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Abstract: A remarkable PL enhancement by 12 fold is
achieved using pressure to modulate the structure of a recently
developed 2D perovskite (HA)2(GA)Pb2I7 (HA = n-hexylam-
monium, GA = guanidinium). This structure features a previ-
ously unattainable, extremely large cage. In situ structural,
spectroscopic, and theoretical analyses reveal that lattice
compression under a mild pressure within 1.6 GPa consider-
ably suppresses the carrier trapping, leading to significantly
enhanced emission. Further pressurization induces a non-
luminescent amorphous yellow phase, which is retained and
exhibits a continuously increasing band gap during decom-
pression. When the pressure is released to 1.5 GPa, emission
can be triggered by above-band gap laser irradiation, accom-
panied by a color change from yellow to orange. The obtained
orange phase could be retained at ambient conditions and
exhibits two-fold higher PL emission compared with the
pristine (HA)2(GA)Pb2I7.

Introduction

Organic–inorganic halide perovskites possessing unique
lattice and electronic structures have been intensively inves-
tigated for applications such as solar cells, light-emitting
diodes (LEDs), lasers, and photodetectors.[1] A major obstacle
in the development of three-dimensional (3D) ABX3 per-
ovskites is the very limited accessibility of their compositions
as only three A-site cations of Cs+, CH3NH3

+ (MA), and
HC(NH2)2

+ (FA) are able to maintain the stable 3D corner-
sharing perovskite framework.[2] Reduction of the structural
dimensionality not only grants access to numerous material
systems but also allows for the fine-tuning of their optoelec-
tronic properties.[2b, 3] The most prominent examples are
layered 2D Ruddlesden–Popper (RP) halide perovskites,
which adopt a different compositional and structural formula
of LA2An@1BnX3n+1,

[3a, 4] where LA is the interlayer organic
cation and n is the number of inorganic BX6 octahedral layers.

Owing to the strong quantum and dielectric confinements,
excitons can be stabilized at room temperature with large
binding energies of hundreds of meV in 2D RP perovskite-
s,[3a, 4b] making them more promising for light-emitting appli-
cations.[5] However, their emission efficiency is still far from
satisfactory, and the underlying mechanisms have not been
well established yet. The rational design of new and more
efficient 2D perovskites calls for better fundamental under-
standing such as how structural deformation affects the
optical properties.

In 2D perovskite structures, many choices can be made for
LA cations and the selection of A-site cations is also
expanded.[3a, 6] Guanidinium [C(NH2)3]

+ (GA+) has been
reported as a larger A cation that can be fitted into the RP
perovskite cage,[6] which relaxes the Goldschmidt tolerance
factor and increases the compositional tunability. The incor-
poration of such over-sized GA+ expands the perovskite cage
and induces a large octahedral distortion in the inorganic
framework, which would lead to a strong exciton–phonon
interaction that creates a high degree of charge carrier
trapping in the 2D perovskites.[6, 7] Importantly, the signifi-
cantly expanded cage of the GA perovskite, setting it apart
from other 2D perovskites, would enable us to reach the
unexplored structural region which offers more tuning
opportunities for fundamental study upon applying external
stimuli such as temperature and pressure.

