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ABSTRACT: Low-dimensional perovskite-related metal halides have
emerged as a new class of light-emitting materials with tunable
broadband emission from self-trapped excitons (STEs). Although
various types of low-dimensional structures have been developed,
fundamental understating of the structure−property relationships for
this class of materials is still very limited, and further improvement of
their optical properties remains greatly important. Here, we report a
significant pressure-induced photoluminescence (PL) enhancement in
a one-dimensional hybrid metal halide C4N2H14PbBr4, and the
underlying mechanisms are investigated using in situ experimental
characterization and first-principles calculations. Under a gigapascal
pressure scale, the PL quantum yields (PLQYs) were quantitatively determined to show a dramatic increase from the initial value of
20% at ambient conditions to over 90% at 2.8 GPa. With in situ characterization of photophysical properties and theoretical analysis,
we found that the PLQY enhancement was mainly attributed to the greatly suppressed nonradiative decay. Pressure can effectively
tune the energy level of self-trapped states and increase the exciton binding energy, which leads to a larger Stokes shift. The resulting
highly localized excitons with stronger binding reduce the probability for carrier scattering, to result in the significantly suppressed
nonradiative decay. Our findings clearly show that the characteristics of STEs in low-dimensional metal halides can be well-tuned by
external pressure, and enhanced optical properties can be achieved.

■ INTRODUCTION

Developing light-emitting materials with high photolumines-
cence quantum yields (PLQYs) is highly demanded for energy
saving, when one considers one-fifth of global electricity is
consumed by lighting.1,2 Most commercial LED white-light
sources consisting of multiple emitters encounter the problem
of color changing over time, due to the unequal degradation
rates of the emitters.3−5 Single-component materials exhibiting
broadband emissions covering the entire visible-light region
(spanning 400−800 nm) have the potential to address this
problem. However, achieving a broadband emission from a
single-component material is not trivial. Recently, molecularly
low-dimensional (low-D) metal halides have received wide
attention due to their unique optical properties, such as
strongly Stokes-shifted broadband emissions.6−9 Self-trapped
excitons (STEs) caused by the strong electron−phonon
coupling in low-D metal halides are generally believed to be
responsible for the broadband emissions, which significantly
depend on the exciton binding energy.10,11 This suggests that
adjusting the lattice and electronic structures using chemical
tailoring or external stimuli, such as temperature and pressure,
would enable the regulation of the binding energy and
modulation of the STE-based emission.

Pressure has been utilized as an effective and clean stimulus
to regulate the optoelectronic properties of various types of
materials,12−14 including quantum dots,15 molecular systems,16

and metal halides.17−24 The soft lattices of metal halides render
them sensitive to pressure and lead to effective modifications
under a mild pressure range.14,25 Some pressure-induced
metastable phases and emergent properties could also be
retained to ambient conditions.13,24,26,27 Despite exciting
pressure-enhanced/induced emission results reported in
hybrid metal halides, the microscopic origins are not fully
understood yet. Various mechanisms have been proposed, but
they mainly focused on the facilitated radiative recombination
route.17,20,21 It is well-known that PL efficiency is highly
dependent on the competition between radiative (kr) and
nonradiative (knr) recombination rates. However, the influen-
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ces of structural evolution on kr and knr, especially knr, have not
been well elucidated in those systems under pressure.
Therefore, detailed investigation and direct experimental
support is needed to reveal the underlying mechanisms,
which are vital for future materials’ design and screening. In
addition, previously reported studies compared the PL
intensities at different conditions, while the quantitative
determination of PLQYs under gigapascal pressures has been
rarely reported. Thus, a direct quantitative method to
determine PLQYs under high pressure is highly desirable.
In this work, using in situ structural and optical character-

izations, we have systematically investigated the pressure-
dependent properties of a one-dimensional (1D) hybrid metal
halide C4N2H14PbBr4, which consists of [PbBr4

2−]∞ chains
with double-edge sharing [PbBr6] octahedra (Figure S1). The
structure could be considered as an assembly of 1D lead
bromide quantum wires surrounded and isolated by organic
cations.28 Previous studies found that C4N2H14PbBr4 possesses
strong electron−phonon coupling and exhibits a broadband
emission with a PLQY of ∼20%, one of the highest values for
1D hybrid metal halides. As the formation of self-trapped states
involves structural relaxation and atomic rearrangement,29 the
configuration and stability of STEs are closely related to the
structural variations under pressure. During compression, the
PLQY of STE emission was found to increase remarkably from
20% to 90%. With in situ high-pressure characterizations, we
found that the enhanced emission in C4N2H14PbBr4 is mainly
attributed to the effective suppression of nonradiative loss,
which is directly related to the pressure-tuned STE binding
energy and confined motion of organic cations.

