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A B S T R A C T   

All-inorganic lead halide perovskites have attracted tremendous attention for their tunable bandgaps, excellent 
photoluminescence efficiency and robust stability. Here, we report on a direct vapor-phase growth of high- 
quality CsPbCl3/CsPbI3 axial perovskite heterostructure and multi-heterojunction nanowires using a newly 
developed magnetic-pulling chemical vapor deposition approach. Microstructural characterization and optical 
investigations reveal that these structures are crystalline with abrupt heterojunctions. Micro-photoluminescence 
spectra and mapping at the heterojunctions exhibit dual-wavelength emissions at 417 nm and 698 nm, from the 
adjacent two disparate perovskites, respectively, further demonstrating the formation of unique heterostructures. 
Additionally, under a focused laser illumination, asymmetrical waveguide behavior along a single CsPbCl3/ 
CsPbI3 wire is clearly observed. Taking a step further, we fabricated a monolithic dual-wavelength laser using an 
on-wire axial perovskite heterostructure and successfully realized blue and red emissions (425.5 nm and 687.4 
nm). The capability to synthesize on-wire heterostructures represents a major step toward high-integration 
optoelectronic circuits and nanophotonics.   

1. Introduction 

Inorganic lead halide perovskite materials have attracted tremen-
dous attention owing to their versatile physical/chemical characteris-
tics, which make them promising candidate material platforms for next- 
generation optoelectronic circuits [1–9]. In particular, rational consti-
tution and controllable design of the bandgaps on perovskite nano-
structures are vitally essential in yielding enriched and/or improved 
multifunctionalities for their applications in high-performance opto-
electronic and nanophotonic devices [10–17]. Significant research ef-
forts are currently directed toward the tunable band-edge emission of 
lead halide-based perovskites owing to their outstanding characteristics 
[4,18–25]. For example, wavelength tunable lasing of bandgap engi-
neered halide perovskite nanostructures are reported by a vapor growth 

process [7,22,26,27]. CsPbxSn1− xI3 alloy perovskite nanowires are sys-
tematically studied through a phase transition process [28]. 
Organic-inorganic hybrid perovskite nanowire/nanocrystal laser arrays 
are realized using a template assisted “bottom-up” self-assembly method 
[29,30]. CsPbX3 quantum dots and CH3NH3PbX3 nanoplatelets are re-
ported to establish high-efficiency light emitting diodes [31,32]. 
Nano-heterostructures with dual-emission wavelength are routinely 
fabricated by anion-exchange process, ion doping, and phase transition 
et al. [13,33–35]. Especially, perovskite heterojunctions and thin films 
grown via a solution-based synthetic route with selective 
anion-exchange process, may help to guide the growth of large-area 
monocrystalline heterostructure arrays [33]. Additionally, a phenome-
non of spinodal decomposition is reported to realize epitaxial mixed 
halide perovskites heterostructures [34]. Reduced electron-phonon 
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coupling was discovered in these heterjunctions, which may owe to the 
classic phonon confinement effect. Despite all this extraordinary prog-
ress, these reported schemes for multi-color emissions to date often 
suffer from complex preparation route, costly large-scale promotion, 
and high operation threshold intensity, which may seriously hinder their 
further applications. 

