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As a direct bandgap semiconductor, organic-inorganic lead halide perovskite (MAPbX3, MA = CH3NH3, X
=(l, Br, I) have been considered as promising materials for laser due to their excellent optoelectronic
properties. The perovskite materials with 1D and 2D shapes were widely prepared and studied for
Fabry-Pérot mode and whispering-gallery-mode (WGM) microcavities, but cuboid-shape is rarely
reported. In this work, we successfully fabricated single crystal cuboid-shaped MAPbBr3 perovskite with
different morphologies, named microcuboid-MAPbBr; (M-MAPbBr3;) and multi-step-MAPbBr3 (MS-
MAPbBTr3), via solvothermal method. Furthermore, the as-prepared crystals’ excitonic recombination life-
time under different pumping energy density was studied by time-resolved photoluminescence (TRPL).
Based on controllable morphology and remarkable lasing properties, these cuboid shaped single crystal
perovskite could be a promising candidate for small laser, and other optoelectronic devices.

TRPL © 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Organic-inorganic lead halide perovskites, particularly MAPbX3
(M = CH3NH3, X =Cl, Br, I), have caught great attention for their
excellent optoelectronic properties such as strong absorption coef-
ficients, easily tunable bandgap, high carrier mobility, small exci-
ton binding energy and unique defect properties [1-5]. These
characteristics have boosted rapid progress in solar cell efficiency,
which has been improved dramatically from 3.8% to over 23.7% in
recent years [6-11]. Due to the facile solution processing, high
quantum yield and tunable wavelength, lead halide perovskites
also have potential for flexible and low-cost optoelectronic devices,
such as laser devices, light-emission diodes (LED), and photodetec-
tors, etc [12-15].

In recent years, considerable efforts have been devoted to
synthesis of various perovskite materials, such as nanoplatelets
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[16-18], nanowires [12,19], quantum dots [20-22], and large sin-
gle crystal bulks for the applications in various fields [23,24]. Since
Deschler et al. [25] first accomplished the trihalide perovskite laser
by constructing a surface-emitting vertical Fabry-Pérot cavity con-
sisting distributed Bragg reflector (DBR) mirrors, a lot of novel per-
ovskite lasers made by thin films and large-dimension single
crystals have been reported [25-29]. Compared with the polycrys-
tal films, single crystal possesses much lower defect density and
much less grain boundaries, which will lead to superior optoelec-
tronic performances. After the first single crystal perovskite nano-
laser was realized by Xiong’s group, a lot of research efforts have
been devoted to develop high-performance perovskite nanolaser
[18,30-32]. Zhu et al. [12] prepared the single crystal MAPbX3
(X=Cl, Br, I) perovskite nanowires by solution process, and
obtained high-performance Fabry-Pérot mode perovskite laser
with lasing thresholds as low as ~220 nJ/cm? and high quality fac-
tor of 3,600. And then, Zhao et al. [33] controllably fabricated
MAPDBr; perovskite microwires and microplates by selectively
binding two surfactants octadecylammonium bromide (OTDB)
and dodecylammonium bromide (DODB) to different crystal

2095-9273/© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.


https://doi.org/10.1016/j.scib.2019.04.016
mailto:cfpan@binn.cas.cn
mailto:Anlian.pan@hnu.edu.cn
mailto:litianfeng@henu.edu.cn
mailto:rmwang@ustb.edu.cn
https://doi.org/10.1016/j.scib.2019.04.016
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

F. Li et al. /Science Bulletin 64 (2019) 698-704 699

planes. Pan’s group [34] successfully prepared single-crystal
CsPbX3 (X =Cl, Br, I) perovskite micro/nanorods with triangular
cross section through chemical vapor deposition (CVD), the micro/-
nanorods exhibited excellent laser properties with low lasing
thresholds of 14.1 pJ/cm? and high quality factor of 3,500. In a
word, one-dimensional (1D) and two-dimensional (2D) lead halide
perovskite were widely prepared and studied due to the outstand-
ing laser properties such as threshold, tunable wavelength, which
are even better than traditional II-VI/III-V semiconductors. How-
ever, the mechanism of the excitonic recombination rate under dif-
ferent pumping energy density is still unclear. And the excitonic
recombination dynamic process of MAPbBr3 perovskite with differ-
ent cuboid morphology prepared by the solvothermal method
under different pumping energy is rarely reported.

