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Tunable photoluminescence and an enhanced
photoelectric response of Mn2+-doped CsPbCl3
perovskite nanocrystals via pressure-induced
structure evolution†
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Mn2+:CsPbCl3 nanocrystals (NCs) were synthesized using a modified one-pot injection method, which

exhibits significantly improved thermal stability. For the first time, the pressure-treated optical and struc-

tural properties of synthetic Mn2+:CsPbCl3 NCs were further investigated, and their associated intriguing

electrical and photoelectric properties were revealed from impedance spectra and photocurrent

measurements under compression. The pressure-dependent photoluminescence experienced an initial

redshift before 1.7 GPa followed by a continuous blueshift, as evidenced by the bandgap shifts. High-

pressure XRD spectra uncovered a cubic-to-orthorhombic structural transition at about 1.1 GPa and sub-

sequent amorphization upon further compression, which was fully reversible. Furthermore, the sample

annealing from 340 K drove grain growth and decreased grain boundary resistance at ambient pressure.

The compression further decreased the grain boundary barrier and improved the electrical conductivity

(up to ∼10−2 Ω−1 cm−1) of the thermally annealed Mn2+:CsPbCl3 NC surface. Simultaneous photocurrent

enhancement of thermally annealed NCs was also achieved as expected, and reached optimal perform-

ance at 0.7 GPa. Strikingly, after the pressure cycling (loading–releasing), the results show that thermally

annealed Mn2+:CsPbCl3 NCs gained preservable higher electrical conductivity (∼10 times increase) and an

improved photoelectric response compared to the ambient state before compression. This work proves

that high pressure is useful for opening the versatility in the structure and properties of metal–halide per-

ovskite nanocrystals leading to a promising way for superior optoelectronic materials-by-design.

Introduction

CsPbX3 (X = Cl, Br, or I) metal–halide perovskite nanocrystals
(NCs) have attracted significant attention in the fields of light
emitting diodes (LEDs), lasers, photodetectors, solar cells and
so forth. This is because of their superior optoelectric pro-
perties including narrow emission line widths, high photo-
luminescence quantum yield, broad spectral range covering
visible luminescence, excellent and stable photosensitivity,
and tunable electroluminescence.1–10 Impurity doping has
been comprehensively explored to stabilize crystalline phases
and tune the optoelectronic performance of different CsPbX3

nanocrystals by virtue of optimum occupation of appropriately
different elements in host lattices.3–5,11 Furthermore, it is
often necessary to use nontoxic or less toxic elements, instead
of Pb, for the purpose of practical applications of Pb-based
nanocrystals.12,13

Recently, highly luminescent manganese ion (Mn2+) doping
has been explored as a useful approach to monitor spectro-
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scopic properties and structural stabilities of CsPbX3 NCs.14–16

By varying the positions and concentrations of replaced dopants
and the structures and sizes of the NCs,17–21 Mn2+-doped NCs
usually exhibit orange or red PL emission (derived from the
Mn2+ 4T1 → 6A1 transition) with high PL QYs (>50%) and large
bandwidths (256–410 meV). Moreover, Mn2+-doped NCs often
possess longer excited-state lifetimes and better photochemical
stabilities than their undoped counterparts.22–24 Meanwhile,
the effect of temperature on Mn2+-doped NC emission and a
detailed understanding of the thermal degradation mechanism
have also been well documented.15,23–25

High pressure is an environmentally friendly, innovative
approach that can radically tune the interatomic distance and
electronic configuration, and the crystallographic and micro-
structural properties (like the crystal structure, micro-mor-
phology, grain or grain boundary, and defects) of materials,
facilitating the exploration of a variety of new physical and
chemical characteristics.26–30 Therefore, the combination of
high pressure and impurity doped NCs is expected to set off a
brand-new route to modulate the structure and properties of
CsPbX3-based materials.