Compared to one-dimensional homogeneous nanowires, hetero-
structure wires with expanded absorption bands and enhanced light- 
matter interactions are expected to serve as double gain materials, 
bidirectional optical transmission medium, and dual-oscillating cavities, 
because of their multi-component structure and high refractive index 
contrast to the surroundings [36–38]. Moreover, asymmetric optical 
transmission process has not yet been realized in homogeneous perov-
skite nanostructures for the challenge of breaking time reversal sym-
metry of light-matter interaction [39–42]. However, to the best of our 
knowledge, vapor-phase growth of on-wire multi-functional perovskite 
heterostructures with spatially resolved emissions with 
multi-wavelength are rarely reported, which may be plagued by the 
poor controllability of the solid evaporation sources under high tem-
perature. In this work, we report on the design and realization of a direct 
vapor-phase growth of high-quality axial halide perovskite hetero-
structures using a developed magnetic-pulling chemical vapor deposi-
tion (CVD) approach. This strategy is capable of on-wire fabrication of 
perovskite heterostructures, and overcomes the poor controllable syn-
thesis against the disparate component on a single nanowire under high 
temperature. Structural characterization reveals that these on-wire 
perovskite heterostructures have high crystalline quality. Spatially 
micro-photoluminescence (μ-PL) spectra and mapping indicate two 
separated narrow emission bands at 417 nm and 698 nm along the axial 
direction of heterojunctions. Asymmetrical waveguides with active and 
passive behaviors along the axial directions are demonstrated under a 
focused laser illumination on these unique axial CsPbCl3/CsPbI3 nano-
structures. Furthermore, a monolithic dual-wavelength laser with a blue 
(425.5 nm) and red (687.4 nm) emission lines using an on-wire axial 
perovskite heterostructure is successfully realized. The preparation of 
on-wire CsPbCl3/CsPbI3 heterostructures and multi-heterojunction 
nanowires may also have potential applications for photovoltaics and 
solid-state lighting in the future. 

2. Experimental section 

2.1. Material preparation 

The CsPbCl3/CsPbI3 axial heterostructure nanowires were grown via 
a temperature controlled multi-step CVD strategy, as schematically 
shown in Fig. S1 (See Supporting Information). Sources and reagents 
were purchased from Alfa Aesar. A horizontal furnace (OTF-1200X) with 
a 2-inch quartz tube (inner diameter 45 mm, length 180 cm) was used. 
Before the growth, two alumina boats with CsCl/PbCl2 and CsI/PbI2 
were mixed in their respective boat (mole ratio = 2:1), and they were 
placed in the center and upstream of the heating zone, respectively, and 
were separated by a quartz rod and located far enough away from each 
other. A quartz rod driven by step motor through magnetic force was 
used to push these boats into/out of the heating zone during the growth. 
Several piece of Si/SiO2 (4 mm × 10 mm) were placed at the deposition 
area. Before heating, dry N2 gas flow was introduced into the system at a 
rate of 60 sccm for 30 min to purge the oxygen and moisture from the 
tube. After that, H2 (35 sccm) flow was introduced into the system, while 
the pressure in the tube was maintained at 3.8 Torr. The temperature in 
the left and right zones were ramped up to 610 ◦C and 580 ◦C at a rate of 
25 ◦C min− 1, respectively. After 40 mins, the temperature in the left zone 
was reduced at a rate of 15 ◦C min− 1 to 580 ◦C. The second boat (CsI/ 
PbI2) was quickly pushed into the left zone to replace the former boats at 
a rate of 20 cm min− 1 by a stepping motor. Then the gas flow (N2, 40 
sccm; H2, 35 sccm) was slightly changed. The temperature was kept for 
an addition 20–40 min while maintaining the pressure at 1.5 Torr. After 

the growth, the furnace was naturally cool to 25 ◦C. For the multi- 
heterojunction nanowires, the pressure is maintained at 3.5 torr, and 
the gas flow is H2 (60 sccm)/N2 (50 sccm). As shown in Fig. S2 (See 
Supporting Information), it is important to point out that the right zone 
was first ramped up to 460 ◦C before growth, in which the substrates 
were located. Then the temperature in the left zone was ramped to 
570 ◦C. After the first step, the temperature of the two zones were 
decreased to 515 ◦C and 400 ◦C, respectively. 

2.2. Characterization 

The morphology and chemical composition of the perovskite heter-
ostructure nanowires were investigated via scanning electron micro-
scopy (SEM, Hitachi, S-4800, Japan) with energy dispersive x-ray 
spectroscopy capability at an accelerating voltage of 5.0 kV, and trans-
mission electron microscopy (TEM, JEM-F200). The crystal structures 
were determined by X-ray diffraction (Bruker D8). The far-field optical 
images, PL spectra and mapping were obtained by a home-built confocal 
optical system. A laser beam was focused (375 nm, spot size, 1.5 µm) by 
a microscope lens (Nikon, ×100) and locally excited at the hetero-
structures. The PL spectra were recorded by a Ocean Optics Spectrom-
eter (Maya Pro2000). Stimulated emission properties were performed by 
another confocal optical system. The nanowires were selected and 
transferred to a MgF2 substrate or a copper grid by a 3D manipulator 
with homemade fiber probes for characterization, as schematically 
shown in Fig. S3 (See Supporting Information). A Ti:sapphire pulsed 
laser (400 nm, 150 fs, 1KHz) was focused to 50 µm and then pumped 
widely onto the nanowires. The PL spectra were recorded by Ocean 
Optics Spectrometer (LBS2500). 