Herein, we successfully fabricated single crystal cuboid shaped
MAPDBr; perovskite via solvothermal method. By adjusting reac-
tion time, we can control etching process and achieved M- and
MS-MAPbBr3; perovskite, respectively. Moreover, the high-quality,
good stability, smooth surface, as well as uniform geometries
enabled the as-prepared crystals to function as good microcavity
for laser. Therefore, we evaluated the lasing behavior and excitonic
recombination dynamics in M- and MS-MAPbBr3; perovskite, and
found that the as-prepared MAPbBr3; perovskites exhibited favour-
able lasing properties. So, the cuboid shaped MAPbBr3; perovskites
prepared by the typical solvothermal method would be potentially
applied in small laser and optoelectronic devices.

2. Experimental
2.1. Sample preparation

The MS-MAPbBr; was prepared by a typical solvothermal pro-
cess. A 60 mg (Pb(OAc),-3H,0 was completely dissolved in 4 mL
of hydrobromic acid by ultrasonic treatment for 15 min, and then
30 mL of isopropanol was added and stirred for 30 min. And then,
1.2 mL methylamine solution was rapidly injected into the above
solution, and transferred into Teflon-lined autoclave, which was
sealed and kept at 120 °C for 12 h in a furnace, and cooled down
to room temperature. Finally, the orange product was obtained
by vacuum filtration and washed with isopropanol, and then dried
in a vacuum oven at 50 °C for overnight.

2.2. Characterization and measurement

The morphology and energy-dispersive X-ray spectroscopy
(EDS) mapping of the MAPbBr; were collected by a field-
emission scanning electron microscopy (FESEM, Hitachi SU-8020)

equipped with an energy dispersive X-ray analysis system (EDX,
Materials Analysis Division, Apollo XLT2). The X-ray diffraction
(XRD) patterns were measured by X-ray diffractometer (PANalyti-
calX'Pert 3 Powder) with a Cu Ko radiation (2= 1.54050 A) oper-
ated in the 260 range from 10° to 50° by using the MAPDBr;
powder. Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) were performed on a JEM-
2200FS electron microscope operating at 200 kV. Ultraviolet and
visible absorption (UV-vis) spectra were recorded with a spec-
trophotometer (Shimadzu UV-3600). All the PL, lasing, and TRPL
were performed with the confocal p-PL system (WITec, alpha-
300). The CW lasers at 400 nm were used as the excitation sources
for PL measurements of the M- and MS-MAPbBr3 perovskite. The
laser was introduced to the confocal system and focused onto the
samples through a 100x objective at the top of the samples. The
PL signals of each M- and MS-MAPbBr3; perovskite crystal were col-
lected by the same objective and detected by a CCD spectrometer
(600 g/mm grating). Spectra physics Ti: sapphire laser at 405 nm
(100 fs, 1 kHz) was used for lasing and TRPL measurements. The
pumping source was focused obliquely on the sample by a lens.
The TRPL of the M- and MS-MAPDBTr; perovskite was detected with
a streak camera system (Hamamatsu, C10910) with a temporal
resolution of about 18 ps.

