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Although great efforts have been devoted to the synthesis of halide
perovskites nanostructures, vapor growth of high-quality one-dimensional cesium lead
halide nanostructures for tunable nanoscale lasers is still a challenge. Here, we report the
growth of high-quality all-inorganic cesium lead halide alloy perovskite micro/nanorods
with complete composition tuning by vapor-phase deposition. The as-grown micro/
nanorods are single-crystalline with a triangular cross section and show strong
photoluminescence which can be tuned from 415 to 673 nm by varying the halide
composition. Furthermore, these single-crystalline perovskite micro/nanorods themselves
function as effective Fabry—Perot cavities for nanoscale lasers. We have realized room-
temperature tunable lasing of cesium lead halide perovskite with low lasing thresholds
(~14.1 pJ cm™?) and high Q factors (~3500).

cesium lead halide perovskites, triangular micro/nanorods, tunable lasers, vapor-phase growth
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ead halide perovskite materials have received intensive In the past two years, many efforts have been devoted to the
attention owing to their outstanding characteristics such solution-phase synthesis of CsPbX; perovskite nanocrystals and
as long electron—hole diffusion lengths, tunable quantum dots with tunable compositions and optical proper-
bandgap, high carrier mobility, and low trap-state density, ties.' > Yang and co-workers reported a fine composition
which lead to fascinating applications in optoelectronics, such control in a CsPbX; perovskite nanowire system using a wet-
as high-efficiency solar cells, electroluminescence devices, and chemistry anion-exchange reaction method.”® It is well-known
lasers.'™'* Research interest in all-inorganic cesium lead halide that one-dimensional (1D) semiconductor nanostructure can
perovskites (CsPbX;, X = Cl, Br, and I) has increased act as good gain media and optical cavities.””*" Lasing has been
substantially over the past years.'”~"* Compared to the organic observed from the solution-phase grown single-crystalline
components, all-inorganic perovskites can overcome the CsPbBr; nanowires, indicating their promising potential
limitation of being vulnerable to the moisture, heat, oxygen, applications in integrated photonics devices and systems.””*’
light, and electrical field.">™7 Compared with a solution-phase method, vapor-phase
For the applications in high-performance optoelectronics deposition has been generally used to synthesize high-quality
devices working over a large range of wavelengths, band gap optoelectronic materials and could offer an alternative flexible
engineering of all-inorganic perovskites is highly desirable and and convenient method to grow semiconductor nanostructures
critical.'"®™*°  Creating a mixed alloy system with variable with high-quality and tunable composition and band gaps.”*"*!
chemical compositions has been proved to be an effective For 1D structures, vapor-phase deposition has been demon-
strategy for the band gap engineering of semiconductor strated as an excellent approach to achieve axial nanowire
nanomaterials.”"”> Since the band gap of the CsPbX, heterostructures and band gap grade semiconductor nanostruc-
perovskites depends on the hybridization states between cation
Pb and anion X orbitals,*>** it is of vital importance to control November 2, 2016
these perovskites with modulated composition for creating December 27, 2016
tunable optoelectronic devices. December 30, 2016
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tures due to the full controllable parameters. Moreover,
optoelectronic devices may be fabricated directly on the growth
substrates, which provides the potential for large-scale
integrated devices. While the most of the research has focused
on solution synthesis routes, vapor-phase synthesis of all-
inorganic perovskite nanostructures have only been developed
very recently. For example, Xiong et al. has successfully
synthesized high-quality CsPbX; nanoplatelets using vapor-
phase method, and low-threshold lasing based on the
whispering gallery mode is observed in individual perovskite
plates.”> Very recently, single-composition perovskite nano-
wires of CsPbl;, CsPbBr;, and CsPbCl; synthesized by vapor
growth have also been reported with strong light—matter
interactions observed,*® but to the best of our knowledge,
vapor-phase growth of composition-tuned all-inorganic cesium
lead halide perovskite nanorwires has not yet been achieved.

Herein, we report a vapor-phase growth of high-quality
cesium lead halide micro/nanorods with tunable compositions.
These micro/nanorods are high-quality single crystals with
well-defined triangular facets and a wavelength completely
tuned PL emission covering almost the whole visible spectral
reigon. Since the triangular cross section has been reported
manifesting an uniformly high-Q factor in a wide spectral range
than that from other shapes, 1D nanostructures with triangular
cross sections are more suitable for tunable laser applications.**
Therefore, we evaluated the lasing properites of these alloy
perovsktie micro/nanorods. The as-grown triangular rods with
triangular cross section can act as high-quality Fabry—Perot
(FP) cavities and can realize high-quality multicolor lasing
under laser pumping with very low pumping threshold and
high-quality factor. These remarkable results would lead to
potential promising applications in integrated photonics and
optoelectronic devices and systems.

