#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Ultrahigh photo-stable all-inorganic perovskite

{") Check for updates‘
nanocrystals and their robust random lasing+

Cite this: Nanoscale Adv., 2020, 2, 888

@ Qiuhong Min,? Chaojie Pi,? Fan Li,° Xiao Yang, 2 °

@ Xue Yu2*@ and Xuhui Xu @ *@

Liuli Yang,® Ting Wang,
Kongzhai Li, '2 ¢ Dacheng Zhou,? Jianbei Qiu,

Photo-instability has prevented further commercialization of all-inorganic perovskite nanocrystals (NCs) in
the field of high-power optoelectronics. Here, an accelerated transformation process from non-
luminescent Cs4PbBrg to CsPbBrs NCs with bright green emission is explored with irradiation at 365 nm
during water-triggered structural transformation. The photoelectric field provided by the photon energy
of 365 nm promotes the rapid stripping of CsBr and atomic reconstruction, contributing to the
production of ultrahigh photo-stable defect-free CsPbBrs NCs. The robust emission output of the as-
obtained CsPbBrs NCs is well preserved even when recorded after 160 min. Moreover, a long-term
stable random lasing could be achieved when excited using an ~800 nm femtosecond laser for at least
8.6 x 107 laser shots. Our results not only elucidate the photo-induced accelerated phase
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Introduction

All-inorganic perovskite materials (CsPbX; with X = Br, I, or Cl)
have garnered considerable attention owing to their intriguing
applications in the field of optoelectronics." However, halide
perovskites are extremely susceptible to undergoing aggressive
degradation upon exposure to H,O, heating, and UV illumina-
tion.> Compared with a multitude of studies on their instability
upon heating in a moist environment,*” the light sensitivity of
halide perovskite nanostructures remains largely unexplored.
Particularly, light-induced instability of the photoelectric prop-
erties cannot be overlooked because the indispensable light
irradiation induces the aggregation of perovskite NCs to form
undesired defect states or structural changes, which funda-
mentally lead to a decline in photoelectric properties.® From this
perspective, exploring the detailed phase transformation mech-
anism under light irradiation could be expected to be the key to
solving the light instability problem of all-inorganic perovskite
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highly stable CsPbBrs NCs for their practical application in photovoltaics and optoelectronics.

NCs. McNeill's group found that the defect concentration of
MAPbBr; (MA = methylammonium) material increases after
high power illumination, owing to the degradation of the I-rich
domains.” Moreover, Zeng et al. reported the photon-induced
structural transition between orthorhombic and tetragonal
phases in CsPbBr; under above-bandgap (2.36 eV) irradiation.?
Schaller's group proposed a reversible and light-driven
orthorhombic-to-cubic phase transition at an excitation flux
threshold greater than 0.34 mJ ecm 2.° Kim and co-workers
demonstrated that structural variations occur with the assis-
tance of light induction.’ Although it is accepted that halide
perovskites tend to actively respond to light through changes in
their structure and properties, there are still gaps in their
stability disturbance and the understanding of their structural
transformation involving photons.***>

Structural transformation and atomic stripping have been
observed during water-involved synthesis processes. Yin et al.
reported a water-triggered transformation of Cs,PbBre to
CsPbBr; NCs by stripping CsBr through an interfacial reaction
with water in a different phase.*® Turedi et al. employed water to
directly transform films of CsPbBr; to stable CsPb,Brs under
PbBr, rich conditions.™ Moreover, Xia et al. discussed that the
post-synthetic water treatment of CsPbBr; NCs can remove the
surface atoms to enhance stability."” From these studies, dealing
with the issue of phase transformation within a moist environ-
ment is critical to the acquisition of stabilized perovskites. On
the basis of the abovementioned reports, the stability of perov-
skites should not be examined with the exposure to light or
moisture alone, especially for practical application, since both of
them induce the degradation of perovskites fundamentally.

