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ABSTRACT: Directional growth of ultra-long nanowires is of 
great significance for the practical application of large-scale opto-
electronic integration. Here, we demonstrate the controlled growth 
of in-plane directional perovskite CsPbBr3 nanowires, induced by 
graphoepitaxial effect on annealed M-plane sapphire substrates. 
The wires have a diameter of several hundred of nanometers, with 
their length reaching up to several millimeters. Microstructure 
characterization shows that the CsPbBr3 nanowires are high-
quality single crystals, with smooth surfaces and well-defined 
cross-section. The nanowires own very strong bandedge photolu-
minescence (PL) with a long PL lifetime of ~25 ns, and can real-
ize high-quality optical waveguides. Photodetectors constructed 
on these individual nanowires exhibit excellent photoresponse 
with an ultra-high responsivity of 4400 A/W and a very fast re-
sponse speed of 252 µs. This work presents an important step 
towards scalable growth of high quality perovskite nanowires, 
which will find more promising opportunities in constructing 
integrated nanophotonic and optoelectronic systems. 

Inorganic semiconductor perovskite CsPbX3 (X=Cl, Br, I,) 
nanostructures have attracted tremendous attention for developing 
novel light emitting diodes, lasers, and photodetectors, due to 
their extraordinary optoelectronic properties.1-7 Though CsPbX3 
quantum dots, nanoplates, and nanowires have been well realized 
by solution based methods,8-11 the conventional chemical vapor 
deposition (CVD) method, that is generally exploited to grow 
high-quality electronic materials, may offer an alternative path-
way to achieve high quality all-inorganic perovskite nanostruc-
tures. Many efforts have recently been devoted to realize the 
growth of perovskite CsPbX3 nanostructures using the vapor route, 
including single crystalline nanoplatelets, nanowire networks, and 
nano/microrods.12-17  

 Large-scale growth or assembly of semiconductor nanowires 
with horizontal alignment on surfaces is highly desirable in future 
integrated devices.18-20 In this regard, the growth of directional 
and ultra-long CsPbX3 nanowires would be an important step in 
their integration into practical devices, but still remains challeng-
ing. Recently, ultra-long organic-inorganic perovskite wires were 
synthesized via template assisted solution methods.21 However, 
the solution growth of all-inorganic perovskites is difficult due to 
the lower solubility of inorganic perovskites and more complex 
Cs-Pb-X phase diagram.22 Graphoepitaxial effect assisted vapor 
growth has been well developed to realize the growth of horizon-
tal and aligned semiconductor nanowires on sapphire substrates 
with well aligned nanosteps or grooves, which can provide a max-

imum interface area between the substrate and the nanowires, 
resulting in the directional and continuous growth of the nan-
owires.23-27 

Here, we report, for the first time, the successful vapor 
growth of ultra-long directional CsPbBr3 perovskite nanowires 
using the graphoepitaxial effect on annealed M-plane sapphire 
substrates. The wires are well aligned along the groove direction 
of the substrate, with the length up to several millimeters, demon-
strating the longest CsPbX3 nanowires reported so far. Micro-
structure characterizations demonstrate the high quality single-
crystal nature of the achieved wires, which was further revealed 
by the exhibited strong light emission and excellent optical wave-
guiding. High performance photodetectors have been achieved 
based on these individual CsPbBr3 nanowires, which own a re-
sponsivity of 4400 A/W and a response speed of 252 µs, a lot 
higher than all the previously reported photodetectors on single 
halide perovskite nano/microstructures.28-36 This study makes an 
important step towards large-scale preparation of well aligned 
perovskite nanowires for applications in high-density optoelec-
tronic devices and on-chip integrated photonics systems. 