3. Results and discussion 

Low- and high-resolution scanning electron microscopy (SEM) im-
ages reveal that, in general, nanowires synthesized by a conventional 
magnetic-pulling CVD method (Fig. S1, See Supporting Information) 
have a non-uniform linear morphology with lengths of 10–20 micro-
meters and diameter ranging from 100 to 500 nm (Fig. 1A and B). 
Fig. S4A–C (See Supporting Information) show SEM images of three 
typical wires randomly picked from the as-prepared substrate. It is 
observed that catalyst seeds are clearly witnessed at the tip of the wires, 
which indicates that these wires are prepared via a vapor-liquid-solid 
(VLS) mechanism. Notably, the diameter of wires changed slightly 
from wire to wire, which may be caused by the pressure variation during 
the precursor source moving process between the two growth steps. 
Fig. S4D (See Supporting Information) exhibits an X-ray diffraction 
(XRD) pattern of these nanostructures, which can be indexed to the 
tetragonal and orthorhombic phases from CsPbCl3 and CsPbI3 segments, 
respectively. 

The compositional uniformity and variation along the nanowires are 
then evaluated by energy-dispersive X-ray spectroscopy (EDX) mapping. 
Fig. 1C shows a typical SEM image of a representative CsPbCl3/CsPbI3 
nanowire heterostructure with the length of ~8 µm. Fig. 1D displays the 
enlarged SEM image of the heterojunction area (red rectangle), from 
which an abrupt interface with two different components (CsPbCl3 and 
CsPbI3) along the junction can been seen. Unfortunately, due to the large 
diameter (~265 nm) of the nanowire, high-resolution TEM images 
cannot be performed along the wires. Fig. 1E shows the elemental maps 
along the axial direction of the wire depicted in Fig. 1C. The results 
reveal that the wire tip primarily consists of Pb with a small amount of 
Sn, in agreement with the EDX spectrum of the wire-tip shown in Fig. S5 
(See Supporting Information). Along the entire nanowire, the distribu-
tion of Pb and Cs are rather uniform. However, at the junction, the I 
signal abruptly end, while the Cl signal appears, suggesting the forma-
tion of an abrupt CsPbI3/CsPbCl3 heterojunction here. Fig. 1F shows 
EDX spectra collected from three representative positions along the wire 
(dots 1–3 in Fig. 1C). The EDX spectrum of position 1 shows the 
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existence of Pb, Cs, and I with the negligible Cl signal, while only Pb, Cs, 
and Cl signals are present in the spectra from position 2 and 3. It is worth 
to note that the atoms are slightly more presented at the thicker part of 
the nanowire, which is owing to the diameter difference. In order to 
clearly display the spatial element distributions, a two dimensional (2D) 
elemental mapping of the wire are shown in Fig. 1G for the detected 
elements of Pb, Cs, I, and Cl. Evidently, I is located only in the left part of 
the wire with Cl almost completely distributed in right part of the wire, 
while Cs and Pb are very homogeneously distributed along the whole 
body of the wire. Besides, the wire tip (catalyst) has a Pb rich distribu-
tion. Sn is homogeneously distributed on the entire substrate. The 
elemental analysis result demonstrates that these nanowires are actually 
heterojunctions with CsPbI3 compound on one segment and CsPbCl3 
compound on the other, which is also consistent with the observations in 
real color photographs and μ-PL spectra presented in Fig. S6 (See Sup-
porting Information). 