Very recently, high-pressure research studies on pure
CsPbX3 materials have seen a new upsurge in interest.31–39

Zhang et al. consistently observed an orthogonal-to-orthogonal
isostructural transition at moderate pressures (between 1.2
and 2.1 GPa), and subsequent amorphization of bulk CsPbBr3
and bulk CsPbCl3 upon compression, respectively.32,38 These
results were ascribed to the bond-length decrease and the in-
organic framework distortion due to the application of pressure.
Meanwhile, the band-gap engineering under compression was
found to rationalize the pressure-treated optical evolution of
two samples. Furthermore, Xiao et al. carried out the pressure-
induced carrier-lifetime prolongation of CsPbBr3 NCs
accompanied by band-gap narrowing during the isostructural
phase transition in the ambient-pressure orthogonal phase.35

Meanwhile, the effect of geometrical morphologies on the
pressure interval of phase transitions and the band-gap changes
was investigated under compressed CsPbBr3 NCs, nanowires,
nanocubes and their corresponding bulk counterparts.35 In
addition, the phase stabilities and the correlation between the
optical properties and structural evolution of CsPbI3 NCs and
bulk samples have been reported successively.34,37,39

Though great efforts have been put in studying crystallo-
graphic and electronic structures, and optical properties of
CsPbX3 samples under high pressure, there are still no
reported results on the compressed properties of CsPbCl3 NCs
as well as impurity doped NCs. More importantly, to date, we
inadequately understand how compression tunes the photo-
electric response, for instance, the photocurrent, of CsPbX3

NCs. CsPbX3 materials have potential value in applications in
photoelectricity. The insulating layer is formed by surface
organic-ligands (such as OAm and OA) of CsPbX3 NCs so that
electron transport is prevented in the electrochemistry
process.40 The main problem is excessive surface ligands
blocking probing for CsPbX3 NCs’ electrical conductivity. At
present, high-pressure photoelectric studies are focused on

organometallic halide perovskites. The application of pressure
has been proved to enhance the visible light response of
MASnI3, MAPbI3, and MAPbBr3.

41–44 However, the chemical
instability and sensitivity to oxygen/water of organometallic
halide perovskites limit actual photoelectric applications.45,46

Therefore, whether or not the photoelectric response of all-in-
organic CsPbX3 NCs can be enhanced by pressure, like the uni-
versal law for organometallic halide perovskites under com-
pression, is highly expected to be revealed. Also, much work is
needed to establish the structure–property relationship of
CsPbX3 NCs under compression. These aforementioned issues
motivated us to conduct further high-pressure studies.

In this study, we applied pressure on Mn2+:CsPbCl3 NCs,
one of the members of all-inorganic metal–halide perovskite
nanosystems, exhibiting better thermodynamic stability.
Firstly, absorption and PL spectroscopy studies were carried
out to characterize the pressure-treated optical properties.
Secondly, synchrotron radiation XRD spectra were collected to
monitor the structural evolution under compression, which
has still not been well-defined, and will, therefore, provide the
basis for understanding the changes in pressure-tuned pro-
perties. Last but not least, photocurrent measurements were
performed to study the pressure effect on the visible light
response of Mn2+:CsPbCl3 NCs. Impedance spectra measure-
ments were used to study electrical transport properties and
grain boundary effects of the NCs under compression. The
results not only clearly illustrate the modification mechanism
of optical properties but also open up a promising strategy for
the photoelectric improvement in all-inorganic CsPbX3-based
applications.

Experimental section

Mn2+:CsPbCl3 NCs with a typical Mn2+-doping concentration
of 2.4% (relative to Pb2+) were synthesized using an improved
one-pot injection method, which was reported in our previous
study.23 The detailed descriptions of sample preparation,
characterization and first-principles calculations47 are seen in
the ESI.† A symmetrical diamond anvil cell (DAC) with coupled
diamond anvils with 400 μm culets was employed to generate
high pressure. The schematic drawing of sample assembly,
and parallel-plate and Van der Pauw electrodes48,49 is shown in
Fig. S1 and S2, respectively, in the ESI.† The ruby fluorescence
method was used as pressure calibration for all high-pressure
experiments. Silicon oil was used as the pressure-transmitting
medium for in situ high-pressure PL, absorption and XRD
measurements. However, no pressure-transmitting medium
was loaded into the sample chamber of electrical measure-
ments to maintain the good contact interface between the
sample and the probing electrodes.