3. Results and discussion

The samples were prepared by a typical solvothermal process
under the reaction temperature of 120 °C. Fig. 1a-d schematically
illustrated the MAPbBr3; perovskite’s morphology evolution from
microparticles to MS-MAPbBr;. At the initial stage, MAPbBr3
rapidly nucleated in the precursor solution and grown to micropar-
ticles when reaction was maintained for 30 min. Then the MAPbBr3
microparticles grown to M-MAPbBr; when reaction sustained
about 2 h. Interestingly, as the reaction continued, the centers of
lateral surfaces were etched and formed multi-steps after the reac-
tion time lasting about 8 h. The scanning electron microscope
(SEM) images in Fig. 1Te-h demonstrated the morphological evolu-
tion of the MAPbBr; perovskite with the increasing of reaction
time. Fig. 1e showed the morphology of MAPDbBr; perovskite
microparticles with cuboid shape and size in the range of 0.5-
2 pm. In general, the MAPbBr; perovskite was preferentially grown
to symmetrically cuboid crystal morphology due to the typical
cuboid unit cell structure with high symmetry in three dimensions.
As the crystal growth process predicted by Bravais-Friedel-
Donnay-Harker (BFDH) law [35], when reaction time increased to
2h, the MAPDbBr; perovskite microparticles have grown into
~10 pum with flat surfaces as shown in Fig. 1f. When the reaction

Fig. 1. (Color online) Crystal growth process and morphology of MAPbBr; perovskite. (a-d) Schematic demonstrates the morphology evolution of MAPbBr; perovskite under
different reaction time. SEM images of (e) MAPbBr; nanoparticles, (f) M-, (g) SS-, and (h) MS-MAPbBr3 perovskite, respectively.
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time was increased to 4 h, it could be clearly observed that small
etching traces formed a step on (001) surfaces as shown in
Fig. 1g. Then, as the reaction proceeded further, the multi-steps
emerged as shown in Fig. 1h. The lower magnification SEM images
(Fig. S1 online) of the M- and MS-MAPbBr3; demonstrated that the
as-prepared sample still keeped uniform cuboid shape. In order to
explore the effect of growth temperature on the morphology of
MAPbBr; perovskite, we prepared the sample at 80, 100, 120 and
140 °C for 12 h, the SEM images were shown in Fig. S2 (online).
It can be seen that the sizes of MAPbBr; microcuboid have grown
from 0.5 to 2.5 to 5.0-15.0 pm when the reaction temperature
increased from 80 to 100°C. When the reaction temperature
increased to 120 °C, the sample has grown to 10.0-30.0 um and
the lateral surfaces were etched and formed in multi-step-
MAPbBr; perovskite. With the temperature further increased to
140 °C, the reaction proceeded more quickly and led multi-step-
MAPDBr; perovskite nonuniform in size and shape. These results
indicated that the reaction time and temperature play a significant
impact on the synthesis of MS-MAPbBr; perovskite. The growth
mechanism of the MS-MAPbBr; can be explained as follow. Due
to the reaction temperature (120.0 °C) above the phase transition
temperature (—36.2°C), the MAPbBr; perovskite belonged to
cuboid phase and exhibited high symmetry in three dimensions.
In this crystal structure, the hydrogen bonding interactions
between organic and inorganic components and strong ionic and
covalent interactions within the metal halide sheets determined
the crystal stability. The high reaction temperature will lead the
lattice constants (q, ¢) increased and weakened the hydrogen bond.
Furthermore, with the reaction going on, the amount of perovskite
precursors would decrease and lead to dissolution of as-grown
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crystals. Compare with the corners and edges, lateral surfaces pos-
sessed more defects and more reactive sites. So the dissolution
occurred in the lateral surface, instead of the corners and edges
with higher stability [36]. Meanwhile, Ostwald ripening mecha-
nism exists in the whole experimental process, which facilitates
the initial small particles easy fusion between the center and the
edge that have aligned in the same crystallographic direction.
Therefore, the dissolution is a dynamic balance process of dissolu-
tion and recrystallization. Notably, the as-synthesized crystals
remained the cuboid shape and flat surface, which provides the
possibility for laser behavior.