This journal is © The Royal Society of Chemistry 2020
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In this work, we explored the 365 nm-irradiation effect on the
water-triggered structural transformation of the as-obtained
perovskite Cs,PbBrs NCs and found an accelerated phase
transformation process producing defect-free CsPbBr;. The as-
obtained CsPbBr; NCs show ultrahigh-stability against light
and moisture, compared with those prepared through a hot-
injection method. The cooperative effect of water and photon
energy on the phase transformation from Cs,PbBrg to CsPbBr;
inhibits the formation of defects fundamentally. Hence, we
unambiguously demonstrate that the ultrahigh photo-stability
of the defect free CsPbBr; NCs provides the possibility for the
construction of a long-term stable lasing gain medium.

Experimental section

Chemicals

Cesium carbonate (Cs,COj3, Aladdin, 99.99%), lead (i) bromide
(PbBr,, Aladdin, 99.999%), oleylamine (OLA, 80-90%), octade-
cene (ODE, Aladdin, 90%), oleic acid (OA, Aladdin, AR), and
toluene (Chengdu Chemical, AR) were used. All chemicals were
used without any further purification.

Synthesis and purification of Cs,PbBrs NCs

The synthesis process was performed in air without any pre-
dried chemicals or solvents. In a typical synthesis procedure,
PbBr, (0.1 mmol) was dissolved in 0.5 mL ODE, 1 mL OA and
1.5 mL OLA in a 20 mL vial on a hotplate set at 100 °C. After
PbBr, was completely dissolved (at around 120 °C), the vial was
moved to a room temperature (RT) hotplate. When the
temperature reached 80 °C, 0.6 mL of Cs—OA (0.8 g Cs,CO;
dissolved in 8 mL OA in a 20 mL vial on a hotplate set to 190 °C)
was quickly injected. 30 seconds after the injection, the reaction
mixture was quickly cooled down to 50 °C in an ice-water bath
for the next purification process. The NCs were directly washed
via centrifugation 3 times (at 6000 rpm for 15 min), followed by
re-dispersion in 5 mL toluene.

Synthesis of water-induced CsPbBr; NCs

The synthesis process was conducted under ambient condi-
tions. 125 L deionized water was directly injected into 1 mL
Cs4PbBrg solution and shaken.

Synthesis of water- and irradiation-induced CsPbBr; NCs

The synthesis process was conducted under ambient condi-
tions. 125 puL deionized water was directly injected into 1 mL
Cs4PbBrg solution and shaken slightly. The mixture was irra-
diated under light (2 mW cm~?) of different wavelengths (none,
254 nm, 365 nm, 468 nm, and 600 nm) for 20 min. The final
CsPbBr; solution was re-dispersed in 1 mL toluene.

Preparation of photo-responsive samples

The photocurrent of Cs,PbBrs NCs was measured on an elec-
trochemical workstation by the traditional three-electrode
method consisting of a working electrode (photoelectron
anode), platinum foil as a counter electrode, and a saturated
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calomel electrode (SCE) as a reference electrode. The electrolyte
solution used in the photocurrent measurement was sodium
sulfate solution. The working electrode was prepared by a drop-
coating method. The Cs,PbBr, solution was coated onto FTO
conducting glass. After the resulting glass was air-dried, the
working electrode was obtained.