Top-view real-color photograph of a heterojunction nanowire under 
a wide illumination of continuous wave (CW) laser at 375 nm is 
exhibited in Fig. S6A (See Supporting Information). The inset gives the 
corresponding optical photograph of the wire. A hetero-interface is 
clearly observed with red emission on the left segment and blue emission 
on the right segment. Spatially resolved μ-PL measurements of an indi-
vidual wire were performed on a confocal microscope system, as sche-
matically shown in Fig. S6B and Fig. S7 (See Supporting Information). 
Dark-field emission images and PL spectra are shown in Fig. S6C and 
S6D at three representative positions (P1-P3) on the wire as indicated in 
A. It can be seen that positions P1 and P3 show strong emissions with 

peak centered at about 698 nm and 417 nm (P1 and P3 in Fig. S6D), 
respectively, which agree well with the band gap of CsPbI3 (1.79 eV) 
and CsPbCl3 (2.98 eV) [43–45], accordingly. At position P2, where we 
expect the CsPbI3/CsPbCl3 hetero-interface is located, both the 417 nm 
and 698 nm emission peaks are simultaneously observed. These two 
peaks can be attributed to the emissions from CsPbCl3 and CsPbI3 at the 
heterojunction region [46]. Notably, no obvious defect-state related 
emissions are identified across the entire wire, nor at the 
hetero-interface region in Fig. S6D (See Supporting Information), indi-
cating that these heterostructure nanowires have high crystallinity 
without any observable optically active defects. All these results agree 
perfectly well with the structural observation in displayed in Fig. 1. 

2D PL mapping and spectra along the length of the wire are sys-
tematically investigated. PL mapping image of the heterostructure 
nanowire are presents in Fig. S6E (See Supporting Information). The 
individual emission-band (blue, 413–421 nm; red, 694–702 nm) of PL 
mapping (Fig. S6F and S6G, See Supporting Information) and the cor-
responding PL spectra (Fig. S6H and S6I, See Supporting Information) 
clearly show that the left and the right parts of the nanowire correspond 
to the CsPbI3 (red) and CsPbCl3 (blue) segment, respectively. The 
spatially resolved μ-PL results are in perfect agreement with the 
compositional measurements results (Fig. 1) and provide a direct proof 
that an axial heterojunction nanowire with two different perovskites are 
successfully realized using a sample CVD method. Notably, after the 
further optimization of growth conditions, for example, the growth time, 
carrier gas concentration, and pressure, the CsPbCl3/CsPbI3 nanowire 
heterojunctions with well-proportioned diameters are obtained, as 

Fig. 1. Compositional analysis of the CsPbCl3/ 
CsPbI3 perovskite heterojunction nanowires. 
(A,B) Low- and high-resolution SEM images of 
as-growth CsPbCl3/CsPbI3 heterostructure 
nanowires. Inset in (B): top-view SEM image of 
a selected heterostructure with a catalyst on the 
wire’s tip. (C) A SEM image of a single hetero-
structure nanowire. (scale bar, 1 µm) (D) 
Enlarged section of the SEM image in (C) 
showing the abrupt interface along the junction 
in the nanowire. (scale bar, 500 nm) (E) 
Elemental composition profiles showing the 
distribution of the various elements along the 
axial direction of the wire (dotted line shown in 
(C)) as obtained by EDX measurements. (F) 2D 
EDX elemental mapping of the heterostructure 
nanowire. (G) EDX spectra taken at three 
typical positions (positions 1–3) along the wire 
length as indicated in (C).   

P. Guo et al.                                                                                                                                                                                                                                     



Nano Energy 92 (2022) 106778

4

shown in Fig. S8 and S9 (See Supporting Information). Under the optical 
microscope, these wires show distinct black (CsPbI3) and light (CsPbCl3) 
segments on either side of the abrupt junction. A 2D PL mapping with 
corresponding spectra along a typical wire is shown in Fig. S9 (See 
Supporting Information) and illustrates that a near-perfect hetero-
structure with an abrupt interface is obtained. 