For the growth of the directional perovskite nanowires, a 
mixture of CsBr and PbBr2 powders (molar ratio 2:1) were firstly 
placed at the center of a heating zone of a quartz tube. Before the 
growth, several annealed M-plane sapphire sheets with aligned V-
shaped nanogrooves at the surface were placed at the downstream 
as the growth substrates. At the same time high-purity N2 gas was 
introduced into the quartz tube with a constant flowing rate (60 
sccm). During the growth, the furnace was rapidly heated to 
600 °C and maintained at this temperature for 10 min, with the 
pressure inside the tube kept at ~760 Torr (normal pressure). Then 
the furnace is naturally cooled down to room temperature. A large 
number of directional and ultra-long nanowires on the sapphire 
surface were obtained after the growth. 

Figure 1a shows the typical low-magnification scanning elec-
tron microscope (SEM) image of the collected sample, which 
exhibits a large area of perfectly aligned CsPbBr3 nanowires, with 
their length reaching up to several millimeters. The inset shows 
the corresponding SEM image of the annealed M-plane sapphire 
before growth, from which nanogrooves along the [1-210] direc-
tion could be clearly observed. The local high-magnification SEM 
images (Figures 1b, 1c, and S1) of the nanowires further demon-
strate the ultra-smooth surface and perfect alignment of the as-
grown nanowires, owning a well-defined triangular cross-section 
with the lateral size of 200 to 800 nm. In addition, the wires is 
well aligned along the observed nanogrooves at the surface of the 
sapphire substrate, indicating the nanogroove initiated growth of 
the nanowires (Figure S2).23  
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Figure 1. SEM images of the directional CsPbBr3 nanowires 
growth along faceted M-plane sapphire. (a) Low-magnificaion 
SEM image of the ultra-long and directional CsPbBr3 nanowires. 
Inset: SEM image of the annealed M-plane sapphire substrate 
with V-shaped nanogrooves along [1-210] direction. (b,c) High-
magnification SEM images of CsPbBr3 nanowires.  

In order to investigate the crystal structure and growth mech-
anism of the directional CsPbBr3 perovskite nanowires, we im-
plemented the X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) characterizations. As shown in Figure 2a, all 
the sharp diffraction peaks of the nanowires can be indexed to the 
monoclinic perovskite phase of CsPbBr3.37,38 For the TEM meas-
urements, a CsPbBr3 nanowire was cut perpendicular to its length 
direction by a focused ion beam (FIB) system. The typical cross-
sectional TEM image of the wire in Figure 2b indicates that the 
nanowire was tightly grown on the annealed M-plane sapphire, 
with several V-shape facets clearly exhibited at the nanowire-
substrate interface region. Figure 2c shows the high-resolution 
TEM (HRTEM) image taken from the blue boxmarked region in 
Figure 2b, which displays clearly the graphoepitaxial relationship 
between nanowire and V-shaped nanogroove.23 In addition, the 
measured lattice spacings of the nanowire are approximately 0.59 
nm and 0.58 nm, corresponding to the (001) and (010) lattice 
plane of monoclinic perovskite CsPbBr3.38 The corresponding 
fast Fourier transform (FFT) pattern shows clear diffraction spots 
from both the substrate (red) and CsPbBr3 nanowire (cyan), fur-
ther demonstrating that the achieved directional nanowire is high- 

 

Figure 2.Microstructure characterizations of the directional CsP-
bBr3 nanowires. (a) XRD pattern of the as-grown perovskite nan-
owires. (b) Cross-sectional TEM image of a perovskite nanowire. 
(c) HRTEM image recorded from the blue box marked area in (b). 
(d) The corresponding fast Fourier transform pattern at the inter-
face. 

crystallinity structure with the axial growth along [100] direction 
(Figure 2d).19 In addition, the formed nanowire with triangular 
cross-section is also thermodynamically favorable by exposing the 
(100) surfaces with low surface energy.19,33 The above SEM, 
XRD, and TEM results well demonstrate that the directional and 
ultra-long CsPbBr3 nanowires with high-quality have been suc-
cessfully achieved along the nanogrooves on the annealed M-
plane sapphire. 

