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ABSTRACT: All-inorganic lead halide perovskites have generated consid-
erable research interest due to their distinctive electronic and optoelectronic
properties. In particular, their inherently soft crystal lattice allows greater
tolerance to lattice mismatch, offering promising opportunities for hetero-
structure formation. Here, we report on a synthesis strategy of the on-wire
CsPbCl3−CsPbI3 heterostructure via a magnetic-pulling chemical vapor
deposition approach. Microstructural characterization reveals the abrupt
mutation of compositions along the axial direction of the wire. Micro-
photoluminescence mapping clearly shows dual-wavelength emissions at 417
and 698 nm at the heterointerface. Optical waveguide investigation indicates
that the nanowires have asymmetric transmission characteristics. Additionally,
photodetectors based on these heterostructures exhibit superior photoelectric
performance, including high responsivity and high detectivity, which not only
exhibit a remarkable image-sensing capability but also establish encrypted imaging for innovative applications. All of these findings
highlight the potential of combining on-wire band-gap engineering with advanced image techniques, providing insights into the
development of next-generation secure information communications.
KEYWORDS: on-wire band-gap engineering, perovskite heterostructure nanowires, high-performance photodetection, encrypted imaging

Semiconductor photodetectors play a crucial role in remote
sensing, environmental monitoring, medical imaging,

military fields, optical communications, and encrypted
imaging.1−8 Among them, the optical communication tech-
nology using specific wavelength lasers as optical signals and
data information media have attracted considerable research
interest in novel detection and encryption technologies due to
their high confidentiality and security.9−16 However, with the
development of optical communication and encrypted imaging
technology, the performance requirements of photodetectors
in terms of on/off ratio, responsivity, sensitivity, and response
time are also increasing.17−23 Therefore, the preparation of
high-quality semiconductor materials is essential for high-
performance photodetectors.
In recent years, all-inorganic halide perovskite nanostruc-

tures have emerged as essential constituents in modern
semiconductor materials for integrated photonics due to
their high absorption coefficient, long carrier diffusion length,
soft crystal lattice, and tunable band gap.24−32 In particular, the
exquisite synthetic control of the band gap on a single
perovskite nanostructure is vitally essential for their promising
prospects in studying electron-transport characteristics, offer-
ing versatile platforms for quantifying ion diffusivity and
enabling efficient charge separation in optoelectronic devi-
ces.1,33−37 So far, many perovskite heterojunction nanostruc-
ture-based photodetectors have been reported. For example,
two-dimensional (2D)−three-dimensional (3D) halide perov-

skite (BA)2MAn−1PbnBr3n+1-MAPbBr3 (n = 1−3) lateral
heterostructures enabled a high-performance photodetection
with a responsivity and a detectivity of 4.4 A/W and 3.9 × 1013
Jones, respectively.1 A CsPbBr3−PbS p−n junction photo-
detector exhibited excellent performance with a responsivity of
26.9 A/W and a detectivity of 2.24 × 1011 Jones.38

Furthermore, many nanoscale axial heterojunction nanowires
have also been designed and studied. The single-crystalline
MAPbBr3−MAPbBr3−xIx p−n junction nanowire array photo-
detector was reported by Guan et al. to exhibit a high
responsivity of 265 A/W for a wide spectral range from 405 to
635 nm.39 MAPbBr3−MAPbI3 heterostructure arrays have
been reported to achieve high-performance photodetectors
with a responsivity and a detectivity of 18.1 A/W and 4.41 ×
1013 Jones, respectively.40 Although these heterostructure
photodetectors exhibited high photoelectric response and
performance, the application of photodetectors for optical
encryption communication is still hindered by challenges, such
as complicated design and cumbersome operation.
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Figure 1. Fabrication process and schematic diagrams of the CsPbCl3−CsPbI3 heterostructure nanowires before and after contact. (a) Schematic
growth diagram of the CsPbCl3−CsPbI3 heterostructure nanowires using a magnetic-pulling CVD system. (b) Schematic diagrams showing the
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In this work, we report on a simple synthesis strategy of
perovskite heterostructure nanowires by a chemical vapor
deposition (CVD) approach. Structural characterizations
reveal that these nanowires have a high crystalline quality.
Spatially resolved microphotoluminescence (μ-PL) spectra

reveal that the nanostructures exhibit two emission bands at
417 and 698 nm, respectively, along the axial direction of the
nanowires. Additionally, upon excitation with a focused laser
beam, asymmetrical waveguide behavior is clearly observed on
the heterostructure nanowire. Moreover, the perovskite