The synthesis of nanowires with superlattice structures or multi- 
heterojunctions by a traditional CVD approach is a formidable chal-
lenge in nanotechnology [47]. Here, we report the fabrication of 
multi-heterojunction CsPbCl3/CsPbI3/CsPbCl3 nanowires via a temper-
ature controlled two-step CVD strategy as shown in Fig. S2 and S10 (See 
Supporting Information). Fig. 2 A shows a SEM image of the 
multi-heterojunction nanowires on the SiO2/Si substrate. The wires 
have a linear morphology with lengths of several tens of micrometers 
and diameter about 100–300 nm. Fig. 2B–E shows four typical optical 
photographs of the as-grown wires, from which nanowires with 

multi-junctions are obviously observed. In order to further investigate 
the optical property of these heterostructures, PL measurements on a 
representative wire with two junctions are systematically performed and 
results are shown in Fig. 2F–L. The 2D PL mapping and spectra along the 
length of the wire are shown in Fig. 2G-J. The individual emission-band 
(blue, 413–421 nm; red, 694–702 nm) of PL mapping (Fig. 2G and 2I) 
and the corresponding PL spectra (Figs. 2H and 2 J) clearly show that 
the wire has double heterojunctions with two emission segments (a wide 
and a narrow segments) which correspond to the CsPbCl3 (wide 
segment) and CsPbI3 (narrow segment), respectively. Dark-field emis-
sion images and spatially resolved μ-PL spectra are shown in Fig. 2 K and 
2 L at eight representative positions (P1-P8) along the wire as indicated 
in Fig. 2F. It can be seen that positions P1, P6 and P3, P4, P8 show strong 
emissions with a single peak centered at about 698 nm and 417 nm 
(Fig. 2 L), respectively, which agree well with the band gap of CsPbI3 
(1.79 eV) and CsPbCl3 (2.98 eV), accordingly [43–45]. At positions P2, 

Fig. 2. Room-temperature optical characterization of typical multi-junction CsPbCl3/CsPbI3/CsPbCl3 nanowires. (A) A low-resolution SEM image of the as-growth 
multi-junction nanowires. (B) An optical image of the heterostructure nanowires and (C-E) high-resolution photographs of three typical wires with various number of 
junctions. (F) A representative optical image of a heterostructure wire with two apparent junctions. (G-J) PL mapping images and spectra of the heterostructure wire. 
(G and I) 2D PL mapping images and the corresponding PL spectra (H and J) of a heterojunction nanowire in the regions of 413–421 nm and 694–702 nm, 
respectively. (K) A series of emission images (P1-P8) and (L) corresponding μ-PL spectra (P1-P8) along the axial direction, as indicated in (F). 
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P5, and P7, where we expect the CsPbI3/CsPbCl3 hetero-interfaces are 
located, both the 417 nm and 698 nm emission peaks are simulta-
neously observed without obvious defect-state related emissions. 
Furthermore, large-scale multi-heterojunction nanowire arrays on an 
annealed M-plane sapphire substrate are successfully realized as shown 
in Fig. 3. The schematic diagram of guided growth process is shown in 
Fig. 3 A. As can be seen, “V-shape” grooves are formed on the surface of 
M-plane sapphire after annealing, which acts as the guiding channels for 
nanowires. Fig. 3B shows the optical photograph of the M-plane sap-
phire after annealing. It can be seen that arrays of straight 
multi-heterojunction nanowire with a length of 10–20 µm grow along 

the “V-shape” grooves (Fig. 3C–H). These nanowire arrays also exhibit 
dual-wavelength emissions with blue and red bands, respectively, as 
presented in Fig. 3I–P. It is worth to note that the growth of these 
nanowire arrays are guided by catalysts on a 2 in. M-plane sapphire 
[48], where “V-shape” grooves emerged after annealing (Fig. 3C–E). 
Optical photographs of the guided multi-heterojunction nanowire arrays 
are nearly uniformly distributed from four different positions 
(Fig. S11A–D, See Supporting Information) of the whole 2-inch M-plane 
sapphire. Since such grooves are not formed on the C-plane sapphire or 
SiO2/Si substrates, straight-shaped nanowire arrays cannot be fabri-
cated, as shown in Fig. S12 (See Supporting Information), suggesting 