Characterization

X-ray diffraction (XRD) patterns were obtained using a D8 Focus
diffractometer (Bruker) with Cu-Ke radiation (A = 0.15405 nm)
in the 26 range from 10° to 50°. The photo-luminescence (PL)
spectra of the samples were recorded by using a FLAME-S-XR1-
ES spectrophotometer (Shenzhen Yanyou Instrument Ltd,
Shenzhen, China). UV-Vis absorption spectra of CsPbBr; were
recorded using a HITACHI U-4100 UV-Vis-NIR spectrophotom-
eter with an integrating sphere in diffuse-reflectance mode. The
particle morphology and size were studied using field emission
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM), carried out using
a TECNAI G2F30 S-TWIN operating at 300 kV. The macroscopic
structures of CsPbBr; (before and after laser emission) were
examined by using a Quanta 200FEG scanning electron micro-
scope (SEM) equipped with an energy dispersive spectrometer
(EDS). The samples were prepared by drop casting diluted NC
suspensions onto 400 mesh ultrathin/holey carbon-coated
copper grids for conventional TEM imaging and HRTEM
imaging. Micro-frequency Raman measurements were carried
out using an argon laser with a continuous wave (k = 785 nm) as
the excitation source (Renishaw inVia, Gloucestershire, UK).
The spectra were recorded with an acquisition time of 1 s and
accumulation number of 60. The photocurrent-voltage char-
acteristics were measured by using a Keithley 2400 sourcemeter
under 365 nm-irradiation. Fourier transform infrared spec-
troscopy (FTIR) spectra were measured by using a Nicolet iS 10
Fourier transform infrared spectrometer. X-ray Photoelectron
Spectroscopy (XPS) analysis was carried out using a Thermo
fisher Scientific K-Alpha and an Al-Ka X-ray source (hv = 1486.6
eV) with a 400 um spot size and 30 eV pass energy. For the
random lasing measurement, a homemade micro-PL system
(OlympusBX-52 microscope and a 20x 0.8 NA objective lens)
was used to focus an 800 nm femtosecond laser beam on
CsPbBr; NCs. A Ti:sapphire femtosecond laser (Coherent Libra)
integrated with an optical parametric amplifier (Coherent
OPerA Solo), which generates femtosecond pulses (50 fs, 1 kHz),
was used as the excitation source. CsPbBr; NCs were placed
inside a low-temperature (77 K) chamber under laser spot
excitation. The received optical signal emitted from the sample
was coupled to a conventional CCD camera for recording the
near-field image and attached to a monochromator (Princeton
SpectraPro 2750 integrated with a ProEM EMCCD camera with
spectral resolution less than 0.1 nm) for spectral analysis.

Results and discussion

X-ray diffraction (XRD) patterns were recorded to indicate the
phase transformation from Cs,PbBrs to CsPbBr; NCs with and
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without UV irradiation, as shown in Fig. 1. The as-obtained
Cs4PbBrs NCs via the hot-injection method are gradually
transformed to CsPbBr; with the emergence of a peak at 15°
after soaking in water for 8 hours. After 48 hours, all the
CsPbBr; diffraction peaks appear, which means the phase
transition is achieved, as presented in Fig. 1la. This was
consistent with the previously reported water-triggered
process.” An identical phase transformation is observed in
Fig. 1b. Nevertheless, the appearance of the diffraction peak of
CsPbBr; at 15° is recorded after 3 hours for the sample soaking
in water under 365 nme-irradiation, and the pure phase of
CsPbBr; is obtained after 5 hours. This suggests that an accel-
erated phase transformation occurs with the intervention of 365
nm-irradiation. Fig. 1c and d, respectively, present the corre-
sponding transmission electron microscopy (TEM) images of
these samples recorded during the phase transformation
process. The TEM images in Fig. 1c1 and d1 demonstrate the
good dispersity of the as-obtained Cs,PbBrs NCs with an
average size of 20 nm and faint luminescence. The morphology
of these NCs changes fundamentally, revealed by TEM images,
respectively, recorded after 1 and 1/3 hours under 365 nm-
irradiation, as shown in Fig. 1c2 and d2. For the 365 nm-
irradiated sample more CsBr NCs' precipitate than for its
counterpart without the participation of photons. Meanwhile,
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the green emission is observed obviously as shown in the inset
of Fig. 1c2 and d2, demonstrating the appearance of CsPbBr;."
Fig. 1c3 and d3, respectively, present the coexistence of Cs,-
PbBrs and CsPbBr; NCs with definitely different morphologies,
and the luminescence intensity of the green emission origi-
nating from CsPbBr; NCs is greatly improved. The single-phase
of the CsPbBr; sample with quasi-square particles is finally
obtained after 48 hours (Fig. 1c4) and 5 hours (Fig. 1d4),
respectively, with and without the irradiation at 365 nm.
Notably, the good dispersity of CsPbBr; NCs under 365 nm-
irradiation is identical to that of the non-irradiated ones for
the water triggered phase transformation process, and the
distribution of particle size of both the samples is around 20 nm
in mean size (Fig. S1t). Here, it can be inferred that light irra-
diation promotes the fracture of the soft structure of Cs,PbBrg
and thereby accelerates the phase transformation from Cs,-
PbBr, to CsPbBr; NCs. Moreover, the luminescence intensity of
the green emission originating from CsPbBr; during the phase
transformation is recorded and exhibited in Fig. 1e and f, which
further illustrates the shortened reaction time of phase change
and the improved optical performance of the sample under 365
nm-irradiation.