Pressure, as an effective tuning knob, can not only
effectively adjust the structures and properties of materials
without changing their chemical compositions but also enable
the exploration of novel materials with emergent and/or
enhanced properties.[8] The organic–inorganic hybrid nature
and soft lattices of halide perovskites make the pressure
effects much more profound, especially for the variation of
carrier trapping that is critical for optoelectronic properties.
Recently, pressure-induced emission in halide perovskites
was proposed by Zou et al. ,[9] which is due to the notable
changes in structures under pressure. Studies on pressure-
induced behaviors of 2D perovskites have recently begun and
photoluminescence (PL) performance can be effectively
adjusted by pressure,[10] but the relationship between carrier
trapping and PL intensity has not been well understood.
Furthermore, the property evolution during decompression
has rarely been examined, which is very important for
ambient-pressure applications. In this work, we employ
pressure to modulate the highly distorted 2D GA-based
perovskite (HA)2(GA)Pb2I7. The variations of optical and
structural properties under high pressure were systematically
investigated using in situ PL, UV/Vis absorption, Raman
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spectroscopy, and synchrotron X-ray diffraction (XRD), as
well as first-principles calculations. Notably, we found sig-
nificantly enhanced emission and reduced carrier trapping in
(HA)2(GA)Pb2I7 under pressure. We also pay attention to the
property changes during decompression as well as the differ-
ence of the sample before and after high-pressure treatments.
Strikingly, an irreversible process was observed and a new
phase of (HA)2(GA)Pb2I7 with reduced carrier trapping was
obtained from the recrystallization of the pressure-induced
amorphous phase, exhibiting a significantly enhanced emis-
sion.

Results and Discussion

Pressure-dependent emission property of (HA)2-
(GA)Pb2I7 was measured using in situ PL spectroscopy during
compression and decompression. At ambient conditions,
(HA)2(GA)Pb2I7 shows a relatively weak emission centered
at around 570 nm with an asymmetric line-shape, where the
lower energy side emission is mainly attributed to the
radiative recombination of trapped carriers.[7] The confined

excitons within the multiple quantum wells of the 2D
perovskite will suppress the dissociation of electron–hole
pairs to free carriers, therefore high emission efficiency via
geminate recombination in 2D perovskite was expected.[3b,7]

However, the PL intensity of (HA)2(GA)Pb2I7 is about one
order of magnitude lower than that of the MA counterpart
(HA)2(MA)Pb2I7,

[6] suggesting a more pronounced nonradia-
tive recombination through the phonon-assisted channel in
the GA compound. This is probably due to its lower
crystallographic symmetry (P1̄ and C2/c for GA and MA
compounds, respectively) and larger distortions of the Pb@I
inorganic sublattice, indicating the stronger exciton–phonon
coupling in (HA)2(GA)Pb2I7.

[6] Interestingly, the PL intensity
of (HA)2(GA)Pb2I7 exhibits a sharp increase during com-
pression and reaches a 12-fold enhancement at 1.59 GPa
compared with that at ambient conditions (Figure 1a; Sup-
porting Information, Figure S1). Then, the PL intensity
exhibits a gradual decrease beyond 1.6 GPa and eventually
disappears at 9.48 GPa, which is mainly due to the appearance
of structural disorder.[8d,9b,11] Furthermore, the fluorescence
micrographs at different pressures in the chamber of a dia-
mond anvil cell (DAC) clearly demonstrate the changes in

Figure 1. In situ optical properties of (HA)2(GA)Pb2I7 single crystals under high pressures. a) PL spectra excited by 405 nm laser during
compression. b) Fluorescence micrographs at selected pressures. c) The fitting curves of the PL spectra under selected pressures, where the red
and white regions are the emission of the free excitons (FEs) and trapped states (Traps), respectively. d) Contribution of trapped states emission
and the PL intensity as a function of pressure. e) Bandgap evolution as a function of pressure and the corresponding optical images.
f) Absorption spectra before and after pressure treatment up to 30 GPa.
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emission brightness (Figure 1b; Supporting Information, Fig-
ure S2).

The PL spectra were fitted to estimate the contributions of
emission from free excitons (FEs, photo-excited electron–
hole pairs) and trapped states at each pressure. As shown in
Figure 1c and the Supporting Information, Figure S3, there is
a significant contribution from the trapped states in the PL
spectrum of (HA)2(GA)Pb2I7 at ambient pressure, which
likely leads to its weaker PL intensity. Strikingly, the
contribution of emission from the trapped states gradually
decreases upon compression. Subsequently, the trap-state
emission totally disappeared at 1.59 GPa, where the brightest
PL was achieved. Figure 1 d presents the contribution from
trap-state emission and the total PL intensity as a function of
pressure, which confirms the strong correlation between the
suppression of carrier trapping and the increase of PL
intensity. It has been reported that the decrease of the
energetic barrier between the free excitons and the trapped
states would result in the reduction of carrier trapping.[7,12]