In situ high-pressure PL spectra were collected with a
Renishaw InVia spectrometer using a 325 nm continuous wave
laser with an output power of 10 mW and a 50× Leica optical
microscope. Absorption spectra were collected using an Ocean
Optics QE65000 scientific-grade UV-vis spectrophotometer.
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Synchrotron radiation XRD experiments were conducted at the
13-BM-C station of the Advanced Photon Source (APS),
Argonne National Laboratory (ANL) (λ = 0.406750 Å). High-
pressure impedance spectra were obtained using an impe-
dance analyzer (Solartron 1260) in parallel with a dielectric
interface (Solartron 1296). Photocurrent was recorded by using
a CHI-760E electrochemical workstation. More details can be
found in the ESI.†

Results and discussion

Fig. 1 shows the optical characteristics, crystal structure, and
morphologies of Mn2+:CsPbCl3 NCs with 2.4% doping concen-
tration under ambient conditions. The PL spectrum of Mn2+:

CsPbCl3 NCs shows two distinct peaks, located at ∼404 nm
(violet) and ∼598 nm (orange), respectively (Fig. 1a). The PL
peak at ∼404 nm is well ascribed to the host emission of the
NCs and the one at ∼598 nm is attributed to the Mn2+ 4T1 →
6A1 transition. Correspondingly, Mn2+:CsPbCl3 NCs show an
obvious absorption edge at ∼396 nm, which corresponds to
the exciton emission. The heterogeneity of the NCs was also
examined. The energies of PL peaks remained nearly invari-
able as the excitation shifted from 300 to 385 nm gradually,
indicating the negligible heterogeneity (Fig. 1b). Furthermore,
the fluorescence lifetimes of the exciton and the Mn2+ dopant
were monitored, respectively (Fig. 1c). The band-edge lumine-
scence shows a short PL lifetime of 4.7 ns, which is in sharp
contrast to the Mn2+ PL lifetime of 1.8 ms. The long PL life-
time of the Mn2+ ions originates from the parity-forbidden
spin orbital 4T1g →

6A1g excitation of the Mn2+ dopant. Fig. 1d
shows the XRD pattern of Mn2+:CsPbCl3 NCs, which crystallize
in a cubic structure (#75-0411). Fig. 1e demonstrates the mor-
phology of Mn2+:CsPbCl3 NCs and reveals their uniform size
distribution (good dispersibility) and high crystallinity (clear
lattice fringes). The average grain size of nanocrystals is
∼8.7 nm. Fig. 1f displays that smaller Mn2+ dopants instead of
Pb2+ induce the non-hydrostatic lattice contraction of coordi-
nate octahedra in the cubic phase of CsPbCl3. Such contrac-
tions may fundamentally stabilize Mn2+:CsPbCl3 NCs and
bring in better thermal stability of high-quality Mn2+-doped
CsPbX3 nanocrystals than their pure counterparts. The DOS
reveals the form of an impurity band caused by Mn2+ dopants
in CsPbCl3 NCs. The conduction band bottom is obviously
composed of the Pb (4p) and Cl (3p) hybridized orbits, and the
Mn (d) isolated orbits. The results of calculation illustrate that
the dual-color emission derives from the band-edge emission
of host lattices in conjunction with the Mn2+ impurity exci-
tation, as exemplified by Fig. 1g and h.

The pressure-tuned optical properties of synthesized Mn2+:
CsPbCl3 NCs were monitored by means of in situ PL measure-
ments. The representative steady-state PL spectra under com-
pression are shown in Fig. 2a. The exciton and Mn2+ ion PL
peaks both exhibit a visible redshift from the start of full press-
urization to 1.7 GPa, followed by a continuous blueshift up to
4.5 GPa. The synchronized pressure changes of Mn2+ PL with
one exciton are attributed to the crystal field transfer of energy
levels because of the competitive efforts of host lattice shrink-
ing and inorganic framework distortion under compression.
The turning point (∼1.7 GPa) of PL peak positions is likely to
be related to an underlying pressure-induced structural phase
transition of Mn2+:CsPbCl3 NCs. The initial PL intensities
gradually weaken during compression and eventually disap-
pear at approximately 4.5 GPa, coinciding with the occurrence
of amorphous Mn2+:CsPbCl3 NCs, which can be well attributed
to the enhanced recombination process in the amorphous
phase. Upon full release of the pressure, the PL spectrum of
Mn2+:CsPbCl3 NCs reappears, indicating that the sample trans-
forms from amorphization to recrystallization under decom-
pression. In comparison with the original state before com-
pression, the exciton PL peak is relatively weakened and shifts

