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In-plane self-assembly and lasing performance of cesium lead halide perovskite
nanowires

Gongjie Xu, Ying Li, Jiyu Yan, Xudong Lv, Yi Liu and Bin Cai

School of Optical Electrical and Computer Engineering, University of Shanghai for Science and Technology, Shanghai, People’s Republic of China

ABSTRACT
Inorganic cesium lead halide perovskite nanowires (NWs) were synthesised by an in-plane self-
assembly method. With the assistance of saturated solvent vapour, perovskite microparticles self-
assembled into NWs. By stoichiometric adjustment of the halogen anion components in the NWs,
their photoluminescence could be tuned to span the entire visible range. A detailed investiga-
tion of the lasing properties of the in-situ perovskite NWs and microplates revealed a lasing range
of 420–560 nm, with typical thresholds of 18.8μJ cm−2 for CsPbBr3 NWs and 8.87μJ cm−2 for
CsPbBrxCl3−x microplates. The NWs exhibited robust stability under extended laser pumping in
ambient atmosphere.

IMPACT STATEMENT
An in-plane self-assembly method was developed for high-quality CsPbX3 nanowires preparation,
and the NWs possessed robust lasing performance in the range of 420–560 nm.
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1. Introduction

As direct bandgap semiconductors that exhibit high
quantum yields, optical gains, and ease of band engi-
neering, methylamine/formamidine/cesium lead halide
perovskites (MA/FA/CsPbX3, whereX = halogen) [1–8]
are considered promising candidates as light sources in
applications such as light emitting diodes (LEDs) [1,4],
nanolasers [1,5,6], and bioimaging [9]. Semiconductor
nanowire (NW) lasers, owing to their compact size,
highly coherent output, and efficient optical confinement,
are essential building blocks for optoelectronic devices
and integrated photonic systems [10,11]. Each NW can
serve not only as a gain medium but also a Fabry-Pérot
(F-P) cavity for stimulated emission [10,11]. Perovskite
NWs are one of the most promising materials for real-
ising low-threshold, high quality factor nanolasers with
broadband tuneability (400–780 nm) via halogen anion
tuning [4–6]. Recently, lasing from cesium lead bromide
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perovskite NWs pumped by a continuous-wave laser has
been realised [12].

To date, inorganic/organic lead halide perovskite
NW fabrication methods can be roughly categorised as
vapour-transfer [13–16] or solution-processing [17–23]
methods, or a combination of both [24]. By the vapour-
transfer method, highly purified perovskite NWs can
be obtained; however, this method suffers the disad-
vantage of high energy consumption. For the solution-
processing method, NWs of lead salts such as lead
acetate [17–19] or lead iodide [20,21] are frequently
used as templates to react with MAX/(FAX-MAX)/CsX
solutions, from which the corresponding MAPbX3/(FA-
MA)PbX3/CsPbX3 NWs can be obtained. Although the
solution-processing method is relatively simple, the fab-
ricated perovskite NWs are easily gathered in clusters
comprising nanowires, nanoparticles, and nanoplates
[13–24]. Furthermore, for device fabrication, the NWs
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must undergo post-synthesis transfer to the desired sub-
strate bymicromanipulation, and during this process, the
selected NWs can be easily damaged or broken.

In this work, we propose an in-plane self-assembly
method to synthesise cesium lead halide perovskiteNWs.
Randomly dispersed perovskitemicrocrystals on the sub-
strate can assemble into NWs under a saturated solvent-
vapour atmosphere. By stoichiometric anion tuning, per-
ovskite nanocrystals with single or dual halogen com-
ponents can be realised, consequently the correspond-
ing NWs can be obtained, which is different with some
works, like ion-exchange [17,22,24]. Different from other
methods, the required dose of perovskite precursor is low
to dozens of nanograms, which can reduce the pollution
of toxic lead to environment; the obtained NWs are indi-
vidually dispersed on the substrate and no NW clusters
can be found, which means that no further transfer or
micromanipulation is required. The NWs possess excel-
lent crystallinity and broadband tuneability, and they can
be easily lased under a suitable pulse laser.

2. Methods

2.1. Self-assembly of CsPbX3 NWs

Firstly, Cesium lead halide perovskite NCs were synthe-
sised according to previous reports [25,26]. The cleaned
NC sediment was dissolved in methanol at a concentra-
tion of 1.88mM.