In situ Raman spectra of the as-obtained samples are shown in
Fig. 2a and b, which present the structural changes of the non-
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Fig.1 Phase transformation of CsPbBrs NCs. XRD patterns of the corresponding samples undergoing the phase transformation process in water
without (a) and with the irradiation at 365 nm (b). TEM images recorded during the phase transformation process in water without (c) and with 365
nm-irradiation (d), the insets on the left present the photographs of the corresponding samples under 365 nm excitation, and the insets of (c2)
and (d2) in the upper right corner are the topographical maps of the corresponding nanoparticles. The PL spectra of the corresponding samples
recorded during the phase transformation without (e) and with 365 nm-irradiation (f) under 365 nm excitation.
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Fig. 2 Raman profiles of the non-irradiated (a) and 365 nm-irradiated (b) samples with a prolonged recording time, transient photocurrent
curves of samples undergoing different phase transformations (c), with the inset showing the corresponding schematic diagram of the device
structure, and PL decay dynamics of the 365 nm-irradiated sample (d) (sample @D: water treatment for 0 min, without 365 nm-irradiation; @:
water treatment for 20 min, without 365 nm-irradiation; ®: water treatment for 20 min, with 365 nm-irradiation for 20 min).

irradiated and the 365 nm-irradiated samples, respectively. The
first peak 7, around 63 cm ' and the third peak t; around
118 cm ™ are assigned to the vibration mode of Cs ions, while the
second peak 1, around 77 cm~ ' is important evidence for the
distortion of the vibrations of the [PbX¢]*~ octahedron.” It has
been determined that the shift of the Raman peak related to
lattice disorder and strain leads to the photo-striction motion in
3D perovskites."* As shown in Fig. 2a, the sample with non-
irradiation shows insignificant change of Raman spectra both
in the peak position for the above mentioned different vibration
modes and in the Raman intensity during the prolonged
recording time. It indicates that no apparent structural variation
occurs in the non-irradiated sample within the initial 30 min. In
contrast, the characteristic vibration peaks of the 365 nm-
irradiated sample show a continuous red-shift depending on
the irradiation time. Specifically, the red-shifts of Raman peaks
14, T, and 75 are observed from 63 to 61 cm™*, 77 to 75 cm ™ %, and
118 to 116 cm ™', respectively, after 30 min of 365 nm-irradiation.
It unambiguously demonstrates that the lattice geometry of the
Pb-Br octahedron and Cs ions changes. Furthermore, the
increased ratio of I /I, from 1.54 to 1.61 in Fig. 2b indicates the
decreased amount of cesium ions which is attributed to the
strain induced by the increasing disorder of crystal lattices
during the phase transformation process.” It is accepted that
irradiation can lead to thermal effects and photoelectric fields,
both of which can have an effect on the structure of the light-

