl,
due to the contraction of the octahedron along the sliding
direction but expansion perpendicular to the sliding direction,

which has never been reported in halide perovskites.
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