Fig. 1 (a) Absorption, PL, and (b) 2D PL excitation spectra of syn-
thesized Mn2+:CsPbCl3 NCs with a typical Mn2+-doping concentration
of 2.4% (relative to Pb2+). (c) Decay curve of the exciton emission. The
inset of (c) is the decay curve of the Mn2+ emission. (d) XRD pattern of
Mn2+:CsPbCl3 NCs. The inset of (d) is an image of the solution under the
excitation of 365 nm wavelength, highlighting the prevailing orange
color due to the Mn2+ ion emission. (e) The TEM image and the corres-
ponding high-resolution TEM image. (f ) Calculated 3D/three dimen-
sional stacking diagram of Mn2+:CsPbCl3 by using the first-principles
calculations. (g) Calculated total density of state (DOS) of pure CsPbCl3
and Mn2+:CsPbCl3, respectively, in the framework of density functional
theory (DFT) using the Vienna ab initio simulation package (VASP). (h)
PDOS of Mn2+:CsPbCl3.

Paper Nanoscale

11662 | Nanoscale, 2019, 11, 11660–11670 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
R

oc
he

st
er

 o
n 

7/
22

/2
01

9 
10

:3
5:

04
 A

M
. 

View Article Online

https://doi.org/10.1039/c9nr03045j


into a lower wavelength of ∼403 nm. Meanwhile, the Mn2+ PL
peak is slightly enhanced after the pressure annealing
(loading–releasing), which is mainly attributed to the pressure-
induced self-defect increase and the grain size reduction.
Moreover, the multi-peak Gaussian fitting (a case study of the
PL spectrum at 1 atm) shows the Mn2+:CsPbCl3 NC PL peak
wavelength versus pressure in Fig. 2c. It is evident that the dis-
continuities in the PL spectra shift occur at ∼1.7 GPa.

Band gap evolution can adequately monitor unusual
changes of optical and photoelectric properties under com-
pression. Fig. 3a displays the band gaps of Mn2+:CsPbCl3 NCs
at representative pressures, including 1 atm, 0.5 GPa, 1.4 GPa,
and 2.2 GPa, as calculated via the extrapolation of the linear
dynamics to the energy axis intercept by Tauc plots.50 We sur-
veyed the band gap (Eg) of the NCs regarding the Kubelka–
Munk representation:

ðαhvÞ2 ¼ Cðhv� EgÞ ð1Þ

where α is the absorption coefficient and C is the edge width
parameter. The plot of the pressure-dependent Eg is clearly
shown in Fig. 3b. When the pressure is increased up to 1.1
GPa, Eg first experiences a narrowing by approximately 0.02 eV.
With further increasing pressure, Eg decreases obviously from
2.82 eV to 2.70 eV. According to previously reported literature
studies35,38,39 and our results, the redshift of the band gap is
mainly attributed to the increased overlap of Pb–Cl electron
clouds due to the Pb–Cl bond shrinkage, which compensates
for the effect induced by the octahedral tilting and twisting in
this pressure regime. When subjected to a pressure of ∼1.8
GPa, Eg abruptly increases with pressure, which originates
from the structure transformation and is attributed to the
decreased coupling between Cl 3p and Pb 6s orbitals by the
[PbCl6]

4− octahedral distortion. Besides, Eg shows a temporary

dip between 3.7 GPa and 4.3 GPa, which is likely caused by the
appearance of amorphization in the sample.

Pressure can effectively manipulate the characteristics of
nanocrystals via modifying the crystal structures of NCs (i.e.,
different polymorphs) and their packing efficiencies and
patterns.33,51–55 In this work, the hard NC core (Mn2+:CsPbCl3)
is covered by a soft organic-ligand shell (OAm and OA). The
structural modification of Mn2+:CsPbCl3 NCs under com-
pression was monitored by using in situ synchrotron radiation
XRD measurements (Fig. 4). Based on the collected XRD data
at 1 atm, the indexed results clearly show an ambient-pressure
cubic phase in Mn2+:CsPbCl3 NCs, which was identified with
previously reported results (more details in ESI Fig. S3†). As
the pressure gradually increases, no considerable changes
occur in the diffraction peaks below 1.1 GPa, except that the
peaks gradually shift towards high-angles, indicative of a
pressure-induced uniform shrinkage of NCs and surface
ligands. [PbCl6]