Fig. 3. Guided growth and optical characteristics of the multi-heterojunction nanowire arrays. (A) Schematic diagram of the guided growth process. (B) Optical 
photograph of the M-plane sapphire after annealing. (C) Low- and high-resolution (D,E) SEM images of the M-plane sapphire with V-shape grooves on the surface. (F- 
H) Low- and high-resolution SEM images of guided growth heterostructure nanowire arrays on the annealed M-plane sapphire substrate. (I,J) Optical images of the 
guided growth wires and corresponding PL spectra (1− 8) (K) along a typical wire as indicated in (J). Red square indicates the positions of the heterojunctions. (L) 
Optical photograph of some selected wires, 2D PL mapping profiles (M,N) and the corresponding PL spectra (O,P) of the guided heterojunction nanowires in the 
regions of 413–421 nm and 678–686 nm, respectively. 
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that the “V-shape” grooves may play a key role during the guided 
growth. These unique heterostructure nanowires may provide material 
platforms for the optoelectronic integrated circuits. 

Microstructural properties of these multi-heterojunction CsPbCl3/ 
CsPbI3/CsPbCl3 nanowires were studied by EDX and TEM. The 
elemental composition profiles of a representative nanowires with three 
heterojunctions are shown in Fig. S13 (See Supporting Information). The 
elemental maps and EDX spectra along the axial direction of the wire 
reveal that the junctions mainly consists of Pb, Cs, and I, while other 
parts primarily consists of Pb, Cs, and Cl, suggesting the formation of an 
abrupt multi-heterojunction wire here. Fig. 4A shows an optical image of 
some heterostructure nanowires (yellow square in A) on a copper grid, 
which are picked out from the primary substrate by 3D mechanical 
arms. Fig. 4B-D exhibit typical TEM images of a multi-heterojunction 
wire and a corresponding structural schematic diagram (4 C). The 
TEM image in Fig. 4D reveals a nanowire with a diameter of ~160 nm 
and length of ~5.5 µm. Two junctions (black segments) located at the 
middle parts of the wire can be seen on the wire, as indicated in Fig. 4D 

by blue arrows. Fig. 4E and F show the enlarged segment of the heter-
ojunction (a black junction indicated by a blue arrow). Fig. 4G–I shows 
the high-resolution TEM (HRTEM) images taken from three positions 
along the heterojunction (indicated by “□”, “○”, and “△” in Fig. 4F), 
where a well-defined hetero-interface (indicated with a yellow line in 
Fig. 4H) is clearly observed. Across the junction, both the CsPbCl3 and 
the CsPbI3 maintain a single-crystalline structure. The measured lattice 
spacings in the CsPbCl3 region and CsPbI3 region are 0.397 nm and 
0.891 nm, respectively, which are consistent with the (110) planes of 
orthorhombic phase CsPbCl3 and CsPbI3. These studies clearly demon-
strate that high-quality CsPbCl3/CsPbI3/CsPbCl3 multi-heterojunction 
nanowires are achieved with relatively sharp junction interfaces. 

The axial heterostructure nanowires with excellent optical and 
electronic properties offer a robust material platforms for complex 
nanophotonics and functional optoelectronic devices [49,50]. Here, as 
an example, Fig. 5 shows the results of our investigation on an apparent 
asymmetrical optical waveguide behavior of a representative 
CsPbCl3/CsPbI3 heterostructure nanowire. Fig. 5A shows the schematic 