Figure 1. continued

fabrication process of CsPbCl3−CsPbI3 heterostructure nanowires and their atomic structure at the heterointerface. (c) Schematic energy band
diagram of CsPbCl3 and CsPbI3 separately and as a heterostructure in thermal equilibrium. (d and e) Low- and high-resolution SEM images of
CsPbCl3−CsPbI3 heterostructure nanowires. (f) SEM image and 2D EDX mapping for Pb, Cl, I, Cs, and Sn elements of a single heterostructure
nanowire. (g) Line scan of a typical nanowire (dotted line shown in part f) showing the concentration profiles of different elements. (h) EDX
spectra at three typical positions along the axial direction of a nanowire, as indicated in part f. (i) Low-resolution and (j) enlarged TEM images of a
representative CsPbCl3−CsPbI3 heterostructure nanowire. (k−m) HR-TEM images of three typical positions along the heterostructure wire, as
indicated in part j.

Figure 2. Room-temperature optical properties of the perovskite heterostructure nanowires. (a) Schematic illustration of the heterostructure
nanowire and its corresponding energy-band diagrams and electronic excitations of a CsPbCl3−CsPbI3 nanowire under light illumination. (b)
Representative optical image of a single heterostructure nanowire. (c−f) 2D PL mapping and corresponding PL spectra of a selected nanowire (as
indicated in part b) in the emission regions of 412−419 and 697−703 nm, respectively. (g) Schematic illustrations of asymmetrical waveguides
exhibiting active and passive guiding behaviors. (h) Optical image and (i) corresponding real-color images of a single heterostructure nanowire
irradiated by a laser at three typical positions. (j and k) Corresponding PL spectra at the excitation position (P1, P2, and P3) and PL spectra of
waveguide light at output ends (O1, O2, O3, and O4) of the heterostructure nanowire, respectively.
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heterostructure nanowires show preeminent photodetection
performance with a high responsivity of 20.58 A/W, a high
detectivity of 7.52 × 1012 Jones, and reproducibility with rise
and decay times of about 18.2 and 17.6 ms, respectively, which
are clearly superior to photodetectors based on pure CsPbCl3
nanowires. Furthermore, optical communication and encryp-
ted imaging sensors are realized based on their unique
heterostructures, paving the way for robust chiroptical data
encoding and encryption mechanisms. All of these results
indicate the potential of CsPbCl3−CsPbI3 heterostructure
nanowires for multifunctional image sensors in the future.
Figure 1a shows a schematic growth diagram for CsPbCl3−

CsPbI3 nanowires using a magnetic-pulling CVD method
(Experimental Section and Figure S1). As illustrated in Figure
1b, liquid Sn catalyst (melting point of 232 °C) was
supersaturated through the addition of vapor-phase precursors
(Cs, Pb, and Cl), inducing the growth of CsPbCl3 nanowires at
the liquid−solid interface.41,42 Consequently, high-quality
CsPbCl3 nanowires were obtained on the SiO2/Si substrate
through a vapor−liquid−solid (V−L−S) mechanism. Scanning
electron microscopy (SEM) and energy-dispersive X-ray
(EDX) analyses of CsPbCl3 nanowires suggest that the atomic
ratio of Cs, Pb, and Cl is close to 1:1:3 in pure CsPbCl3
nanowires (Figure S2). Subsequently, the vapor sources were
switched from Cs−Pb−Cl to Cs−Pb−I components using a
magnetic-pulling system by a step motor. The new vapor-phase
precursors were then absorbed by the catalysts, forming
spatially resolved CsPbCl3−CsPbI3 heterostructure nanowires.
A schematic atomic structure of the CsPbCl3−CsPbI3
heterojunction interface is shown in the inset image of Figure
1b, in which axially stacked two distinct regions (CsPbCl3, blue
region; CsPbI3, red region) can be clearly observed. Figure 1c
shows the energy band diagrams of the two perovskite
materials separately and as a heterostructure in thermal
equilibrium. As shown in Figure 1c, CsPbCl3 and CsPbI3
exhibit a type-II band offset, and their heterostructures with
abrupt interfaces may promote the separation of photoexcited
electrons and holes, establishing the foundation for high-
performance photodetectors.43,44