■ RESULTS AND DISCUSSION
At ambient conditions, C4N2H14PbBr4 exhibits a broadband
emission from STEs with a full width at half-maximum (fwhm)
of 0.8 eV and a large Stokes shift of 0.9 eV. This is in contrast
with narrow free-excitonic PL (fwhm ∼100 meV, Stokes shift
∼10 meV) in typical 3D and some layered 2D metal halides.29

The PL peak centered at 2.3 eV, together with a small peak at
around 3.2 eV from the free exciton (Figure S2), whose
emission energy is close to the bandgap.28 During
compression, the PL intensity first decreased when the
pressure increased from ambient to 1.5 GPa (Figure 1a).
Subsequently, the PL intensity increased dramatically with
pressure increasing from 1.5 to 2.8 GPa. At 2.8 GPa, the
integrated PL intensity was enhanced by over 4 times as
compared to the initial value. Meanwhile, the free-exciton
emission disappeared (Figure S2). Upon further compression,
the PL intensity decreased and blue-shifted, which is caused by
a pressure-induced phase transition (we will elaborate on this
later). The PL photographs at different pressures clearly
demonstrate the change of emission brightness (Figures 1b
and Figure S3). Note that the colors across the crystal are not
quite homogeneous, which is probably due to the existence of
deviatoric stresses.30 On the basis of the International
Commission on Illumination (CIE) chromaticity diagram,
the emission color can be tuned by pressure, covering a wide
color temperature (Figure 1c). The PL intensity exhibits a
linear relationship with the excitation laser power (Figure S4),
which suggests that the emission does not originate from the
defects but from the self-trapped states.8 The pressure
dependence of the PL emission energy and fwhm is provided
in Figure S5, which also shows abrupt changes at around 2.8
GPa.

To quantitatively evaluate the emission evolution, PLQY is
desired to be determined. To date, PLQY has not been
reported in the in situ gigapascal pressure conditions due to
the geometrical unavailability in the integration sphere. By
using the PLQY at ambient pressure as a reference, here, we
demonstrate a method to estimate PLQY under high pressure
from the in situ structural and optical results. The PLQY can
be calculated using the following formula:31−33

∫
∫
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where Φ is the PLQY, ∫ F(λem) is the integrated intensity of
emission, A(λex) is the percentage of light absorbed at the
excitation wavelength, n is the refractive index, and the
subscript R denotes the reference data (i.e., the PLQY at
ambient pressure). The correction factor (n2/nR

2) was derived
from the point source, and the use of this ratio was found to be
valid for different detector geometries.31,34 Detailed methods
are described in the Supporting Information. The calculated n
and Φ values are listed in Table S1 and Figure 1d. At 2.8 GPa,
the PLQY of C4N2H14PbBr4 increased remarkably to 90%,
over 4 times higher than that at ambient conditions (20%).
The pressure-dependent emission property is closely related

to its structural evolution. To unveil the correlation between
the optical properties and structure, we characterized the
structure variations by in situ X-ray diffraction (XRD) and
Raman spectroscopy. XRD patterns of C4N2H14PbBr4 are
shown in Figure 2a. At ambient pressure, the crystal possesses
an orthorhombic symmetry of space group Imma (74). With
increasing pressure, all Bragg diffraction peaks shifted to larger
2θ. The variations of lattice parameters and unit-cell volume
are summarized in Figure S6, which indicates anisotropic
compressibility where the compression rate along the 1D chain
(b axis) is much smaller due to the all-inorganic linking. The

Figure 1. Pressure-dependent PL of C4N2H14PbBr4 under 360 nm
excitation. (a) In situ PL spectra at different pressures. (b) PL
photographs at selected pressures: ambient (top), 2.8 GPa (middle),
and 9.0 GPa (bottom). (c) Chromaticity coordinates of the emissions
under different pressures, which show a wide range of color tunability.
(d) Evolution of PLQY during compression.
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compression along the edge-sharing direction (c axis) is smaller
than that along the perpendicular direction (a axis) because of
the anisotropy of the organic cations. When the pressure
reached 2.8 GPa, a set of new peaks appeared abruptly due to
symmetry break (Figure S7). Rietveld refinements of the XRD
patterns at 2.3 and 2.8 GPa confirmed that the crystal
experienced a structural phase transition from the ortho-
rhombic phase (Imma) to the monoclinic phase (P21/n)
caused by the sliding of 1D chains along the c axis (Figure 2b).
This phase transition can be confirmed by Raman spectroscopy
(Figure 2c). Vibrations of the inorganic lead bromide chains of
edge-sharing [PbBr6] octahedra are mainly active in the low-
frequency range (<200 cm−1) due to the large reduced mass,
while the vibrational modes of organic cation appear at higher
frequency (300−3200 cm−1).35 Notably, Raman results show
that the transformation of the inorganic and organic parts is
asynchronous. The vibration mode of organic cations at higher
frequency experienced the transition at 2.3 GPa, while the
inorganic part stayed at the original vibration mode and
changed at a higher pressure (2.9 GPa).
To elucidate the underlying mechanism of the pressure-