Fig. 4. (A) An optical image of some CsPbCl3/CsPbI3/CsPbCl3 heterostructure nanowires (yellow square in (A)) on a copper grid, which were transferred from the 
grown substrate by 3D mechanical arms with two fiber probes. (B) Optical image of the multi-heterojunction wire and corresponding structural schematic diagram 
(C) of a heterostructure nanowires. (D-F) Low resolution TEM images of the selected multi-heterojunction wire with the length ~5.5 µm and diameter ~160 nm 
(green square in (B)). Blue arrows in D and E indicate the positions of the heterojunctions. (G-I) HRTEM images of three typical positions on the heterojunction as 
indicated in (F). 
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diagram of a perovskite heterostructure nanowire and the corresponding 
energy band diagram of the two perovskite materials before and after 
direct contact. When a focused laser shines at the narrow gap segment of 
the wire (Fig. 5B), the emitted light is expected to be passively guided 
(from CsPbI3 to CsPbCl3) along the wire through total internal re-
flections. In the reverse condition (from CsPbCl3 to CsPbI3), an active 
waveguide effect occurs along the wire through re-absorption and 
re-emission processes. To validate the above theoretical predictions, a 
CsPbCl3/CsPbI3 wire, which clearly exhibits two segments (dark and 
light) as shown in Fig. 5C, was removed from the substrate and dispersed 
onto a MgF2 slide for careful optical investigations. The length and 
diameter of the wire are about 13 µm and 240 nm, respectively. Fig. 5 
D1–D3 exhibits the corresponding PL images when it is locally excited by 
a focused laser beam (375 nm, spot size, ~1 µm) at the wire from the 
wide gap to narrow gap region (P1-P3). Obviously, a portion of the 
emitted light was guided by the wire cavity and leaks out at the ends of 
the nanowire (Fig. 5D). It is noted that the output signals at the opposite 
sides for the 3 cases are quite different in color, which may suggest an 
asymmetric optical guiding process. Moreover, the detected optical in-
tensity from the narrow-band end is stronger than that of the wide-band 
end although the excited PL intensity is nearly the same, as shown in 
Fig. 5E–J, indicating the higher waveguiding efficiency of the former 
case. Fig. 5H–J shows the four output PL spectra (O1-O4) of the guided 
light, which quantitatively shows a ~2 fold maximum output intensity 
difference (O1 versus O4) after transporting through the entire 13 µm 
length. The guided light from wide gap to narrow gap also exhibits a 
red-shift of 23.5 meV when guided along the CsPbCl3/CsPbI3 wire due to 
the re-absorption and re-emitting processes. (Fig. S14, See Supporting 
Information). In particular, when the laser is locally irradiated at the 
junction of the wire (Fig. 5 D2), the emitted light clearly shows asym-
metric waveguide behavior, which are actively and passively guided 
toward the two ends (narrow gap and wide gap) of the wire, respec-
tively. This way, the detected light from both ends present different 
colors (red and blue) with emitted wavelengths of about 419 nm and 
699 nm (Fig. 5I). 

Owing to the 1D geometry, the as-grown axial perovskite hetero-
structure wires would serve as a good waveguiding and oscillating cavity 
as well as an ideal gain material [51–55]. Moreover, these hetero-
structures have two emission bands (blue and red band), which are 
featured as the narrower-bandgap segment (CsPbI3) and wide-bandgap 
segments (CsPbCl3), respectively. The guided blue-light is actively 
transmitting through the CsPbI3 segment via re-absorption and 
re-emission processes, while the guided red-light is passively propa-
gating through the CsPbCl3 segment. This asymmetric guiding process 
suggests that these heterostructure wires are ideal-model materials 
platform for investigating the interaction between the guiding light and 
perovskite wires. To demonstrate the quality of the waveguide and 
resonant cavity, pumping fluence-dependent room-temperature PL 
measurements were carried out using CsPbCl3/CsPbI3 wire as an 
example. Fig. 6 A shows a schematic diagram of the experimental setup 
for the measurement of the optically pumped nanowire lasers. The laser 
beam (400 nm, 150 fs, 1 kHz) was focused (spot size, ~50 µm) by an 
objective lens and then illuminated on the entire heterostructure wire. 
The local optical signals were detected at the wire end by a CCD spec-
trometer. Fig. 6B plots the pumping fluence dependent PL spectra from a 
typical CsPbCl3/CsPbI3 heterostructure (length: 12 µm and diameter: 
220 nm). The wire exhibits two broad spontaneous emission bands 
respectively centered at 417 nm (blue-band) and 698 nm (red-band) at 
low pumping fluence (6.2 μJ cm− 2), corresponding to the emissions from 
CsPbCl3 and CsPbI3, respectively. When the pump fluence increases to ~ 
16.0 μJ cm− 2, a sharp emission line appears at 687.4 nm. When the 
pumping fluence increases to ~24.4 μJ cm− 2, two additional emission 
lines in the blue band (425.5 nm and 423.2 nm) appear, which corre-
spond to the Fabry-Perot (F-P) cavity modes. With further increase of the 
pumping fluence, the intensity of the modes at 687.4 nm and 425.5 nm 
enhances faster than other modes in the red and blue band. The 
threshold pump power density for the super-linear increase in emission 
intensity are ~24.4 μJ cm− 2 and ~16.0 μJ cm− 2 for the blue- and 
red-band, respectively (Fig. 6C). After examine a dozen of hetero-
structure wires, the obtained threshold ratio between these 