The change in the energetic barrier of (HA)2(GA)Pb2I7 is
likely caused by modulation and regulation of the Pb@I
inorganic sublattice by pressure towards a reduced distortion,
which would dramatically affect the exciton-phonon inter-
action.[6, 10c]

To explore the band structure evolution, in situ UV/Vis
absorption spectroscopy was utilized to measure the band gap
of (HA)2(GA)Pb2I7 under high pressure (Supporting Infor-
mation, Figure S4). At ambient conditions, a steep absorption
edge is observed at 580 nm which is consistent with the
previous report.[6] As summarized in Figure 1e, the band gap
decreases initially up to 5.1 GPa with the color of the crystal
changing from red to black, followed by an increase from
5.1 GPa to 10.3 GPa, and then gradually decreases with
further pressurization. These trends of band gap narrowing
followed by widening upon compression have been reported
in other 2D lead halide perovskites, and are probably due to
pressure-induced atomic distortion and amorphization.[10a,d] It
is worth noting that the band gap of (HA)2(GA)Pb2I7 can

recover to its original value following the compression path
when the pressure is released from a relatively low pressure,
such as 13 GPa (Supporting Information, Figures S5 and S6).
However, when the pressure is released from a higher
pressure of 30 GPa, it goes through a dramatically different
and anomalous process during decompression. The band gap
values of (HA)2(GA)Pb2I7 during decompression are consid-
erably larger than those during compression, shown as yellow
in the optical images (inset in Figure 1e and the Supporting
Information, Figure S7). The band gap at about 1 GPa during
decompression is 2.66 eV which is 33% larger than that
during compression (2.0 eV). After totally releasing the
pressure, the sample changes from yellow to orange with
a band gap of 2.25 eV, which is 6% larger than the band gap of
the original sample in red (Figure 1 f). The observation of the
irreversible decompression process suggests dramatic changes
in the lattice and electronic structure when a critical pressure
is reached.[8b, 10b,13] Materials with irreversible pressure-in-
duced transitions are desired if we want to maintain the
emergent and/or enhanced high-pressure properties when the
pressure is released, which is of great significance for further
characterization and materials design.

To investigate the structural variations behind the anom-
alous behaviors of the optical properties, in situ synchrotron
XRD measurement was performed on (HA)2(GA)Pb2I7 up to
30 GPa, as shown in Figure 2 a and the Supporting Informa-
tion, Figure S8. At ambient conditions, (HA)2(GA)Pb2I7

crystallizes in a triclinic space group P1̄ with a = 8.8195-
(14) c, b = 9.0300(15) c, c = 21.699(4) c, a = 79.965(13)88,
b = 87.341(9)88, and g = 89.986(10)88. As shown in Figure 2b,
it possesses a molecularly 2D layered structure that features
inorganic anionic layers made of two-layer octahedra
[Pb2I7]

3@, which are separated by the [HA]+ organic cationic
layers. The [Pb2I7]

3@ inorganic layers are constructed by
corner-sharing [PbI6]

4@ octahedra, where the GA cations
occupy the A site cavity of the perovskite cage. The large GA
cations lead to an enormous expansion and large distortion of

Figure 2. In situ structural characterizations of (HA)2(GA)Pb2I7 under high pressures. a) Synchrotron X-ray diffraction patterns at selected
pressures. b) Crystal structure at ambient conditions along different crystallographic axes. c) Compressibility along different lattice axes. d) Unit-
cell volume as a function of pressure. Second-order Birch-Murnaghan equation of states (EOS) fitting curves are shown as black lines.
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the inorganic framework, giving rise to the lower crystallo-
graphic symmetry.