Parts d and e of Figure 1 show low- and high-resolution
SEM images of CsPbCl3−CsPbI3 nanowires grown on the
SiO2/Si substrate. These nanowires have a length of 5−15 μm
and a diameter ranging from 0.5 to 1 μm. It is observed that a
catalyst is located at the nanowire’s tip (inset image in Figure
1e), indicating a V−L−S growth mechanism of the nanowires.
The high-resolution SEM image and corresponding 2D EDX
elemental maps of a typical CsPbCl3−CsPbI3 nanowire are
shown in Figure 1f, indicating the uniform distribution of Cs
and Pb elements along the whole nanowire. Meanwhile, the
elemental maps for Cl and I reveal the spatially resolved
distribution with an abrupt change across the heterointerface,
indicating the successful formation of the CsPbCl3−CsPbI3
heterostructure nanowire. Besides, the catalyst is mainly
composed of Pb. Elemental profiles (Figure 1g) along the
length of a typical wire (dotted line, as indicated in Figure 1f)
show the distribution of Cl and I elements along the
nanowires. EDX spectra (Figure 1h) from three typical
positions (points 1−3, Figure 1f) indicate that nanowires are
mainly composed of Cs, Pb, and Cl or I (atomic ratio of 1:1:3)
with negligible Sn contamination (Figure S3). All elemental
analyses consistently reveal the formation of CsPbCl3−CsPbI3
heterojunctions along the axis of the nanowires.

The atomic structure and crystallinity of a representative
nanowire were investigated by transmission electron micros-
copy (TEM), as shown in Figure 1i−m. Parts i and j of Figure
1 show low-resolution TEM images (red square in Figure 1i)
of a representative CsPbCl3−CsPbI3 nanowire, which was
transferred from the SiO2/Si substrate to a copper microgate
using a 3D mechanical arm (Figure S4). High-resolution TEM
(HR-TEM) images taken from three typical positions
(indicated by “□”, “Δ”, and “○” in Figure 1j) along the
heterojunction are shown in Figure 1k−m, which display high-
quality single-crystalline heterostructures with no detectable
crystalline defects. The HR-TEM image from farthest from the
tip (the “□” region) shows a distinct lattice spacing of 0.397
nm, corresponding to the (110) lattice spacing of the
orthorhombic CsPbCl3 phase. A larger lattice spacing of
0.523 nm, which can be attributed to the (020) planes of the
orthorhombic phase CsPbI3 is observed in the HR-TEM image
taken from the “○” region. A well-defined heterointerface
(orange dotted line in Figure 1l) in the HR-TEM image taken
from the “Δ” region is clearly observed. Results of structural
characterizations of these as-grown microstructures reveal
high-quality CsPbCl3−CsPbI3 heterostructure nanowires with
relatively abrupt interfaces at the junctions.
Low-resolution optical images shown in Figure S5 show

abundant CsPbCl3−CsPbI3 heterostructure nanowires on the
substrate. As an example, the optical properties of a
representative single heterostructure nanowire (Figure 2b)
using confocal optical microscopy (Figure S6) are investigated.
Figure 2a shows a schematic diagram of a CsPbCl3−CsPbI3
heterostructure nanowire and the corresponding energy bands
of CsPbCl3 (2.98 eV) and CsPbI3 (1.79 eV) under a focused
375 nm laser illumination. The 2D PL mapping and
corresponding μ-PL spectra of a single CsPbCl3−CsPbI3
heterostructure nanowire exhibit two emission bands at
412−419 and 697−703 nm, as shown in parts c and d of
Figure 2, respectively. The corresponding PL spectra (Figure
2e,f) clearly show that the wire has heterojunctions composed
of CsPbCl3 (wide-gap segment) and CsPbI3 (narrow-gap
segment), respectively. These images show distinct emissions
from perovskites with different compositions separated by a
clear boundary at the heterojunction interface.
A symmetric waveguide behavior based on a CsPbCl3−