enhanced emission, time-resolved PL measurements were
conducted to examine the excited-state lifetime. The time-
resolved PL decays were fitted by the double exponential
function I(t) = I(0)·[A1·exp(−t/τ1) + A2·exp(−t/τ2)], and
mean PL lifetimes were calculated by ⟨τ⟩ = [A1τ1

2 + A2τ2
2]/

[A1τ1 + A2τ2]. As Figure 3a−c depicts, the lifetimes did not
change much from 0 to 1.9 GPa but sharply increased from 1.9
to 2.8 GPa. At 2.8 GPa, the average lifetime reached over 200
ns, about 4 times higher than that at ambient conditions.
Thereafter, the PL lifetime decreased. The PLQY is
determined by the ratio of the radiative recombination rate
(kr) to the sum of radiative and nonradiative (knr)
recombination rates. Either increasing kr or reducing knr
would increase the PLQY. On the basis of the PLQY and
lifetime (τ) data, one could solve the radiative and non-

radiative recombination rates at each pressure using the
following equations:31,36

=
+
k

k k
PLQY r

r nr (2)

τ =
+k k
1

r nr (3)

The calculated PLQYs are summarized in Figures 3d and S8
and Table S1. knr changed dramatically with pressure, while the
change of kr is not significant. We used k0/k to evaluate the
suppression degree for recombination rate under pressure,
where k0 represents the radiative or nonradiative rate at
ambient conditions, and k is the rate under pressure. The

Figure 2. Structural transformation of C4N2H14PbBr4 under pressure. (a) In situ XRD patterns. (b) Crystal structure viewing along the 1D chain
direction (b axis), which illustrates the orthorhombic to monoclinic phase transition at 2.8 GPa. (c) Raman spectra.

Figure 3. Time-resolved PL of C4N2H14PbBr4 under pressure: (a) 0−
2.4 GPa; (b) 2.8 and 3.3 GPa. (c) The PL lifetime as a function of
pressure. (d) Suppression of radiative and nonradiative recombination
rates (kr

0/kr and knr
0/knr) under high pressure.
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values of k0/k below or above 1 indicate the promotion and
suppression of recombination, respectively. As shown in
Figures 3d and S8, the radiative recombination increased by
18% at around 2.8 GPa. Impressively, at the same time, the
nonradiative recombination rate is suppressed by 33 times at
2.8 GPa.
On the basis of the above discussion, the enhanced emission

can be elucidated by the vigorously suppressed nonradiative
loss as well as the slightly increased radiative recombination
rate. Carrier trapping and scattering by defects are the main
pathways of nonradiative loss in semiconductors.37 A high
defect density is usually unavoidable in hybrid metal halides
due to the wet synthetic method at relatively low temperatures.
The efficient PL in the low-D metal halides is believed to be
related to the highly localized excitons that reduce the chance
to encounter defects.11 Thermal diffusion and exciton
tunneling between inorganic chains are two ways of exciton
migration in 1D metal halides. Efficient exciton tunneling
requires a resonant condition, that is, a spectral overlap
between exciton excitation and emission.11 Stokes shift (Es) is
an indicator to estimate both the spectral overlap and the
exciton binding energy (ESTE‑b = Es − Ed, Figure S9; see
detailed information in the Supporting Information), which is
directly related to the exciton migration and the nonradiative
loss.38 Figure 4a and b shows the bandgap, PL emission
energy, and the Stokes shift at different pressures. The Stokes
shift is calculated from the emission energy and bandgap
measured by absorption spectra (Figures S10). The Stokes
shift first gradually decreased from ambient to 2.3 GPa, and
then sharply increased to over 1 eV at 2.8 GPa, the same trend
with PL intensity and lifetime. At 4 GPa, the Stokes shift
decreased to below 0.7 eV. The first-principles calculations
confirm the evolution behavior of the optical properties
(Figure S11 and detailed description in the Supporting
Information).