4− includes regular octahedral networks for
cubic Mn2+:CsPbCl3, exhibiting a contraction with the increase
in pressure. However, four new diffraction peaks at ∼4.6°,
∼8.9°, ∼9.4°, and ∼9.7° suddenly emerge at pressures between
1.1 GPa and 1.3 GPa, which signifies the beginning of a struc-
tural phase transition. This is mainly attributed to the fact that
a small magnitude of deviatoric stress is produced above criti-
cal pressure, which is able to deform the NCs into a distorted,
non-cubic structure (e.g. orthorhombic). The [PbCl6]

4− octahe-
dra undergo a stark distortion to accommodate the Jahn–

Fig. 2 (a) PL spectra versus pressure of the as-prepared Mn2+:CsPbCl3
NCs. The arrow symbols are guides for the eyes. (b) The representative
PL spectrum at 1 atm with its corresponding profile fitting. (c) The
pressure dependent PL peak positions of the exciton and Mn2+ ions,
respectively.

Fig. 3 (a) Band gaps of Mn2+:CsPbCl3 NCs at representative pressures
estimated by Tauc plots, respectively. (b) The variation of band gap with
pressure.
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Teller effect upon further compression. Above 1.6 GPa, the
phase transition is complete, and no further transformation is
observed up to 7.1 GPa, the highest pressure covered by our
experiments. Our observations are different from the pre-
viously reported reference,38 which indicate that ambient-
phase CsPbCl3 (indexed to an orthorhombic structure) under-
went an isostructural phase transition when the pressure
reached 2.1 GPa. Besides, the diffraction peaks of the Mn2+:
CsPbCl3 sample broaden obviously with further compression
exceeding 4.8 GPa, which illustrates that the crystallinity of the
NCs deteriorates and the sample tends to be amorphous with
further increasing pressures. When the pressure is fully
released, the crystal structure of the NCs recovers to the orig-
inal cubic phase. The phase transition is fully reversible. In
contrast to before compression, the morphology and crystalli-
nity of the NCs do not exhibit a great change after the full
release of pressure, except for the anisotropically oriented
assignment of NCs and the obvious decrease of the inter-NC
distance. These can be readily deduced from the TEM image
(ESI Fig. S4†). Furthermore, the cycling process (crystalliza-
tion–amorphization–recrystallization) is confirmed by the use
of in situ Raman spectra measurements on Mn2+:CsPbCl3 NCs
(ESI Fig. S5†).

The Rietveld profile fitting for the diffraction peak at 1 atm
shows a good fit between the observed and calculated results
using the cubic Pm3̄m space group, as evidenced by the tiny
discrepancy factors (Rp = 2.3%, Rwp = 3.6%, see Fig. 5a). Lattice
parameters are resolved to be a = 5.595 (3) Å. In Fig. 5b, the
Rietveld refinement at 1.6 GPa shows evidence that the best
agreement between the observed and calculated results is
achieved by considering that the new high-pressure phase is
an orthorhombic phase (Rp = 2.1%, Rwp = 3.4%). The pressure
dependent volume and lattice parameters are further deter-
mined by XRD refinements and geometry optimization,

respectively (Fig. 5c and d). It is found that the pressure-
induced phase transition causes a slight increase of density by
approximately 1.2% in Mn2+:CsPbCl3 NCs, as a consequence of
the volume collapse. With B′0 fixed at 4, B0 in the ortho-
rhombic phase is estimated to be 38.8 (6) GPa, which is much
larger than the one in the cubic phase (15.2 (3) GPa). This indi-
cates the high difficulty of compressibility towards the high-
pressure phase. Besides, the compressibility is found to be
obviously anisotropic in the orthorhombic phase. The b-axis is
the most compressible. The phase transition involves the
rearrangement of atoms and molecules in the structure cell.
The ligand of the cations consequently changes from uniform
octahedral to coexistent octahedral and dodecahedral in the
high-pressure orthorhombic phase, see Fig. 5e.

Previous studies demonstrate that the heating-enabled elec-
trical conductivity of the Pt3Co nanocube was accomplished
because of the formation of an NC-interconnected architecture
at high temperature.56 In this work, temperature treatment
acts as a driving force that develops the size growth of Mn2+:
CsPbCl3 NCs and the removal of more surface ligands from
the NCs. As shown in Fig. 6a, firstly, both the host and the
Mn2+ PL emissions of Mn2+:CsPbCl3 NCs shift to a longer
wavelength with thermal treatment at 340 K compared to
those of the original NCs, implying the obvious growth of ther-
mally annealed nanocrystals. Secondly, the PL intensities of

Fig. 4 Representative XRD patterns of Mn2+:CsPbCl3 NCs at different
pressures. The ◆ symbols present the newly emerged peaks of the high-
pressure orthorhombic phase. The XRD pattern at 1 atm is well indexed
into the cubic structure (space group: Pm3̄m).