Fig. 5. Optical waveguide testing process of a single perovskite heterostructure nanowire with focused laser excitation. (A) Schematic diagram of an asymmetric 
perovskite heterostructure nanowire and its band structure along the axial direction before and after thermal equilibrium, respectively. (B) Schematic diagrams 
showing waveguiding effects with local excitation at the narrow- and wide-bandgap side of the NW, respectively. The emitted lights are actively or passively guided 
toward the two ends. (C) Optical image and (D) real-color photographs of a heterostructure wire under local light illumination by a same laser beam. (E–J) Cor-
responding PL spectra at the excitation position (P1, P2 and P3) and the output ends (O1, O2, O3 and O4) of the heterostructure nanowire, respectively. 
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heterojunction wires usually has a value ranged from 0.2 to 0.6 
depending on the quality of the wire cavities. Fig. 6D shows that the full 
width at half maximum (FWHM) of the emission peaks decrease dras-
tically from about 20 nm (spontaneous emission) to sub-nanometer, 
~0.78 nm and ~0.45 nm for the red and blue peaks, respectively, 
when the pump power reaches the respective threshold for the two 
bands (Fig. S15, See Supporting Information). This clearly indicates the 
occurrence of dual-wavelength stimulated emission within a single 
heterostructure wire. This can be further explained in the schematic 
band diagram in Fig. 6E, exhibiting carrier transfer processes for a 
CsPbCl3/CsPbI3 wire under a pulsed laser illumination. When the inci-
dent light falls on the wire with high pump levels, the photogenerated 
carriers from band to band transitions in the wide bandgap CsPbI3 are 
shown in process (①). The electron-hole pairs recombined radiatively, 
resulting in the emitted photon (luminescence) (process (②)). The 
emitted higher energy photons (hν1) could be reabsorbed by CsPbI3 with 
the narrower band gap (③) followed by recombination and emission of 
lower energy photons (hν2). In addition, it is worth mentioning that with 
the increase of the pumping fluence, the emission peaks in the red-band 
show a slight blue-shift of ~2.4 nm, while the emission wavelengths at 
blue-band are constant. This difference in the spectral shift may come 
from the higher carrier density in CsPbI3 than that of CsPbCl3 due to 
carrier transfer from the later to the former ones [56]. These results 
clearly demonstrate that the CsPbCl3/CsPbI3 heterostructure wires can 
confine a dual-wavelength lasing, which can provide the model-material 
platform for the development on multicolor displays. 

4. Conclusion 

In conclusion, high-quality CsPbCl3/CsPbI3 axial heterostructure 

nanowires and multi-heterojunction nanowires were synthesized 
through a temperature controlled multi-step solid-source CVD strategy. 
Microstructural, chemical and optical characterization reveal that these 
wires have a single-crystalline structure with abrupt interfaces at the 
junctions with low defect density. PL mapping at the heterojunctions 
exhibit dual-wavelength emission bands, from the two adjacent dispa-
rate perovskites, which further demonstrate the formation of unique 
heterostructures. Moreover, the asymmetrical waveguide behavior and 
the construction of a monolithic dual-color laser with blue and red 
emission bands using an on-wire axial perovskite heterostructure 
nanowire are realized successfully. These achievements represent a 
significant advance in the controllable synthesis of axial perovskite 
heterostructures, which may have potential applications in highly in-
tegrated photonic and optoelectronic devices. 
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