This journal is © The Royal Society of Chemistry 2020

sensitive crystal.**** Fig. S2t illustrates the effect of ambient
temperature on the emission intensity of these samples during
phase transformation. There is no significant increase in the
emission intensity of these samples heated at different temper-
atures, indicating that thermal energy provided by heat-
treatment is not a key factor in promoting phase trans-
formation. Fig. 2c presents the photocurrent curve of the samples
under 365 nm-light (60 mW cm ™ ?). The resulting photocurrent
shows three distinct ON/OFF cycles under irradiation switching.
As shown in Fig. 2¢, sample @ of Cs,PbBrs NCs possesses poor
photo-response due to the high exciton binding energy origi-
nating from the unique 0D structure.>** Photocurrent signals
appear in samples @ and ®, which is believed to be accom-
plished along with the appearance of CsPbBr; NCs. A further
increase in the amount of CsPbBr; NCs contributes to a drastic
increase in the photocurrent intensity as sample ® displayed.
The appearance of photocurrent density confirms the generation
of a photoelectric field, and the enhancement of photocurrent
confirms that the irradiation could accelerate phase trans-
formation effectively, as CsPbBr; NCs have a highly sensitive
photo-response than Cs,PbBrs NCs.”** Therefore, it can be
speculated that a photoelectric field is generated in the sample
under 365 nm irradiation. The existence of the photoelectric field
accelerates the formation of CsPbBr; NCs, which subsequently
contributes to a stronger photocurrent as can be seen from
Fig. 2¢, contributing to the acquisition of defect free CsPbBr; NCs

Nanoscale Adv., 2020, 2, 888-895 | 891
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from the phase transformation. Besides, time-resolved PL decay
curves of samples @ and ® are measured and plotted in Fig. 2d,
which indicate that their average PL lifetime is 135 and 272 ns,
respectively. The increase of the carrier lifetime from 135 to 272
ns confirms that the presence of 365 nm irradiation contributes
to the production of the photocurrent field, and thereby accel-
erates the structural change of the perovskite.?

The comparative experiments on the photo-response prop-
erties of the perovskites under irradiation with different wave-
lengths show that 365 nm irradiation is beneficial to the stable
optical output, which is believed to be due to the reduction of
the surface ligands attached on sub-CsPbBr; NCs as illustrated

View Article Online
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in Fig. S3.1 The photon energy of 365 nm is believed to provide
a photoelectric field as discussed above, where the interaction
between the organic ligands and the [PbBrg]*~ octahedron in
Cs,PbBrs NCs is certainly weakened, resulting in ligand strip-
ping and accelerating the phase transition process.** Thus, we
propose the reaction schematic diagram of the phase trans-
formation under irradiation with different wavelengths as
shown in Fig. S4a,f and the corresponding mechanism diagram
is shown in Fig. S4b.f Furthermore, we plot the optical prop-
erties of these samples under irradiation with the optimal
absorption bands of 365 and 468 nm as displayed in Fig. S5a
and b.f It further demonstrates that the phase transition
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Fig. 3 HRTEM images of the non-irradiated (al) and 365 nm-irradiated (b1) CsPbBrs NCs, local HRTEM images (a2 and b2), and the corre-

sponding FFT patterns (a3 and b3) obtained from the HRTEM images.

XPS peak fitting of Pb 4f spectra of CsPbBrs NCs treated with non-irra-

diation (c), 254 nm (d), 365 nm (e) and 600 nm (f) irradiation. Normalized emission intensity of non-irradiated (triangles) and 365 nm-irradiated

(squares) CsPbBrsz NCs in an aqueous environment (g) and under 365
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nm irradiation (h), respectively.
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process can be accelerated without damaging the structure
under irradiation with the optimal absorption band.

The HRTEM and fast Fourier transform (FFT) images shown in
Fig. 3a and b further reveal the same lattice spacing of 0.581 nm
for the obtained sample under non-irradiation and 365 nm-
irradiation treatment, respectively, which is in good agreement
with the (100) crystal plane of monoclinic CsPbBr; NCs. However,
it should be noticed that the external defects and internal black
dots observed in non-irradiated CsPbBr; NCs disappeared after
365 nm-irradiation treatment, and the sample presents a regular
surface and good crystallinity. To analyze the detailed informa-
tion of the defects, XPS measurement is employed to represent
the peaks of Pb-Br and Pb-oleate species. As displayed in Fig. 3c-
f, the binding energy of Pb 4f,, and 4fs,, appears around 138.5
and 143.5 eV, respectively. Comparing the relative amounts of the
Pb-oleate species in the samples obtained through different
treatments (none, 254 nm, 365 nm, and 600 nm-irradiation), it is
found that CsPbBr; NCs treated with 365 nm-irradiation exhibit
the least number of defects® (a quantitative comparison of the
defects is shown in Table S1t), which fundamentally contributes
to the enhancement of emission intensity.
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The stability of perovskite NCs is critical for their long-term
operation. As plotted in Fig. 3g, the 365 nm-irradiated CsPbBr;
NCs exhibit high emission intensity endurance (92%) after
exposing them to 125 pL water for 45 days, while the emission
intensity of non-irradiated CsPbBr; NCs decreased to 55% of its
initial intensity. Moreover, the sample irradiated at 365 nm
presents a striking photo-stability (93%) when immersed in 125
uL water and exposed to 365 nm-illumination for 540 min, while
the non-irradiated CsPbBr; NCs degrade immediately
(Fig. 3h).” The corresponding mechanism diagrams are dis-
played in Fig. S6.1 After immersing the two samples in 125 pL
water, the structure is not destroyed due to the protection of the
ligand. However, the structure of the non-irradiated sample is
destroyed due to the existence of a large number of defects
when exposed to 365 nm irradiation, while that of the irradiated
sample remains intact.