Fig. 5 Rietveld refinements of the ambient-pressure cubic phase at 1
atm (a) and the high-pressure orthorhombic phase at 1.6 GPa (b),
respectively. Volume (c) and lattice parameters (d) against pressures in
the cubic and orthorhombic phases, respectively. (e) Structural sche-
matic diagrams of Mn2+:CsPbCl3 NCs.
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thermally annealed Mn2+:CsPbCl3 NCs are significantly
reduced, which originates from the formation of nonradiative
recombination defects on the NC surface on account of the
considerable growth of the NCs at 340 K.23,25 In Fig. 6b, XRD
patterns indicate that thermally annealed Mn2+:CsPbCl3 NCs
have a cubic structure with good crystallinity. Moreover, the
diffraction peaks show remarkable narrowing because of the
increase in the NC size. Consistently, the growth of the NC size
is clearly monitored in the TEM image for a random selection
of the NCs (Fig. 6c). Besides, after temperature treatment, due
to the Ostwald ripening effect, the small Pb° seeds that remain
decorating the regrowing crystals gradually fuse on the surface
of Mn2+:CsPbCl NCs and do not leave observable enrichments
(seem like black dots in the TEM image) within the oriented
attached perovskite particles. On the other hand, thermal
treatment is intended to optimize ligand density at the surface
of the NCs due to the grain-size changes. We performed impe-
dance spectra measurements to reveal the effects of the
thermal annealing process on the electrical transport pro-
perties of powdered Mn2+:CsPbCl3 NCs. The semicircle dia-
meter in impedance spectra estimates the value of electron-
transfer resistance. Without annealing, excessive surface
ligands result in assembled nanocrystals with bad carrier
injection and electric transportation, as shown in Fig. 6c. By
contrast, thermally annealed NCs have proper electrical con-
ductivity without destroying ink stability, because of the appar-
ent decrease in ligands induced by the temperature effect
(shown in the inset of Fig. 6c).

Pressure can effectively improve the electrical conductivity
(i.e., increase carrier concentration or mobility) of nano-
materials by modulating their grain interior and the grain
boundary barrier. Fig. 7a and b show the Nyquist plots of
impedance spectra of compressed Mn2+:CsPbCl3 NCs and ther-
mally annealed NCs, respectively, which reveal only one com-
plete semicircle at selected pressures. In our previous coverage
on bulk materials (such as NaN3

57 and BaTeO3
58), two inde-

pendent semicircles can be distinguished in the Z″ & Z′
planes, describing the grain (bulk) and grain boundary
(surface) effect on transport of charge carriers, respectively. We
believe that in this case, compared to their corresponding bulk

counterparts, nanomaterials have specific properties such as
the small size effect, confinement effect and grain boundary
effect. The semicircles in the impedance spectra of Mn2+:
CsPbCl3 nanocrystals represent the dominant contribution of
their grain boundaries on the total electrical transportation,
referring to boundary sliding and dislocation, and reconstruc-
tion on the NC surface.

The model of the equivalent circuit generally reliably
demonstrates the interface dynamic behaviors of powder
samples. The parallel capacitance (CPE) and resistance (Rgb)
exist in the equivalent circuit of the impedance, which are
useful analogues to evaluate the grain boundary relaxation. In
Fig. 7c, the agreement of the simulated spectra with the experi-
mental data further indicates the validity of considering the
RC conduction in thermally annealed Mn2+:CsPbCl3 NCs.
Meanwhile, both electrical conductivities (σgb and σun) of ther-
mally annealed Mn2+:CsPbCl3 NCs and original NCs, respect-
ively, are deduced from impedance spectra results (Fig. 7d) by
using the equation of σ = L/RS where L is the Mo electrode dis-
tance; R is the sample resistance; S is the detecting window
area. As shown in Fig. 7d, σgb is ∼5 × 10−4 Ω−1 cm−1 at the
beginning of compression (∼0.1 GPa). Subsequently, σgb
increases quickly by about one order of magnitude when the
pressure is increased up to 1.2 GPa, followed by a smooth
increase up to 9.8 × 10−3 Ω−1 cm−1 between 1.2 GPa and 3.7
GPa. The apparent discontinuity in electrical properties of
thermally annealed Mn2+:CsPbCl3 NCs correlates with the
structural phase transition between 1.1 GPa and 1.6 GPa. Upon
decompression, σgb gradually decreases with releasing pressure
but persists in the value of ∼5 × 10−3 Ω−1 cm−1 at 0.2 GPa. The
results show that thermally annealed NCs gain preservable
higher conductive characteristics after the pressure cycling
(loading–releasing). On the other hand, the values of σun
always remain within 3.4 × 10−7 Ω−1 cm−1 and 5.3 × 10−7 Ω−1