CsPbI3 heterostructure nanowire is illustrated schematically in
Figure 2g. Figure 2h shows the optical image of a typical
heterostructure nanowire with two distinct segments (dark and
light, corresponding to the CsPbCl3 and CsPbI3 segments,
respectively). The dark-field emission images (Figure 2i1−i3)
show that the emitted light was guided by the wire cavity and
leaked out at the ends of the nanowire. When excited at the
wide-gap segment (CsPbCl3) of the wire, the μ-PL spectra
collected at the excitation (P1) and output location (O1)
exhibit blue and red emissions at wavelengths of 417 and 703
nm (Figure 2j,m), respectively. It can be seen that the output
signal (O1) is significantly red-shifted relative to the input
signal (P1) due to reabsorption and emission processes,
corresponding to the active waveguide mode (from CsPbCl3 to
CsPbI3). Conversely, when excited at the narrow-gap segment
(CsPbI3; P3), there is no obvious shift in the PL spectra
(Figure 2l,o), which indicates that photons propagate through
the nanowire to the end of the wide-gap segment (O4) via total
internal reflections,45 corresponding to passive waveguiding
(from CsPbI3 to CsPbCl3). In particular, when the laser is
locally irradiated at the junction (P2) of the wire, two emission
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peaks at 417 and 698 nm are observed (Figure 2k), which
correspond to the near-band-edge emissions of CsPbCl3 (2.98
eV) and CsPbI3 (1.79 eV), respectively.46−49 The straightfor-
ward superimposition of the PL spectra at the interface implies
a pronounced and abrupt junction between CsPbCl3 and
CsPbI3 in these heterostructures. Meanwhile, the asymmetric
waveguide behavior observed in Figure 2n demonstrates
respective active and passive guiding toward the two ends
(wide gap and narrow gap) of the wire.
To further investigate the optoelectronic performance of the

CsPbCl3−CsPbI3 heterostructure nanowires, photodetectors
based on these perovskite heterostructures were designed and
fabricated. Both electrodes were deposited by using a mask
with a gap of 2 μm on both ends of the wires. Meanwhile, a
photodetector based on a single pure CsPbCl3 nanowire with
similar size (length = 2 μm; diameter = 600 nm) was
constructed for comparison (Figure S7). Figure 3a shows a

schematic diagram of a photodetector fabricated by using an
individual CsPbCl3−CsPbI3 heterostructure nanowire. A
comparison of the current−voltage (Ids−Vds) characteristics
under a 405 nm laser illumination with 27.85 mW/cm2 and in
the dark for the CsPbCl3−CsPbI3 heterostructure nanowire
and the pure CsPbCl3 nanowire photodetectors is shown in
Figure 3b. The results show that photocurrents from the
heterostructure photodetectors (red line) are about 3 times
higher than that from the pure CsPbCl3 nanowire (blue line).
This enhanced photocurrent in the heterostructure photo-
detector originates from the effective separation of photo-
generated carriers due to the built-in electric field at the
heterojunction (Figure S8). The Ids−Vds characteristics of the
CsPbCl3−CsPbI3 heterostructure nanowire photodetectors
with an excitation power of P = 27.85 mW/cm2 at different
wavelengths (λ = 405, 450, 532, 638, and 660 nm) and dark
conditions are shown in Figure 3c. It is observed that