Fig. 2a showed the schematic of the unit cell and crystalline
structure of CH3NH3PbBr3 perovskite, presenting that (PbBrg)*~
octahedrons form the framework with CH3NH3 located at the eight
vertices of a cube. The crystalline information of as-prepared MS-
MAPDBr; perovskite was investigated by TEM and XRD. Fig. 2b
showed a typical low-magnification TEM image of the as-
prepared MS-MAPbBr; perovskite, indicating the square shape
and straight boundary. The inset showed the SAED pattern of the
MS-MAPbBr3, the sharp diffraction spots are ascribed to the
[010]and [1 0 0] of cuboid MAPbBr3 perovskite structure. In addi-
tion, the XRD pattern of MS-MAPbBr; was shown in Fig. 2c. The
sharp diffraction peaks indicated the as-prepared MS-MAPbBr3
perovskite possessed high quality crystalline structure. The sharp
peaks appeared at the 20 of 14.90°, 21.13°, 30.10°, 33.73°, 37.10°,
43.10°, and 48.45° corresponding to the (100), (110), (200),
(210), (211), (220), (300), and (3 10) planes, respectively.
The results were well in agreement with the crystal structure of
cuboid-MAPbBr; perovskite with lattice constant a=5.9A and
space group of Pm3m as previously reported [37]|. The EDS

Fig. 2. (Color online) Characterization of MAPbBr; perovskite. (a) Crystalline structure of the perovskite MAPbBrs. (b) TEM image of the MS-MAPbBr; perovskite. Inset: SAED
pattern of MAPbBr; MS-MAPbBr; perovskite. (c) XRD patterns perovskite MS-MAPbBr; perovskite. (d) EDX mapping of the corresponding MS-MAPbBr; shows spatial

distribution of Pb, Br elements.



F. Li et al. /Science Bulletin 64 (2019) 698-704 701

mapping analysis of a single MS-MAPbBTr; in Fig. 2d revealed that
Pb and Br elements were uniformly distributed in a whole MS-
MAPDBr; perovskite.

To further demonstrate the lasing behavior and excitonic recom-
bination dynamics in M- and MS-MAPDbBr; perovskite, the emission
spectra with different pumping energy density were systematically
investigated by the confocal p-PL systems as shown in Fig. 3a
(Witec alpha-300). The femtosecond laser beam (405 nm, 100 fs,
1 kHz) was focused (spot size, ~50 pm) by a lens, which broadly
illuminated the whole individual MAPbBr; perovskite. The local
optical signal at the MAPbBr3; perovskite corner was collected by
a confocal microscope and then detected by a CCD spectrometer.
Fig. 3b showed typical UV-vis absorption and PL spectrum of the
MS-MAPbBr; perovskite. It could be observed that the UV-vis
absorption spectra displayed a maximum at 539.0 nm and the PL
spectrum presented a single Gaussian-shape peak at 557.0 nm, in
good agreement with those of MAPDbBr; bulks. The PL spectra
showed a narrow linewidth with a full-width at half-maximum
(FWHM) of ~23.0 nm. It was worth to note that PL spectra occurred
red-shift comparing with UV-vis absorption, which can be ascribed
to Stokes shift. In large perovskite crystals, the bulk effect will influ-
ence on excitonic behavior, and lead to the red shift of PL peak
[5,38,39]. Fig. 3c showed typical PL spectrum of single MS-
MAPbBr; perovskite with side length of 17.7 pum under different
pump energy density. At the pumping energy density of 197.5 pJ/
cm?, the MS-MAPbBr; perovskite showed a broad emission spec-
trum around the 555.0 nm with FWHM of ~26.0 nm [40]. When
the pumping energy density increased to 445.9 uJ/cm?, there were
several sharp peaks near 555.0 nm and the FWHM decreased to
0.71 nm, which indicated the occurrence of laser behaviour. The
quality factor Q can be calculated by the equation Q = £, where
the 84 is the FWHM of the lasing wavelength. So the Q factor of
MS-MAPbBr3 perovskite corresponded to ~780. It should be noted
that a slightly blue-shift of lasing peaks could be observed with the
increasing of the pumping energy density. This could be owing to