cm−1 with the increase of pressure up to 7.0 GPa. Without
annealing, the electrical conductivity of original NCs is almost
pressure-independent because of the poor conductivity of the
surface ligands (OAm and OA). Excessive ligands form an insu-
lating layer and prevent the transportation of electrons among
the grains.

Fig. 6 (a) PL and (b) XRD spectra of Mn2+:CsPbCl3 NCs without/with thermal treatment at 340 K for 20 min in argon. The PL and XRD data of the
samples were collected when they were cooled to room temperature. (c) The TEM image of thermally annealed Mn2+:CsPbCl3 NCs annealed from
340 K. (d) Nyquist plots of the impedance spectra of Mn2+:CsPbCl3 NCs (open black squares) and thermally annealed Mn2+:CsPbCl3 NCs (solid red
balls) at 0.1 GPa.
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The electrical conductivity of nanomaterials is generally
associated with the length of the carriers’ relaxation time (τ) in
the transportation at the grain boundaries. As an example, the
3D-perspective plots of impedance spectra of thermally
annealed Mn2+:CsPbCl3 NCs at 1.2 GPa are illustrated in
Fig. 7e. By the observation of the projection to the Z″ & fre-
quency plane, the relaxation peak ( fmax) of the grain boundary
is clearly observed at a certain pressure. Thus, the value of τ
should be deduced (τ = 1/fmax), and correspondingly, its
pressure dependence is shown in Fig. 7f. The compression
effectively reduces the carriers’ relaxation time to half com-
pared to before the phase transition (the blueshift of fmax

towards the higher-frequencies is found with increasing
pressure, as shown in the inset of Fig. 7f). The carrier trans-
port and conductivity mechanism in the grain boundary is as
follows: because of the random packing of NC surface defects,
the unsaturated coordinated atoms are inhomogeneous at the
grain boundaries and the barrier height is very high. Upon
compression, the effective grain boundary area of space-charge
distribution is increased because the contact between the
grains has improved considerably, and thus, the energy barrier
formed in carrier transportation is reduced. Meanwhile, no
pressure-transmitting medium is loaded into the sample
chamber of electrical measurements for maintaining the good
contact interface between the sample and the probing electro-
des. This sample loading approach enables a rapid generation
of pressure gradient and more deviatoric stress via deforming
the gasket sample chamber.51 Under higher deviatoric stress

resulting from the increased pressure, the chemical bonding
between ligands and NCs may be gradually broken. New types
of organic/inorganic interfaces (i.e., grain boundaries) are gen-
erated in designer solids and drive the active surface atoms to
move around, eliminating defects and tacking faults, and
filling voids. The capacity of charge bounding is reduced, and
the scattering for carriers is weakened, concerning the dan-
gling bonds with pressure. To sum up, the compression pro-
duces an expected increase of σgb, accompanying the step
decrease inτ. Upon the full release of pressure, the Mn2+:
CsPbCl3 NCs become sintered into a mesoscale ceramic form,
which rationalizes the preservable electrical properties
quenched from the compression into ambient conditions (ESI
Fig. S6†). The electrical conductivity of thermally annealed
Mn2+:CsPbCl3 NCs is effectively enhanced, as expected, by
using several combined means of pressure-modulated crystal-
lographic and electronic structures.