The formation of these directional and ultra-long CsPbBr3 
nanowires can be understood from the following aspects. The 
vapor precursors firstly deposite and graphoepitaxially nucleate at 
the V-shaped nanogrooves of the sapphire substrate, as that re-
vealed by the HRTEM in Figure 2c,23 to form CsPbBr3 nanocrys-
tal seeds, which will further grow into one dimensional nanostruc-
tures along (100) planes with low surface energy.19,33 Benefiting 
from the existence of the nanogrooves, the nanowire growth can 
be realized directionally with [100] orientation along the V-
shaped nanogrooves via graphoepitaxial effect driven by the max-
imum interface area between the substrate and nanowire as de-
scribed previously.23-27 This is quite different from the observed 
orientation random growth of micro/nanorods on SiO2/Si sub-
strate.19 At the same time, it is interesting to find that a high 
growth pressure play a key role in realizing the ultra-long growth 
of the directional CsPbBr3 nanowires. Comparison experiments at 
low pressure (~300 Torr) demonstrate that only microwires with 
larger diameter (2-5 µm) can be obtained, with their ultimate 
length less than hundred micrometer (Figure S3), greatly different 
from the achieved ultra-long (several millimeters) nanowires with 
small diameters at high pressure (760 Torr) (Figures 1 and S1). 
This may be explained since low pressure is more beneficial to the 
evaporation of source materials as compared to the high pressure 
growth, and results in the formation of microcrystals with a larger 
size at the initial growth stage (Figure S4).39,40 During the growth 
of these microcrystals into microwires, the graphoepitaxial effect 
induced axial growth could be greatly weaken compared to the 
high pressure nanowire growth, owing to their relatively smaller 
interface area between the substrate and the microwires, induced 
by their smaller surface-to-volume ratio. As a result, through tun-
ing the growth pressure, directional and ultra-long CsPbBr3 nan-
owires were successfully obtained on the annealed M-plane sap-
phires.  

 

Figure 3.Optical characterizations of the ultra-long CsPbBr3 nan-
owires. (a) Real-color photograph of the directional perovskite 
nanowires under diffused 405 nm laser illumination. Scale bar: 10 
µm. (b) Aligned waveguide photograph with local excitation at 
the left of the nanowires. Scale bar: 10 µm. (c) PL spectrum of the 
nanowire. Inset: PL mapping of the nanowire. (d) Time-resolved 
PL (TRPL) decay kinetic after photoexcitation.  
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Figure 4. Optoelectronic characterizations of the directional CsPbBr3 perovskite nanowires. (a) SEM image of the as-fabricated device. (b) 
I-V curves of the device measured at room temperature in the dark and under illumination with 405 nm light of different intensities. (c) 
Responsivity and gain vs. light intensity plot at a bias of 1 V. (d) Responsivity and gain as a function of the bias voltage (irradiance 0.2 
mW/cm2). (e) The time-resolved response of the device under alternating dark and light illumination (10 mW/cm2, 405 nm). The drain 
voltage is 1 V. (f) The rise (top) and decay (bottom) times of the photodetector. 
 

Optical emission behaviors of the as-grown directional and 
ultra-long CsPbBr3 nanowires were examined at the room temper-
ature. Figure 3a is the real-color optical image of the as-grown 
nanowires under the broad illumination of a continuous- wave 
(CW) laser. Strong and uniform emission can be observed along 
the whole nanowire, demonstrating the high crystallinity of the 
nanowires. Figure 3b shows the optical waveguide photograph of 
the aligned CsPbBr3 nanowires under a local excitation. The 
bright emission spots can be clearly seen at right tips of the nan-
owires, indicating the as-grown directional nanowires can form 
high-quality optical waveguide cavities. Figure 3c gives the nor-
malized PL spectrum of CsPbBr3 nanowire with a strong band 
edge emission peak at ~530 nm. The PL mapping in the inset also 
demonstrates the uniform PL emission along the wire. The charge 
carrier lifetimes were measured to estimate carrier dynamics in 
the aligned nanowires (The measurement details were shown in 
supporting information). As shown in Figure 3d, the PL decay 
curve was fitted by a biexponential profile, showing the long PL 
lifetime with τ1=0.63 and τ2=25.23 ns.41,42 The above optical 
characterizations demonstrate the superior optical capabilities and 
high crystallinity of the ultra-long perovskite nanowires, which 
help to realize high performance optoelectronic devices.  