During compression, all diffraction peaks shift to higher
angles due to the lattice contraction. The crystal structures of
(HA)2(GA)Pb2I7 are refined by the Rietveld method at
selected pressures of 0.0, 0.7, 1.7, 2.8, 4.9, and 8.5 GPa
(Supporting Information, Figure S9). Figure 2c,d shows the
variations of lattice constants and unit-cell volume with
pressure, and all the lattice constants are listed in the
Supporting Information, Table S1. Distinct anisotropic com-
pressibility can be observed (Figure 2c), that the contraction
of the c axis is 2.5 times greater than that of the a and b axis
before 3 GPa. In comparison with the less compressible
inorganic sublattice, the interlayer organic cations exhibit
high compressibility along the layer stacking direction (c axis)
at low pressures. Above 4 GPa, a near isotropic compression
was observed. Thus, the relationship between the unit-cell
volume and pressure was fitted in two regions (below 3 GPa
and above 4 GPa) using the second-order Birch–Murnaghan
equation of state (EOS; see details in the Supporting
Information). The obtained B0 value is much smaller in the
low-pressure region than that in the high-pressure region,
indicating a typical two-step compression nature of the 2D
halide perovskites.[10a]

When the applied pressure exceeded 10 GPa, significant
structural disordering occurred, as evidenced by the appear-
ance of a broad diffuse background and the disappearance of
Bragg diffraction peaks. As the pressure was further increased
to 28 GPa, all the diffraction peaks disappeared, indicating an
amorphous phase. Upon decompression, an irreversible

structural evolution was observed, and the amorphous
character could exist as low as 3 GPa, which is probably
because the rigid inorganic framework could more easily
recover than the soft organic component with decreasing
pressure.[10b] This behavior results in the highly disordered
inorganic sublattices, which gives rise to a blueshift of the
absorption edge.[10a,d] The disappearance of several diffraction
rings in XRD images (Supporting Information, Fig-
ure S10a,b) after pressure treatments suggests that a higher
crystallographic symmetry than that of the original sample is
obtained.[8b] As shown in the Supporting Information, Fig-
ure S10c, the structure of the decompressed sample can be
fitted into a monoclinic P2/m crystal structure with a =

11.03 c, b = 15.27 c, c = 4.39 c, and b = 90.23088. The Raman
results in the Supporting Information, Figure S11 provide
further evidence for the different behaviors of (HA)2-
(GA)Pb2I7 during compression and decompression, which
affects the atomic and electronic configurations after high-
pressure treatments. The detailed discussion can be found in
the Supporting Information. Such structural irreversibility is
responsible for the irreversible variations of the optical
properties of (HA)2(GA)Pb2I7 under high pressures.

DFT calculations were performed to understand the
interplay between the crystal structures and electronic
structures under high pressure. The calculated electronic
band structure in Figure 3a demonstrates the direct band gap
nature at the G point of (HA)2(GA)Pb2I7 at ambient
conditions. The valence band maximum (VBM) with hybrid
characteristics mainly originates from antibonding interac-
tions of I 5p and a small amount of Pb 6s, while the

Figure 3. DFT calculations of (HA)2(GA)Pb2I7 and mechanisms of emission enhancement under high pressures. a) Calculated band structures and
the partial density of states (PDOS) from each element at ambient conditions. b) The calculated band gap as a function of pressure in
comparison with the experimental results. c) Diagram of the pressure-induced anomalous variations and the underlying mechanisms. Ground
state (GS), free-exciton state (FE), and trapped states (Traps).
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conduction band minimum (CBM) is dominated by the Pb 6p
orbitals. The calculated band structures and partial density of
states (PDOS) of (HA)2(GA)Pb2I7 at representative pres-
sures of 1.7 GPa, 4.9 GPa, and 8.5 GPa are shown in the
Supporting Information, Figure S12. The calculated band gap
first decreases with pressure up to 5 GPa and then increases
with further pressurization (Figure 3b), which is in line with
the experimentally observed redshift followed by a blue-shift
from the UV/Vis absorption spectroscopy (Figure 1e). The
mechanism of the pressure-induced anomalous variations in
(HA)2(GA)Pb2I7 is illustrated in Figure 3c. A close correla-
tion between the nonradiative recombination and the nature
of A-site cations in 2D perovskites through exciton-phonon
interactions was revealed that reducing these interactions can
lead to a higher emission.[5] Because of the large GA cations,
a strong exciton-phonon interaction in the heavily distorted
inorganic sublattice results in the excitons to be localized, that
is, the formation of overmuch trapped excitons at ambient
conditions. These trapped states would induce excessive
nonradiative recombination by phonon-assisted energy trans-
fer.[6, 7,14] With increasing pressure, the lattice contraction
leads to phonon hardening which considerably reduces the
exciton-phonon interaction and, thus, enlarges the potential
barrier for carrier trapping.[3a,7, 15] Therefore, the photogen-
erated carriers can hardly form the trapped states and the