As depicted in Figure 1, the NW self-assembly pro-
cess can be divided into two steps: substrate-supported
rapid evapouration crystallization (SSREC) [27] and cul-
tivation [28] in a saturated vapour environment. A typ-
ical CsPbBr3 NW preparation process was as follows:
(1) The hydrophilic slide-glass substrate was heated by
hot plate to 130°C. Then, the perovskite-methanol solu-
tion (50μL) was dripped on the heated substrate using
a micropipettor, shown in Figure 1 (a). As the methanol
rapidly evapourated, CsPbBr3 microcrystals crystallised
randomly on the substrate, illustrated in Figure 1 (b).
(2) The sample was sealed in a Petri dish of 9 cm

diameter containing methanol (150μL) in Figure 1 (c).
The typical cultivating time was 7 days at 25°C. During
cultivation, the micron-size perovskite particles under-
went in-plane self-assembly, finally producing very well-
structured NWs (Figure 1 (d)). The concentration of
solvent, evapouration temperature, cultivation time, and
cultivation temperature affect the morphology of the
NWs. For the other CsPbX3 samples, the NWs were
obtained via the similar procedures with corresponding
stoichiometric anions perovskite nanocrystals.

2.2. CsPbX3 NWs characterisations

The X-ray diffraction (XRD) patterns of the perovskite
CsPbBr3 NWs were measured using a Bruker D8
ADVANCE diffractometer with a Cu Kα source. Scan-
ning electron microscopy (SEM) images were obtained
using a Phenom ProX desktop SEM. The transmis-
sion electron microscopy (TEM) and selected area elec-
tron diffraction (SAED) images were conducted with
an FEI Tecnai G2F20 instrument operating at a volt-
age of 200 kV. The lasing performance was based on
the objective stage of the optical microscope (Zeiss
Axio Scope.A1). The 400 nm pumped source was sec-
ond harmonic of the output of a Coherent RegA ampli-
fier (800 nm, 35–50 fs, 1 kHz) seeded by a Coherent
Mira oscillator. Emission from the NW was collected
by an objective, 50×, NA = 0.75 (Zeiss, Epiplan). Opti-
cal images were obtained with a Retiga R6 CCD camera
(QImaging Corporation), while spectra were acquired
with a PG2000-Pro fibre spectrometer (IdeaOptics) with
a spectral resolution of 1.5 nm. All lasing measurements
were conducted at room temperature (24°C).

3. Results and discussions

3.1. Structure of CsPbX3 NWs

The synthesised CsPbX3 nanocrystals (NCs) ranged in
diameter from 4 to 30 nm, as shown by the TEM images
in Figure 2 (a). After the SSREC process, randomly

Figure 1. Schematic diagram of in-plane self-assembly method for perovskite NWs.
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Figure 2. Structural characterisation of CsPbBr3 perovskite NCs and NWs. (a) TEM (scale bar, 50 nm) and (inset; scale bar, 5 nm) high-
resolution TEM images of fresh NCs. (b) SEM image of well-dispersed NPs after SSREC (scale bar, 10μm), with the local SEM of the NPs
(inset; scale bar, 1μm). (c) SEM image of a single NW on the substrate (scale bar, 2μm). (d) XRD pattern of the as-grown CsPbBr3 NWs
(black curve, top panel) in comparison with those of orthorhombic (red curve, middle panel) and cubic standards (blue curve, bottom
panel). (e) TEM image of a CsPbBr3 NW (scale bar, 0.5μm), with (inset) its SAED pattern (scale bar, 5 nm−1). (f ) PL spectra of various
CsPbX3 NWmaterials excited by a mercury lamp.

distributed perovskite micro-particles were obtained
(Figure 2 (b)). The particle sizes were sub-micron to
micron in order, which is beneficial for the self-assembly
process. The as-grown NWs were 2–100μm in length
and 0.3–1.5μm in width, where the well-formed two
facets can be confirmed from the SEM in Figure 2 (c).