RESULTS AND DISCUSSION

The cesium lead halide perovskite triangular micro/nanorods
were grown on SiO,/Si substrates via an improved vapor
deposition method. Briefly, an alumina boat containing of a
mixture of CsX and PbX, powders was placed at the heating
zone of a home-built vapor deposition system (Figure S1).
Several pieces of SiO,/Si substrate were placed at the
downstream of the quartz tube to grow the CsPbX; samples.
The equilibrium partial pressure of CsX and PbX, can be
precisely controlled by systematically varying the temperature
of the precursors with fully tunable compositions. As shown in
the scanning electron microscopy (SEM) image (Figure la,b),
perovskite micro/nanorods with the length of about 2—20 ym
were achieved on the SiO,/Si substrate. The majority of the
micro/nanorods is found to have triangle cross sections.
Tetrahedron products are also observed in all compositions.
Elemental analysis from energy dispersive X-ray spectrum
(EDX) on individual triangular rods (Figure S2) confirms the
formation of CsPbX; alloy. SEM image and EDX mapping of a
CsPbBr; nanorod (Figure 1c) show uniform spatial distribution
of Cs, Pb, and Br throughout the nanorods. The structure of as-
grown CsPbXj; triangular micro/nanorods was examined via X-
ray diffraction (XRD) (Figure 1d). All the sharp diffraction
peaks of the products can be indexed to the perovskite phase of
CsPbX;. These patterns revealed that a tetragonal phase
CsPbCl; and a monoclinic phase CsPbBr; are formed. For
CsPbl;, a phase-pure perovskite structure was not obtained in
our experiments. CsPbl; is not stable as a perovskite phase at
room temperature, but is stable at high temperature (~130
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Figure 1. (a) SEM image of as-grown CsPbBr; perovskite
nanostructures (scale bar, 10 ym). (b) A magnified SEM image
of the micro/nanorods (scale bar, 1 gm). The inset is an enlarged
tilt view of a perovskite nanorod, showing a triangular cross section
and a smooth end facet (scale bar, 400 nm). (c) A typical SEM
image of an individual CsPbBr; nanorod and (d—f) corresponding
EDX mapping, showing uniform spatial distribution of Cs, Pb, and
Br elements (scale bar, 1 gm). (g) XRD patterns of the as-grown
CsPbX; (X = Cl, Cl/Br, Br, and 1/Br) mixed halide systems.

°C).*® The obtained CsPbl; may experience a phase transition
during the sample cooling or over the course of the
measurement.”® In addition, the diffraction peaks from bottom
to top gradually shift toward large angles, which can be
explained by the lattice contraction caused by the decreasing of
halide ion radius from I” to CI". Figure 2a clearly shows that

Figure 2. (a) FIB-SEM micrograph of a CsPbBr; triangular rod
(scale bar, 2 pm). (b) A TEM image of the cross section of the rod
which was cut perpendicular to the length of the wire by FIB (scale
bar, 500 nm). HRTEM images of the region marked with the red
square in (b) are shown in (c), and the corresponding FFT pattern
is shown in (d) (scale bar, 5 nm).

the rod has triangle cross sections with well-defined and
smooth surfaces. As the as-grown triangular rods are firmly
connected with substrates, it is not easy to directly disperse
them on Cu grids to carry out the additional structure analyses.
For high-resolution transmission electron microscopy
(HRTEM) experiments, CsPbBr; triangular rod was cut by a
focused ion beam (FIB) system. A TEM image of the cross
section of the triangular rod is shown in Figure 2b. The edge
(marked by a red square) is further examined with HRTEM.
The HRTEM images (Figure 2c) demonstrate that the lattice
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spacing of the triangular rod is approximately 0.29 nm,
correspondlng to the (200) lattice plane of monoclinic
CsPbBr;.”” The corresponding fast Fourier transform (FFT)
pattern (Figure 2d) matches the diffraction data. Based on
these TEM characterizations, we can conclude that the
triangular rod is a single-crystal with a growth direction along
the [100] direction.