Due to the existence of the long-chain organic surface
ligands (i.e., OA and OAm), the highly insulating properties of
powdered Mn2+:CsPbCl3 NCs occur in the dark or under
visible light (shown in Fig. 8a). After annealing in argon at
340 K, the electrical conductivity of thermally annealed Mn2+:
CsPbCl3 NCs is proven to increase considerably.
Correspondingly, thermally annealed NCs show better photo-
electric characteristics, as expected, when the photocurrent
increases sharply as the light is turned on and then drops
rapidly to the original value as the light is turned off (Fig. 8a).
To further explore the potential application of CsPbX3 (X = Cl,

Fig. 7 Nyquist plots of impedance spectra of Mn2+:CsPbCl3 NCs (a) and thermally annealed NCs (b) at selected pressures. (c) The impedance spec-
trum of thermally annealed Mn2+:CsPbCl3 NCs at 0.1 GPa with simulation to a commonly RC equivalent circuit (in inset, R0, contact resistance, Rgb,
grain boundary resistance, CPE, double-layer capacitance). (d) Pressure-dependent Rgb (open black balls) of thermally annealed Mn2+:CsPbCl3 NCs
and Run (open blue balls) of the original sample, respectively. (e) 3D impedance spectrum (Z’, Z’’ and frequency) of thermally annealed Mn2+:CsPbCl3
NCs at 1.2 GPa. (f ) Pressure-dependent relaxation time (τ). The inset of (f ) is the impedance imaginary against frequency at representative pressures.
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Br, or I) NCs in optoelectronic devices, we conducted in situ
photocurrent measurements on thermally annealed Mn2+:
CsPbCl3 NCs under compression (Fig. 8b). The sample exhibits
an apparent response to the white light between 0.1 and 1.2
GPa as the switch turns on and off, repeatedly. In particular,
the ratio of the photocurrent to dark current shows a near dou-
bling due to the application of external pressure, 0.7 GPa,
which is comparable to the photonic responsiveness at 0.1
GPa. A positive pressure effect on the photoelectric properties
is observed. When the pressure exceeds the critical value of 2.1
GPa, the photocurrent can hardly be detected. This is attribu-
ted to the partial amorphization of the nano-grains induced by
too much pressure. Fig. 8c shows the details of the best photo-
electric properties of thermally annealed NCs at 0.7 GPa. The
reproducible and prompt photocurrent response to the mul-
tiple on/off cycles indicates the excellent optical switching and
stability of thermally annealed Mn2+:CsPbCl3 NCs for potential
application in photodetectors.

Furthermore, it is essential whether or not the photocurrent
enhancement of thermally annealed Mn2+:CsPbCl3 NCs gener-
ated by compression can be preserved when the pressure
quenches under ambient conditions. The photocurrent of the
sample quenched from 0.7 GPa is found to be still slightly
increased in comparison with the state at the beginning of
compression (ESI Fig. S7†). In comparison, the photocurrent
quenched from 2.1 GPa becomes very weak and lacks stability
and a reproducible photoresponse to the multiple on/off
cycles. The cubic-to-orthorhombic phase transition of Mn2+:

CsPbCl3 NCs is fully reversible after pressure cycling. Thus, the
structural evolution during compression/decompression
should not be the key to addressing this difference. The differ-
ence is likely attributed to the amorphization of local grains in
the quenched sample from relatively high pressures (i.e., 2.1
GPa), which can be readily deduced from the high-resolution
TEM images (ESI Fig. S8†). The amorphization from higher
pressure generates more defects, which accelerates the recom-
bination of the electron and the hole, and decreases the con-
centration of charge carriers in the electrical transport
process. Therefore, the photocurrent is hardly detected in the
samples quenched from high pressure exceeding 2.1 GPa.
Based on the above high-pressure studies, it can be expected
that the photoelectric conversion performance of all inorganic
CsPbX3 (X = Cl, Br, or I) perovskite nanocrystal-based devices
could be further improved via artificial stress treatment, such
as chemical doping, lattice-mismatched fabricating, and high-
temperature and high-pressure synthesis.

Conclusion

This work demonstrates that the optical properties and struc-
tural evolution of Mn2+:CsPbCl3 perovskite nanocrystals can be
expertly tuned by using compression as a clean physical tool,
and reveals the fundamental understanding of the structure–
property relationship under high-pressure. More strikingly, the
higher charge transport abilities and enhanced photoelectric
response are generated by quenching from mild pressure to
ambient conditions. Our results reveal the high potential of
pressure-treated all-inorganic CsPbX3 (X = Cl, Br, or I) metal–
halide perovskite materials for a broad range of applications.
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