multiple mechanisms, such as thermally induced bandgap/refrac-
tive index change, band filling, optical density fluctuations, and
electron/hole many-body interactions [12,41,42]. The insets of
Fig. 3c were the dark-field optical images at low (top) and high (bot-
tom) pump energy density. It can be seen that under low pump
energy density MS-MAPbBr3; perovskite showed uniform emission
from the entire cuboid, when pump energy density increased above
the threshold (Pry), strong green lasing was emitted at the edges.
This is a typical feature of an optical waveguide inside the MS-
MAPbBTr; perovskite, showing this construction provided a natural
optical microcavity for the lasing [43]. The resonant cavity can be
consider as the edges of MS-MAPbBr3; perovskite. According to the
previous reports, the free spectral range (FSR) of Fabry-Perot cavity
was calculated by the equation: FSR = ﬁ where / is emission
wavelength, L is the length of microcavity and ng is the group refrac-
tive index as a function of wavelength. The ng around 555.0 nm can
be identified with a value of 6.7 and the length of edges is 17.7 pm
[33]. Based on the above conditions, we obtained the FSR is 1.3 nm,
and the results are consistent with the experimental results. So the
optical mode of MS-MAPDbBr3 perovskite can be consider as Fabry-
Perot mode. The peak centered at 555.2 nm may originate from
the resonance of a smaller cavity, where the frame of the multi-
layer structure acts as an oscillating mirror. Because of the large
enough FSR, only one mode was observed. Fig. 3d showed the inte-
grated PL intensity and the FWHM of PL peak as a function of pump-
ing energy density. When pumping energy density is under the
lasing threshold (Pr, =409.8 uJ/cm?) of the MS-MAPbBr; per-
ovskite, a broad emission spectra at the center of ~555.0 nm with
a FWHM of ~26.0 nm were observed, and the integrated emission
intensity increased slowly with pumping energy density, while
the pumping energy density further increased above the threshold,
the emission intensity increased dramatically, indicating the occur-
rence of lasing [12].

Similarly, the perovskite emission spectra of M-MAPbBr3
perovskite with the different pumping energy density were also
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Fig. 3. (Color online) Lasing characterization of M- and MS- MAPbBr3 perovskite. (a) Schematic of the lasing measurements based on single perovskite MAPbBrs. (b)
Absorption and PL of MS-MAPbBr3; perovskite. (c) Emission spectra of MS-MAPbBr; perovskite at different pump energy density. Inset: dark-field optical images of MS-
MAPbBr; perovskite. Scale bar is 5 pm. (d) Integrated intensity and FWHM of PL as a function of Ppum, Showing the lasing threshold at 409.8 pj/cm?. (e) Emission spectra of M-
MAPbBTr3; perovskite at different pumping energy density. Inset: dark-field optical images of M-MAPbBr3 perovskite. Scale bar is 5 um. (f) Integrated PL intensity and FWHM

as a function of Ppymp showing the lasing threshold at 290.7 wJ/cm?.
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Fig. 4. (Color online) Typical TRPL decay kinetics after photoexcitation with different pumping energy density for (a) MS-and (b) M-perovskite, respectively.

measured under the same condition. Fig. 3e showed typical power-
dependent PL spectrum of single M-MAPDbBr; perovskite. At low
pumping energy density (P < Pry), the emission spectrum showed
a broad peak around ~548.0 nm with a FWHM of ~22.0 nm, which
corresponded to spontaneous emission (SPE). When the Ppymp was
over P, some sharp peaks appeared at 555.0 nm, indicating the
occurrence of lasing action. The FWHM of the M-MAPbBr; per-
ovskite under the pumping energy density of 477.8 pj/cm? was
0.47 nm, and corresponding Q factor was 1,180 which was higher
than MS-MAPbBr3; perovskite’s ~780. The insets in Fig. 3e were
dark-field optical images at low (top) and high (bottom) pump
energy density. It showed that bright green light emitted at the
square cavity edges and corners, which indicated that the square
surface can effectively confine the optical field and provide a per-
fect constructure for WGM mode cavity. The FSR of the WGM cav-
ity can be calculated by the equation: FSR = ﬁ, where /. is the
emission wavelength, L is the cavity width and ng is the group
refractive index. For WGM mode the ng around 555.0 nm can be
identified as a value of 7.1 [33]. The FSR of M-MAPDbBr3 perovskite
is 1.5 nm, which is consistent with the experimental results. Fur-
thermore, FDTD simulation of electric field distribution inside the
M-MAPbBr3 perovskite cavity as shown in Fig. S4b (online). The
pattern shows typical features of WGM modes with strongest
out-coupling or leakage in four corners compared with the other
places. So the optical mode of M-MAPbBr; perovskite can be
ascribed to the WGM mode. Fig. 3f showed the integrated intensity
and the FWHM of PL as a function of Ppymp, Which indicated lasing
oscillation and gave a lasing threshold of Pry, = 290.7 pj/cm? and
lower than MS-MAPbBr; perovskite’s 409.8 pJ/cm?.