The growth temperature plays a key role for the formation of
these triangular micro/nanorods. CsPbXj; can crystallize in four
types of crystal structues, including monochnlc, tetragonal,
orthorhombic, and cubic polymorphs.”” In CsPbX; nano-
structues, the formation of cubic phase was usually attributed to
large surface energy and high growth temperature.””** During
the growth of triangular cross section perovsktie micro/
nanorods, we found that cubic phase nanoplates were formed
at high growth temperatures, while monclinic phase CsPbBr;
rods were formed at low growth temperatures (Figure S3).
According to the density functional theory (DFT) calculations,
the surface free energy of (100) planes is lower than (110) and
(001) planes.” So the rods tend to grow along the [100]
direction. The role of the amorphous SiO, in the growth
mechanism is still unclear. One reasonable explanation is that
having a (011) surface interface with SiO, can minimize the
surface energy. With the (011) plane in parallel with the
substrate and the [100] direction as the growth direction, the
triangular rods morphology is formed.

Room-temperature photoluminescence (PL) properties of
these as-grown samples were investigated based on a confocal
optical microscope. Figure 3a shows the luminescence images
of the as-grown composition tunable CsPbX; triangular rods
under the excitation of a focused 375 or 488 nm continuous
wave (CW) laser at room temperature. The emission color of
the CsPbX; samples changes from violet to red with the X
varying from Cl to Br/I In addition, optical waveguide is
observed in these images as bright light emitting from both
ends of these rods, which indicates that these triangular rods
themselves form high-quality optical cavities. Figure 3b shows
the corresponding normalized in situ PL spectra of the exhibited
composition modulated CsPbX; triangular rods excited by a
488 nm laser source (see Optical Characterization section) at
room temperature. All samples show single emission bands
with the spectral peaks shifted from 415 nm (for pure CsPbCly)
to 673 nm (for CsPb(Br/I);), which covers almost the whole
visible range.

As shown in Figure 3b, the CsPbCl; triangular rod shows a
strong and narrow emission peak at 415 nm with a full width at
half-maximum (fwhm) of ~17 nm (122 meV). The fwhm
values of CsPbBr; (peak centered at 534 nm) and CsPb(Br/I),
(peak centered at 673 nm) are increased to ~22 nm (94 meV)
and ~32 nm (82 meV), respectively. The peak positions and
the fwhm values are obtained by Gaussian fitting of the
detected PL spectra. The fwhm values of the vapor method
obtained CsPbX; rods (17—32 nm) are all smaller than that of
the CsPbX; nanowires or nanocrystals synthesized by the
solution-phase method, which also supports the argument of
high crystal quality of the as-grown samples.”® Figure 3¢ plots
the band gap variations of the achieved CsPbX; rods as a
function of chemical composition. The filled triangles are the
experimental results obtained from the PL peak position and
EDX composition analysis. The solid lines are the fitted values
accordmg to the special-quasirandom-structures (SQS) calcu-
lation.* Significantly, the experimental data are well consistent
with the calculated results of SQS, demonstrating that the
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Figure 3. (a) Real-color image of the band gap engineered
triangular rod under local laser excitation. (b) PL spectra and (c)
band gaps of the alloy triangular rods. The solid triangles are the
experimental data, and the solid lines are fitted by SQS calculation
at nine different concentrations.

observed single PL emissions are all originated from the near
band-edge emission, without any defect-related emission bands.
Based on the above results and analysis, we have succeeded in
achieving the vapor growth of bandgap engineered all-inorganic
cesium lead halide perovskite triangular micro/nanorods with
high crystal quality and PL tunability within the wide visible
spectral region.

To further demonstrate the application for tunable lasing,
using far-field optical microscopy under ambient conditions, a
femtosecond pulsed laser beam was focused to a size larger than
the triangular rod (Figure 4a) in order to make the energy of
the pump source uniform and acquire enough gain from the
rod. Figure 4b displays the excitation fluence-dependent PL
spectra of the CsPbBr; triangular rod. The spontaneous
emission spectrum is centered at 538 nm and shows a weak
intensity with a fwhm of 15 nm (60 meV) when the excitation
fluence is <14.1 uJ cm™2 When the excitation fluence increases
over 14.1 yuJ cm™? a set of sharp peaks emerge at the low-
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Figure 4. (a) Schematic of a CsPbX; nanorod on SiO,/Si substrate pumped by a fs-laser excitation. (b) Triangular rod emission spectra
around the lasing threshold; inset: optical image (up) of a single triangular rod; the middle and right: images show the triangular rod; the
middle and right: images show the triangular micronanorod emission below and above Py, respectively. (c) Nonlinear response of laser
output power with increasing pump fluence. (d) A Lorentz fitting (solid red line) of a lasing oscillation mode (blue circles). (e) The mode
spacing is extracted out and plotted as a function of the inverse of the length of rods. (f) 2D electric field intensity distribution at the
triangular cross-section of the rod performed by FDTD method. (g) FDTD simulation of 2D normalized electric field intensity distribution (4