We investigated the NW crystal structure by XRD
and SAED. The typical XRD patterns of the CsPbBr3
NWs (top panel, experimental; middle panel, theoret-
ical for orthorhombic phase; bottom panel, theoretical
for cubic phase) are shown in Figure 2 (d). The diffrac-
tion peaks of the as-grown NWs are sharp and intense,
indicating their highly crystalline nature. The obvious
splitting of the narrow 004 and 220 peaks of our sam-
ple in the top panel of Figure 2 (d) is indicative of the
orthorhombic phase, which is obviously distinct from
single peak of cubic phase in the bottom panel. The
same conclusion can be validated by the TEM results in
Figure 2 (e). The SAED pattern indicates the NW’s single
crystalline nature and can be indexed as the [220] zone
axis of the orthorhombic phase. The growth direction of
the NW was also indexed as the [004] direction of the

orthorhombic phase. By controlling the ratio of halogen
anions, various cesium lead halide perovskite NWs can
be obtained by in-plane self-assembly. The PL of various
NWs, excited by a mercury lamp, can span the entire vis-
ible range (420–690 nm), as shown in Figure 2 (f). One
interesting phenomenon is that the PL bands of pure
halide NWs (for example CsPbCl3 and CsPbBr3) are nar-
rower than those of mix-halide system.We speculate that
wider band of PL in mix-halide system originates from
the inhomogeneous replacement of halide components.

3.2. Lasing performance of CsPbX3 NWs

The smooth facets of the NW form a laser resonant
cavity. The optical setup for NW lasing is shown in
Figure 3 (a). The PL intensity as a function of the exci-
tation fluence for a 14-μm length of CsPbX3 NW is
shown in Figure 3 (b). As the excitation energy density
increases, several peaks appear within the spontaneous
spectral range. It is inferred that stimulated emission
becomes predominant, and multi-stimulation modes are
excited. The corresponding image was shown in the inset
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Figure 3. Lasing performance of perovskite CsPbBr3 NWs. (a) Diagram of lasing measurement set-up for perovskite NWs. (b) Power-
dependent emission spectra from CsPbBr3 NWwith length of ∼ 14μm for various excitations from a femtosecond pulsed laser, with its
optical image (inset). (c) The integrated output intensity of the CsPbBr3 NW with pumping fluence (discrete squares and circles), where
the linear fit (black) and parabolic (red) curves correspond to spontaneous emission and stimulated cases, respectively; (inset) the mode
spacing versus inverse NW length, where discrete circles (black) are experimental values and the solid curve (red) is the linear fit result.
(d) Power-dependent emission spectra of a short CsPbBr3 NW, (inset) optical image of the same sample (length, 24.9μm). Both scale
bars for the optical images in (b) and (d) are 10μm.

of Figure 3 (b). The laser cavity quality factor (Q) can
be defined by Q = λ/�λ, where λ is the peak centre
wavelength and �λ is the FWHM. The Q factor of the
strongest mode can be calculated as 584, using 525.5 nm
as the peak centre and approximate 0.90 nm for �λ. The
power-dependence of the integrated output in Figure
3 (c) depicts the transition from a spontaneous emis-
sion to the stimulated case. The lasing threshold value of
18.79μJ cm−2 is obtained. Due to the low resolution of
our fibre spectrometer (≈1.5 nm), the threshold value is
higher than those previously reported [13,20,24]. The lin-
ear dependence of the mode spacing with the inverse of
the NW length indicates F-P lasing modes, as shown by
the inset of Figure 3 (c). The mode spacing �E obeys the
rule, �E = hc (2n•L)−1, where h is the Planck constant,
c is the speed of light, n is the group index of the per-
ovskite NW, and L is the length of the sample. A longer

NW (24.9μm) can excite more lasing modes, where the
corresponding wavelength space is approximate 1.0 nm
according to the inset of Figure 3 (c); however, due to
the poor resolution of the spectrometer (1.5 nm), only an
envelope ofmany lasingmodes is observed (Figure 3 (d)).

In Figure 4, we demonstrate the lasing results from
hybrid perovskite CsPbBrxCl3−x samples. The typical
threshold of a 7.3μm long NW is 76.50μJ cm−2, as
shown in Figure 4 (a). Multiple and equally spaced las-
ing peaks indicate high-quality F-P resonance in the
NW. As the excitation fluence increases, the peak cen-
tre is blue-shifted from 488.8–487.5 nm (Figure 4 (b)).
The 1.3 nm blueshift could originate from electron–hole
plasma, thermally induced bandgap, or refractive index
changes, among others [17,20].