Note that the variation trend of the Stokes shift is in line
with that of the nonradiative loss. Stronger excited-state
structural relaxation leads to a larger Stokes shift, to reach a
suitable level that benefits the STE emission.10 With larger
structural deviation between the ground and excited states,
exciton migration from the resonant transfer is also suppressed
because of less spectral overlap. This leads to smaller migration
of STEs and reduces its chance to encounter defects, which
results in the reduced nonradiative loss. The influence of STE
binding energy on the PL properties was further investigated
by measuring the PL lifetime in different emission wavelength
ranges by experimentally adding bandpass optical filters. As
shown in Figures 4c and S12, the PL lifetime is longer at the
lower energy region, which corresponds to the excitons with
higher binding energy and larger Stokes shift. This finding
further indicates that the increased STE binding energy of
C4N2H14PbBr4 during compression is responsible for the
longer PL lifetime and lower nonradiative recombination rate,
to result in the enhanced PL performance. Moreover, the
increased STE binding energy contributes to the stabilization
of STEs. As illustrated in Figure 4d, with increasing STE
binding energy, more STEs can be stabilized, and thus the
population of free excitons decreases, as evidenced by the
disappearance of the free exciton emission peak at 2.6 GPa
(Figure S2)
Aside from defect scattering, the motion of organic cations

could also affect nonradiative loss pathway in the perovskites
and related low-D metal halides.39 Previous studies have shown
that the halides with more confined and rigid organic cations
have brighter emission.36,37,40 A strategy to “freeze” the organic
cations is desirable to suppress nonradiative decay and
promote emission properties. In our case, pressure effectively
confines and slows the motion of the [C4N2H14]

2+ cation by
squeezing the space between the [PbBr6] octahedra. As shown
in Figure 2c, the blue shift of the Raman peak indicates the

Figure 4. (a) Pressure-induced evolution of bandgap and PL emission energy. (b) Stokes shift of C4N2H14PbBr4 under high pressure. (c)
Comparison of the PL decay at different wavelength ranges using an optical filter at 2.1 GPa, which implies that the excitons possessing a higher
binding energy exhibit a longer lifetime and possibly smaller knr. (d) Schematic illustration of the pressure-induced changes in the STE and Stokes
shift. STEs would be more stable under a suitable pressure, to result in a larger Stokes shift and more localized excitons that have less chance to
encounter defects. In addition, with increasing STE binding energy, the population of STEs increased while the free exciton (FE) states reduced, as
evidenced by the disappearance of the FE emission beyond 2.3 GPa (Figure S2).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c07166
J. Am. Chem. Soc. 2020, 142, 16001−16006

16004

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07166?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07166/suppl_file/ja0c07166_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07166?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c07166?ref=pdf


hardening of the phonon (vibration) mode. Note that the
transitions of the organic and inorganic parts of C4N2H14PbBr4
are not synchronous. From 2.3 GPa, the vibration modes of the
organic cations have already changed, while that of the
inorganic skeleton remained unchanged until 2.8 GPa (XRD,
which is more sensitive to the inorganic skeleton, also indicates
a phase transition after 2.8 GPa). Because the symmetry of the
inorganic structural skeleton has not changed at 2.3 GPa, the
splitting of the organic cation vibration mode most likely
comes from the confinement of molecular motion, which
makes the degenerated mode distinguishable.41 As a result, the
suppressed motion of organic cations effectively reduces the
nonradiative recombination36 at around 2.3 GPa, from where
the PL increases dramatically. Further compression leads to a
phase transition caused by the sliding of inorganic chains as
well as a direct-to-indirect band transition, indicated by first-
principles calculations (Figures S13 and S14 and detailed
information in the Supporting Information). The indirect band
structure leads to the deteriorated optical properties after 2.8
GPa. In addition to the pressure-suppressed nonradiative loss,
the increased radiative recombination rate by 18% at 2.8 GPa
(Figure S8) also contributes to the enhanced PLQY. With the
increase of STE binding energy upon compression, more STEs
can be stabilized, and thus the population of STEs grows. The
increasing concentration of localized STEs contributes to the
increased kr.

42

■ CONCLUSION

Significant enhancement of the broadband emission in a 1D
hybrid metal halide C4N2H14PbBr4 was achieved under a mild
pressure of 2.8 GPa, where the PLQY was boosted to 90%
from the initial value of 20%. A structural phase transition
around 2.8 GPa was confirmed by in situ XRD and Raman
spectroscopy. Time-resolved optical measurements revealed
that pressure induced a remarkably suppressed nonradiative
loss by 33 times and a promoted radiative recombination rate
by 18%, which together contribute to the PL enhancement.
Both experimental and computational findings suggest that
pressure modulates the STE binding energy and the molecular
confinement, to result in highly localized excitons with reduced
scattering by defects and phonons. Our work not only
discovers an effective approach to enhancing the PLQY of
broadband emission in a 1D metal halide but also provides
insights into the microscopic mechanisms that could guide
future materials’ design for highly efficient low-D metal halides
for light-emitting applications.
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