= 543 nm, n = 2.53), defining a FP standing-wave cavity mode.

energy side of the emission spectrum around 543 nm and grow
rapidly with sequentially increased pumping, which reveals the
occurrence of a lasing action from the rod under high excitation
fluence. The inset of Figure 4b shows the bright-field optical
microscopy image (top) and emission images at low (middle)
and high (bottom) excitation fluence of a typical CsPbBr,
triangular rod. Compared with the uniform emission from the
entire triangular rod under low excitation fluence, a strong
emission was observed at both ends with the high excitation
fluence pumping, indicating the transition from random
spontaneous emission to directional stimulated radiation.
Figure 4c shows the excitation fluence-dependent output
intensity of the triangular rod. The plot clearly exhibits
nonlinear behavior (a typical “S™-curve shape)*' and gives a
threshold of Py, ~ 14.1 uJ cm ™2, which also clearly reveals the
process of the transition from original spontaneous emission via
amplified spontaneous emission to finally stimulated radiation
with the increasing of the excitation fluence. Generally, the
quality factor (Q) indicates the performance of the
nanostructure cavity and can be estimated by the spectral
profile of the main lasing mode, which can be calculated with
the relationship of Q = A/84, where 1 is the wavelength of the
lasing mode and 6/ is the fwhm of this mode.”*’ It should be
noted that the fwhm of the dominating lasing mode (54) at 543
nm is only ~0.155 nm (fitted by Lorentz function, see Figure
4d), which corresponds to a Q factor of ~3500. It is three times
higher than that of the recently reported value from the
solution-phase synthesized all-inorganic CsPbBr; nanowires.
Two main factors are believed to contribute to the ultrahigh Q
of these all-inorganic CsPbBr; rods.”” On one hand, the
structure shows very smooth and flat end facets with a well-
defined triangular cross-section. Importantly, the triangular
cross-section structure is confirmed to have good optical
confinement from the later simulation result, which is believed
to be of great importance to form a high-quality FP type
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resonant cavity.””*> On the other hand, the high Q value also
can be ascribed to the excellent crystalline properties of the as-
synthesized all-inorganic CsPbBr; micro/nanorods due to the
relatively high reaction temperature during the CVD growth
process. It also should be noticed that the quality factor also
depends on the dimensions of the cavity, that is, bigger
resonators provide a higher Q in general.

For a FP resonator cavity, the lasing mode spacing decreases
with the increasing length of the cavity according to the relation
A4 = 2*(2n,L)™!, where A is the mode spacing, 4 is the
wavelength of the light, n, represents the group refractive index,
and L is the length of the triangular rod.***> In our
experiments, tens of CsPbBr; triangular rods were examined,
and ~90% of them show lasing action at high excitation fluence,
with the lasing threshold varying from 2.1 yJ cm™ to 1S yJ
cm™2, The lasing threshold is relatively low and comparable to
the results of previously reported perovskite nanostructures
lasing, which is mainly due to the low Auger recombination
losses and the good crystalline quality of perovskite
structures.” In addition, a group refractive index n, of ~5.8
is extracted out through the fitting (see Figure 4e), which is in
agreement with previous studies, suggesting the achievement of
FP modes lasing.”’

The formation of the FP mode resonence cavity in the rod
can be further confirmed by the electrical field distribution
simulation. Figure 4f,g shows the normalized two-dimensional
(2D) electric field intensity distribution in the cross-section
along the length and the triangular cross-section of a rod via
numerical simulation by Comsol Multiphysics, respectively.
The result clearly shows the optical field is well confined in the
rod, therefore, preferred mode profiles in the rod are reflected
back and forth between the two end facets to form a standing-
wave and finally leak out at the end facets, as in the simulation
result in Figure 4g, indicating a typical axial FP type cavity
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resonance.*® The similar phenomena have also been observed
in triangular-prism-like CdS.””

Figure Sa shows the wavelength-tunable lasing from 428 to
668 nm of the as-grown band gap engineered cesium lead
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Figure 5. (a) Broad wavelength-tunable lasing at room temperature
from triangular rod lasers of CsPbX, perovskite. (b) Streak-camera
images of single triangular rod when the pump fluence below (P ~
12.5 pJ cm™2, top) and above (P ~ 50 pJ cm™2, bottom) Pry. (c)
TRPL decay kinetics after photoexcitation with different pump
fluence.

halide perovskite triangular rods at room temperature. Lasing
thresholds for CsPb(Br,_,Cl,); and CsPb(Br,];_,); are higher
than pure CsPbBr; samples. It is worth noting that lasing below
480 nm has never been achieved before in organic—inorganic
lead halides perovskites, due to the high trap density reported
in recently literature. In addition, the fwhm of the lasing peaks
at 496 and 637 nm is only 0.25 and 0.45 nm, respectively,
corresponding to Q factors of about ~1980 and ~1450 (see
Figure S4). Although the Q factors for CsPb(Br,_,Cl,); and
CsPb(Br,I,_,); are lower than that of the pure CsPbBr,
samples, it is still two times larger compared to the previous
results.