nonradiative recombination pathway is primarily blocked,
resulting in an enhanced emission with more symmetric line-
shape from the free excitons.

During decompression, the obtained amorphous yellow
phase is not luminescent until the pressure is released to
around 1.5 GPa, when a light-induced irreversible trans-
formation can occur. The evolution of the PL spectra excited
by 405 nm laser is displayed in Figure 4a, where the exposure
time of each curve is 1 second in succession. Surprisingly, the
PL intensity is dramatically enhanced under the laser
irradiation, accompanying a color change from yellow to
orange, as shown in the inset of Figure 4 a. Thus, interestingly,
we can use laser beam to draw a pattern on the surface of the
yellow sample in the DAC chamber, like laser engraving.
Figure 4b shows the optical and fluorescence images of the
laser-irradiated sample at 1.5 GPa with the “HP” pattern
drawn on the surface, which clearly demonstrates the trans-
formation from the non-luminescent yellow phase to the
luminescent orange phase triggered by laser irradiation. In
contrast, the light-induced phase transition did not occur
when we changed the laser from 405 nm to 532 nm, since the
absorption edge of the sample released to 1.5 GPa is 460 nm
(Supporting Information, Figure S4). This suggests that the
above-band gap excitation (using 405 nm laser) provides
enough driving force for the transition from the yellow phase

Figure 4. Anomalous variations of the optical properties in (HA)2(GA)Pb2I7 during decompression. a) Evolution of the PL spectra over time excited
by 405 nm laser at around 1.5 GPa during decompression, the exposure time of each curve is 1 second in succession. The inset shows the optical
images before and after laser exposure. b) Optical and fluorescence images of the laser-irradiated sample at 1.5 GPa with the “HP” pattern drawn
on the surface, which suggests the transformation from a non-luminescent yellow phase to a luminescent orange phase triggered by laser
irradiation. c) The fitted PL spectra before and after the high-pressure treatments, where the red and white regions are the contributions from the
FEs and the trapped states, respectively. d) Illustration of the energetic variations and photophysical processes during decompression. Eb

indicates the energetic barrier for the transition between the amorphous yellow phase and the crystalline orange phase; DE denotes the
thermodynamic energy difference of these two phases.

Angewandte
ChemieResearch Articles

17537Angew. Chem. Int. Ed. 2020, 59, 17533 – 17539 T 2020 Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


to the orange phase, while the below-band gap irradiation
(using 532 nm laser) cannot overcome the energetic barrier
between these two phases. Also, note that the above-band gap
excitation cannot trigger the phase transition at higher
pressures (for example, > 3 GPa), as shown in the Supporting
Information, Figure S13. These results suggest that pressure
can change the height of the energetic barrier between these
two phases and even further reverse their energetic order,
therefore pressure-induced phase transitions could enable the
generation of novel materials.