To further understand the occurrence of the lasing and excitonic
recombination dynamics in M- and MS-MAPbBr; perovskite, we
carried out TRPL measurements using a streak camera system with
a 405 nm fs-laser as an excitation light source. The decay lifetime is
derived from the biexponential decay function

t t
y=A; exp (‘E) +A; exp (—T—), (1)

where A; and A, represent the weighting factors. 7; and 7,
represent the lifetime of electron-hole radiative recombination
originated from different energy level.

The fitted results corresponding to the right table, and all the
fitted errors were <2%. Fig. 4a showed the plots of the decay curves
for MS-MAPDBr3 perovskite, indicating the evolution from sponta-
neous emission (SE) to lasing emission with increasing of pumping
energy density. The emission lifetime consists of two components:
a short time 7, indicating that the emission state originated from
bandedge radiative recombination and longer lifetime 7, denoting
trap state recombination, respectively [44,45]. The averaged life-

time(Tayveragea) Can be used to evaluate the competition of two
mechanisms, and could be calculated according to the following
equation

Al x T2+ A, x 13

Taveraged = Iﬁ . (2)

It is clearly that the Tayerage decreased from 372.3 to 14 ps when
Ppump increased from 19.1 pjjem? (Ppymp < Prn) to 445.9 pJ/cm?
(Ppump > Prn), it can be ascribed to the faster recombination rate
and occurrence of an effective stimulated emission process. It
was also found in M-MAPbBr3; perovskite as shown in Fig. 4b. For
the pumping energy density below the threshold (15.5 pJ/cm?),
the Tayerage iS 215.5 ps which shorter than MS-MAPbBr; per-
ovskite’s 372.3 ps. For the pumping energy density above the
threshold (700.7 uj/cmz), a short emission lifetime of Taverage = 16 -
ps is observed, which further demonstrates the transition from
spontaneous emission to stimulated emission. These TRPL results
of the different cuboid shaped MAPbBr3 perovskite exhibited the
same feature. When pumping energy density below the lasing
threshold (Ppymp < Prn), the samples have longer lifetime, while
the pumping energy density above the lasing threshold (Ppymp > -
Pry), the life time decreased rapidly. It could be explained that
the material undergoes spontaneous emission at low pumping
energy density which means the low probability of exciton recom-
bination, resulting in the slow lifetime. However, as pumping
energy density increased to lasing threshold (Ppymp > Prn), the high
carrier density permitted population inversion and produced stim-
ulated emission. Meanwhile, the high probability of exciton recom-
bination created fast lifetime [45,46].

4. Conclusion

In summary, we successfully fabricated single crystal cuboid
shaped M- and MS-MAPbBr3; perovskite via solvothermal method.
And the morphologies of MAPbBr3 perovskite could be controllably
tailored only by adjusting reaction time and temperature without
any surfactant. The as-prepared crystals showed high quality, good
stability, smooth surface, as well as uniform geometries. Further-
more, we achieved room-temperature optically pumped lasing in
single crystal M- and MS-MAPDbBr; perovskite. And the TRPL results
revealed the transition from spontaneous emission to stimulated
emission with the pumping energy density increasing from below
lasing threshold to above lasing threshold. The lifetime of M- (MS-)
MAPDBTr; perovskite varied from 215.5 (372.3) ps to 16 (14) ps with
increasing of pumping power density, respectively. Therefore, we
believe that these single crystal cuboid shaped MAPbBr3 shall shed
light on the practical applications of lead halide perovskite-based
optoelectronic devices.
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