During in-plane self-assembly, not only NWs but
also several microplates were obtained. We investigated
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Figure 4. Lasing performance of hybrid CsPbX3 perovskite samples. (a) Power-dependent emission spectra of a short (7.3μm)
CsPbBrxCl3−x NW, (inset) optical image of the same sample. (b) Dependence of the peak centre of the most intense mode in (a) on
the excitation fluence. (c) Power-dependent emission spectra of an 8.9× 8.9 μm2 CsPbBryCl3−y nanoplate, (left inset) the integrated
output intensity with pumping fluence, and (right inset) optical image of the same sample. (d) Power-dependent emission spectra of a
2.1× 2.3μm2 CsPbCl3 nanoplate, (left inset) optical image of the same sample, and (right inset) dependence of the peak centre on the
excitation fluence. All scale bars for the optical images in (a), (c), and (d) are 5μm.

Figure 5. (a) Stability of various perovskite CsPbX3 NW integrated emission intensitieswhile exposed to ambient atmosphere. (b)Widely
tuneable lasing emission wavelength from single-crystal NW ofmixed cesium lead halide perovskites at room temperature and ambient
atmosphere.
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the lasing properties of the microplates as well. The
power-dependent emission spectra of the CsPbBrxCl3−x
microplate with a size of 8.9× 8.9μm2 are shown in
Figure 4 (c); its lasing threshold was found to be
8.87μJ·cm−2, which is indicated by the left inset. This
value is much lower than those of the CsPbBr3 NWs,
indicating the excellent crystallinity of the hybrid per-
ovskites. The parallelogram shape of the microplate
was confirmed by observation of its four shining edges
(Figure 4 (c), right inset); in this configuration, both F-
P and gallery-whisper resonance modes can be excited.
Themulti-mode PL output of the microplate can become
single-mode when its size is reduced, as seen, for exam-
ple, for the 2.1× 2.3μm2 CsPbCl3 nanoplate in Figure 4
(d). Here, too, a 1.15 nm blueshift is observed (Figure 4
(d), inset).

Perovskites are sensitive to air, oxygen, water, tem-
perature, and light irradiation [13,17,18,20,21,24,29,30].
Among these, light illumination can induce the severe
photo-degradation of typical CsPbBr3 quantum dots
[8,27]. Under ambient atmosphere (room temperature,
24± 1°C; and relative humidity, 30± 2%), we irradi-
ated CsPbBr3, CsPbBrxCl3−x, and CsPbCl3 NWs with
the pumping laser with 1.5, 3.0, and 3.3 Pth intensities,
respectively, where Pth is the threshold of the NW, shown
in Figure 5 (a). All three samples retained over 90% las-
ing output compared to their initial states after 70 min.
Comparedwith the reported results [13,20,21,24], we can
demonstrate a much shorter pulse duration of 35–50 fs,
which indicates higher peak power. Thus, our NWs may
exhibit better durability.

For other hybrid perovskite NWs, CsPbBrxCl3−x and
CsPbBryI3−y, synthesised by in-plane self-assembly, sim-
ilar lasing emission were also observed (Figure 5 (b)).
The threshold for an individual sample was tens of μJ
cm−2 and the Q factor was a few hundred. NWs of
CsPbBryI3−y can be grown by ourmethod; their PL spec-
tra are shown in Figure 2 (f). Unfortunately, an efficient
lasing wavelength above 560 nm could not be observed;
the fluorescence gradually faded, regardless of the NWs
were exposed to whether amercury lamp or 400 nm laser
pulse. To improve the photostability of the CsPbBryI3−y
NWs synthesised by in-plane self-assembly, a further
process such as annealing [7], washing with methyl
acetate [31], a solution-processed secondary growth [32],
or incorporation of isovalent small ions [33] is required.

4. Conclusions

In summary, inorganic cesium lead halide perovskite
NWs were synthesised by an in-plane self-assembly
method and their lasing performance was investigated
in this work. The method is highly efficient, and

the required material can be low to nanogram order.
The NWs exhibit excellent single-crystal qualities and
their photoluminescence range spanned 420–720 nm
by stoichiometric tuning of the anions. The obtained
NWs realised a lasing range of 420–560 nm, with
typical threshold values for the CsPbBr3 NWs and
CsPbBrxCl3−x nanoplates of 18.8 and 8.87μJ cm−2,
respectively. The NWs exhibited robust stability under
high-power pulsed-laser irradiation in ambient atmo-
sphere. Overall, the in-plane self-assembly method offers
an efficient alternative approach for the exploration and
development of cesium lead halide perovskite NWs for
future nanophotonic applications.
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