A well-known example of the pressure-induced change in
energetic stability is the preparation of diamond from graph-
ite under high pressure and high temperature. High pressure
reverses the energetic order of these two carbon allotropes,
making diamond thermodynamically more stable than graph-
ite under high pressure, and the high temperature provides
the driving force to overcome the energetic barrier for the
conversion. In our case, pressure acts in two ways: it reverses
the sign of the free energy difference (DG) between the
yellow and orange phases; and reduces the energy barrier
(Eb) for the phase transformation. As illustrated in Figure 4d,
the yellow phase is energetically more stable in the high-
pressure region. When the pressure decreases to a certain
value (ca. 1.5 GPa in this case), it becomes metastable and
could transform to a new phase in orange color by above-
band gap laser irradiation (405 nm) which can provide enough
driving force to overcome the energetic barrier. The energy
barrier becomes much shallower when further decompressed
to ambient conditions, and the yellow phase can spontane-
ously transform into the orange phase with thermal vibrations
in the lattice.

In high-pressure research on materials sciences, pressure
is utilized to tune and improve properties by adjusting the
thermodynamic features away from their ground states, in
a bid to reach new states with superior properties that could
be preserved at ambient conditions.[8b, 13] Impressively, this
new orange phase of (HA)2(GA)Pb2I7 obtained by the
recrystallization of the pressure-induced amorphous phase
exhibits a significantly enhanced PL by over 100% compared
to the original sample (Supporting Information, Figure S14
and Table S2). The carrier trapping via exciton-phonon
interaction might be suppressed in the pressure-regulated
structure of the orange phase, resulting in an enhanced PL
with a more symmetric peak. We fitted the PL spectra to
estimate the contributions of the FEs emission and the trap-
states emission of the original sample and pressure-treated
sample, as shown in Figure 4 c and summarized in the
Supporting Information, Table S2. The reduction of trapped
states by 17% was observed for the sample after pressure
treatments, leading to a two-fold enhancement of the
emission. This agrees well with the relationship between the
PL intensity and the FEs contribution revealed during
compression (Supporting Information, Figure S15). The
aforementioned pressure-induced amorphization and recrys-
tallization processes generate a new orange phase with higher
crystallographic symmetry (Supporting Information, Fig-
ure S10). This would result in the reduction of carrier trapping
and, thus, achieve a significantly enhanced emission in
comparison to the initial sample. It is of great significance

to retain novel materials discovered at high pressures, just like
the high-pressure/temperature synthesis of the diamond from
graphite, compression of 0D CdSe nanoparticles into lumi-
nescent 1D nanowires,[13] and pressure sintering of MAPbBr3

nanocrystals into highly luminescent nanoplates.[16] Pressure
provides an alternative clean and efficient way to manipulate
the atomic and electronic structures, and therefore, will
further our fundamental understandings and inspire scientists
to develop more high-performance optoelectronic materials
at ambient conditions.

Conclusion

A significantly enhanced emission was achieved in 2D
halide perovskite (HA)2(GA)Pb2I7 under high pressures,
reaching a 12-fold increment at 1.59 GPa in comparison with
that at ambient conditions. Using various in situ experimental
characterization and first-principles calculations, the en-
hancement was demonstrated to be related to the pressure-
induced suppression of carrier trapping. Furthermore, during
decompression, an irreversible and anomalous process was
revealed where an amorphous phase of (HA)2(GA)Pb2I7 with
a higher band gap in yellow was obtained that is non-
luminescent. Intriguingly, the emission can be triggered and
dramatically increased under above-band gap laser irradia-
tion when the pressure was released to a certain value
(1.5 GPa), accompanied by a color change from yellow to
orange. Impressively, such an orange phase obtained via the
recrystallization of the pressure-induced amorphous phase is
stable at ambient conditions, which emits a significantly
stronger PL by over 100 % compared to the original sample.
Our results demonstrate that pressure can not only deepen
our fundamental understandings of the structure–property
relationship in halide perovskites but could also enable the
development of novel materials with enhanced properties.
Particularly, pressure changes the height of the energetic
barrier between different phases and even reverses the
energetic order, and therefore enables the generation of
new materials through pressure-induced phase transitions.
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