Time-resolved photoluminescence (TRPL) measurements
were used to further prove the occurrence of the lasing in the
triangular rod cavities. Figure Sb shows the representative
streak camera images of the detected PL from one end of a
CsPbBr; triangular rod when the excitation fluence is below
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(12.5 uJ cm™, P = 0.88 Pyy,) and above (50 uJ cm™, P = 3.5
Ppy) the lasing threshold, respectively. Clearly, spontaneous
emission with a broad emission band and longer decay time
dominates the emission process below the lasing threshold, and
stimulated emission with a much narrower emission band and
an ultrashort decay time dominates the process above the lasing
threshold. Figure Sc plots the decay curves at the excitation
fluence of 12.5 uJ cm™ and SO uJ cm™, respectively, from
which the lifetimes 7 can be obtained. For the excitation fluence
below the threshold (12.5 uJ cm™), the spontaneous emission
lifetime is as long as 7gp = 2 ns. While for the excitation fluence
above the threshold (50 uJ cm™, Figure Sc, blue trace), an
ultrashort emission lifetime of 7, = 74 ps is observed, which
further demonstrates the transition from spontaneous emission
to stimulated emission.*’~*’

CONCLUSIONS

In summary, all-inorganic cesium halide perovskite CsPbX;
micro/nanorods were synthesized via a vapor growth method.
The as-grown CsPbX; micro/nanorods are a single crystalline
perovskite structure with ultrasmooth surface and with well-
defined triangular facets and show intense spontaneous
emission at room temperature. Moreover, these high-quality
triangular micro/nanorods can act as ideal FP optical cavities,
which is further confirmed by numerical calculations. With
these single-crystal perovskite triangular micro/nanorods, we
have achieved room-temperature optically pumped tunable
lasing covering almost the whole visible spectral region with
low lasing thresholds and high-quality factors. These results
suggest the all-inorganic cesium halide perovskite CsPbX;
triangular micro/nanorods could be more promising candidates
for use in integrated photonic and optoelectronic devices.

EXPERIMENTAL SECTION

Synthesis of CsPbX; Triangular Micro/nanorods and
Structural Characterization. The compounds CsPbX; perovskite
triangular micro/nanorods were synthesized by vapor-phase approach.
An alumina boat loaded with mixed powder of CsX and PbX, was put
inside the heating center of a quartz tube mounted in a furnace (OTF-
1200X). Considering the vapor pressure of these materials is different,
the molar ratio of CsX and PbX, was set to 2:1. Several pieces of Si
wafers (with 280 nm SiO,) were placed at the downstream of the
quartz tube. Before heating, the quartz tube was pumped down; high
purity Ar (99.999%) was introduced into the tube and maintained the
pressure at 300 Torr. Then the furnace was heated at a rate of 30 °C/
min from room temperature to a setting temperature at 570—600 °C.
The temperature of the substrates was set at approximately 300—400
°C. Continuing the growth for 15 min, the furnace was naturally
cooled down to room temperature. The crystalline structure of the
triangular micro/nanorods was characterized by XRD (D/max 2500).
The in situ EDX spectra of the samples were characterized by scanning
electron microscopy (Hitachi S-4800). Further structural analyses
were carried out by a transmission electron microscope (FEI Titan
80—300 operated at 300 kV) after the fabrication of cross-sectional
specimens using a dual-beam instrument (FEI Helios 600i) .

Optical Characterization. All the PL, lasing, and TRPL were
performed with the confocal yu-PL system (WITec, alpha-300). The
CW lasers at 375 and 488 nm were used as the excitation sources for
PL measurements of the CsPb(Br,Cl,_,); and CsPb(I,_,Br,); samples,
respectively. Both of the two lasers were 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 triangular micro/nanorod
were collected by the same objective and detected by a CCD
spectrometer (600 g/mm grating). Spectra Physics Ti:Sapphire laser at
360 nm (100 fs, 1 kHz) was used for lasing and TRPL measurements.
The pumping source was focused obliquely on the sample by a lens.
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The TRPL of the triangular micro/nanorods was detected with a
streak camera system (Hamamatsu, C10910) with a temporal
resolution of about 18 ps.
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