The employed high-energy pumping to realize the upcon-
version lasers requires superior long-term stability of samples.
Here, the performance of the upconversion lasing of the 365
nm-irradiated CsPbBr; NCs is studied specifically. As displayed
in Fig. 4a and b, the CsPbBr; NCs, with an even size and
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Fig. 4 PL and lasing characteristics of the CsPbBrz NC laser. Schematic of CsPbBrs NCs on a silicon substrate pumped via an 800 nm
femtosecond laser (a). The corresponding SEM image of the sample is shown in (b). Emission spectra of the CsPbBrs NCs with different pump
powers, showing the transition from amplified spontaneous emission to lasing (c). Integrated emission intensity as a function of pump density
showing the lasing threshold (~254 pJ cm™2) (d). Inset: Schematic diagram of the formation of a closed loop path for light through recurrent
scattering in the samples. Lasing intensity for CsPbBrs NCs measured above (1.5Py,) the lasing threshold (e).
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uniform distribution, emit green lasing when excited using an
800 nm femtosecond laser beam. A broad spontaneous emis-
sion band centered at ~532 nm is observed under 800 nm
excitation at 77 K (Fig. 4c). As the pump power increases, the
number of sharp peaks increases and the intensity increases
simultaneously. When the pump power goes up to 2.5 uj cm ™2,
the sharp peak exhibits an extremely narrow line width of
0.3 nm. In addition, the pump-dependence of spectrally inte-
grated emission intensity shows obvious threshold behavior, as
shown in Fig. 4d. These results are consistent with the behavior
of random lasers: as the pump power increases, a broad spon-
taneous emission peak appears first, followed by a laser mode at
a higher pumping rate.*" In the case of high gain and strong
scattering, recurrent scattering events occur, thereby forming
closed loop paths when the pump intensity reaches above the
threshold (the inset of Fig. 4d). Since different closed loop paths
formed at different angles, the laser emission spectra change
with the different angles (Fig. S7at). The plot of excitation area
(A) versus the corresponding excitation threshold (Py,) satisfies
the relationship (Fig. S7b¥):

Alh2/3 = thh_1

where k is a constant.*> Meanwhile, the lasing intensity of the
CsPbBr; NCs is monitored under the constant pumping of the
laser with a pump density of 1.5P;, as shown in Fig. 4e and S7c,
and the random lasing is able to withstand more than 8.6 x 10’
excitation cycles (longer than 24 hours) with an intact
morphology, suggesting the ultrahigh photo-stability.

Conclusion

In conclusion, a light-induced transformation strategy was
developed for obtaining high photo-stability CsPbBr; NCs with
the cooperation of water. A photoelectric field, provided by
a photon energy of 365 nm, promotes the rearrangement of
atoms in water and accelerates the phase transformation dras-
tically. Photo-stability and water resistance results suggest that
the 365 nme-irradiated CsPbBr; NCs are ultra-high stable to
support a random lasing output. Overall, we conclude that the
use of light induces an accelerated phase transformation of an
all-inorganic perovskite, which produces highly stable CsPbBr;
NCs with a low number of defects, providing a robust optical
output for practical application.
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