The photoelectronic characteristics of the CsPbBr3 nanowires 
were investigated by fabricating devices based on an individual 
wire. The SEM image of the as-fabricated device is represented in 
Figure 4a. As shown, two Au (55 nm) electrodes were deposited 
on the nanowire. The width of the nanowire and the gap between 
the two electrodes are about 0.5 and 16.5 µm, respectively. The 
current-voltage (I-V) curves of the device have been measured in 
the dark and under illumination with 405 nm light at different 
power intensities, as shown in Figure 4b. It can be observed that 
the photocurrent is proportional to the drain voltage and the illu-
mination intensity. The photoresponsivity and gain are important 
parameters of photodetectors. The photoresponsivity of the nan-
owire detector can be expressed by Iph/PS, where Iph is the photo-
current, P is the incident power density irradiated on the nan-
owire, and S is the effective irradiated area on the wire.43,44 

The photoconductive gain can be expressed 
asG=(Iph/e)/(PS/hν), where Iph is the photocurrent, P is the inci-
dent power density, S is 

the effective irradiated area on the wire, hν is the energy of an 
incident photon, and e is the electronic charge.44 Figure 4c gives  
 
the illumination power-dependent responsivity and gain of the 
device, demonstrating the high responsivity of 2.4×103 A/W and a 
high gain of 7.4×103. We plot the responsivity and gain as a func-
tion of the bias as shown in Figure 4d. The detector shows signifi-
cant performance at drain voltage of 3 V with responsivity of 
4.4×103 A/W and gain of 1.3×104, which are higher by one to six 
orders than the previously reported photodetectors based on single 
halide perovskite nano/microstructures.28-36 The wavelength de-
pendent responsivity is also shown in Figure S5, demonstrating 
the high photoresponse under the light illumination with energy 
higher than the bandgap.45 

Fast response to optical signals is critical for optoelectronic 
applications of a photodetector. Figure 4e shows the response of 
photocurrent to optical pulses at a time interval of 10 s. We find 
that the dynamic photoresponse of the CsPbBr3 photodetector is 
highly stable, indicating that the devices possess a remarkable 
photoswitching behavior. Figure 4f shows the temporal photore-
sponse of the photodetector. The rise and decay times of the pho-
tocurrent are 252 and 300 µs, respectively, faster by one to three 
orders than the previous photodetectors based on single halide 
perovskite nano/microstructures.28-36 The exhibited high-
performance of the photodetection as compared to previous single 
halide perovskite nano/microstructures (e.g. nanoplatelet, nan-
owire, nanosheet, and so on) can be attributed to the formation of 
high quality nanowire cavities without optical scattering and leak-
age from the surface, which helps to enhance the light absorption 
and confinement within the nanowires.14,46 

In summary, directional and ultra-long CsPbBr3 perovskite 
nanowires were successfully synthesized on annealed M-plane 
sapphire substrates by a controlled vapor growth approach. The 
length of the achieved nanowires can reach up to several millime-
ters. The as-grown nanowires with high crystallinity own strong 
band edge emission and can act as excellent waveguide cavities. 
Photodetectors constructed based on the high-quality nanowires 
show prominent capabilities, with an ultra-high responsivity 
(4400 A/W) and a highly-fast response speed (252 µs), which are 
much higher than all the previously reported photodetectors based 
on single halide perovskite nano/microstructures. This study 
demonstrates a new feasible method for directional growth of 
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large area ultra-long halide perovskite nanowires, which could 
find important applications in chip-scale integrated photonics and 
optoelectronic systems. 
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