Figure 3. Optoelectronic performance of CsPbCl3−CsPbI3 heterostructure-nanowire-based photodetectors. (a) Schematic diagram of a
heterostructure-nanowire-based photodetector. (b) I−V measurements of devices based on the CsPbCl3−CsPbI3 heterostructure nanowires and
pure CsPbCl3 nanowires under 405 nm laser illumination and in the dark. (c) I−V curves with illumination of different wavelengths (P = 27.85
mW/cm2) and in the dark. (d) I−V curves of the photodetector illuminated under a 405 nm laser with different power densities. (e) Dependence
of the photocurrent with a power intensity of 405 nm incident light at a bias of 4 V. (f) Light-intensity-dependent responsivity (red dots line) and
detectivity (black dots line) of the devices based on heterostructure nanowires under a 405 nm laser illumination at a bias of 4 V. (g) Comparison
of the responsivity and detectivity of photodetectors of this work with those reported in the literature. (h) Photoresponse curves for different
intensities of the laser at a bias of 2 V. (i) Response time (rise and decay time) of a heterostructure nanowire photodetector under 405 nm laser
illumination.
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conductance of the heterostructure is very small in the dark
(only ∼10−12 A), while high photocurrents of 4.54 × 10−9, 0.29
× 10−9, 0.36 × 10−9, 0.52 × 10−9, and 0.70 × 10−9 A are
recorded under 405, 450, 532, 638, and 660 nm laser
illumination at a bias of 4 V. Under illumination with different
wavelengths (P = 27.85 mW/cm2), photocurrents increase
dramatically, demonstrating high sensitivity of the hetero-
structure photodetector. The power-dependent Ids−Vds curves
for the heterostructure nanowire photodetector under 405 nm

laser illumination are displayed in Figure 3d, which show that
the photogenerated current increases with the excitation power
(P) due to an increase in the concentration of photogenerated
carriers. Figure 3e reveals the dependence of photocurrent Iph
(Iph = Ids − Idark) on the incident light intensity under 405 nm
excitation at a bias of 4 V. The data in Figure 3e are fitted with
the expression

Figure 4. Optical communications and encrypted imaging applications based on the CsPbCl3−CsPbI3 heterostructure nanowires. (a) Schematic
diagram showing imaging sensing using the heterostructure nanowire photodetector. (b) Corresponding 2D photocurrent mapping images of
“LIVE” under 405 nm laser illumination. (c) Schematic diagram showing the construction of wavelength-tunable optical communications based on
heterostructure nanowire devices. (d) Encrypted communication processes encoded for “LIVE”. The optical signal of ASCII of the key file
“NANO” is encoded. The original information “LIVE” is decrypted using the key file. (e) Truth table of logic gate “XNOR”. (f) Schematic
diagrams showing the encrypted image transmission process.
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I APk
ph = (1)

where A is a scaling constant and k is a correlation coefficient
depicting the relationship between the photocurrent and
incident light power density P. The best fit of our data with eq
1 yields a k of 0.82, which suggests an almost perfect linear
relationship, underscoring the heterostructure nanowire’s high
photoelectric conversion efficiency devoid of significant trap or
energy-level interference.50 The above results show that the
prepared heterostructure nanowires are beneficial for the
transport and separation of carriers, thus improving device the
photoelectric conversion efficiency.51

The photoresponsivity (R) and detectivity (D*) are two
other important parameters to assess the performance of
photodetectors. They can be given in the following
expressions:

R
I

PA
ph=

(2)

D R
A

eI2 dark

* =
(3)

where Iph denotes the photocurrent, P is the light intensity, A is
the effective illuminated area, and e is the electronic charge. R
and D* as a function of the excitation intensity for the
heterostructure nanowire photodetector are plotted in Figure
3f. It is worth noting that both R and D* of CsPbCl3−CsPbI3
heterostructure nanowire photodetectors exhibit a monotonic
decrease with an increase of the incident power density (Figure
3f), which may be due to the enhanced Auger recombination
rate of photogenerated carriers and the shortened carrier
lifetime under a higher power density.52,53 Under 405 nm laser
illumination with a light intensity of 2.13 mW/cm2, the device
achieved a R of 20.58 A/W and a corresponding D* of 7.52 ×
1012 Jones, respectively. Impressively, R and D* values of the
heterostructure photodetectors are significantly higher than
those of the pure CsPbCl3 wires (6.11 A/W and 1.46 × 1012
Jones). Figure 3g and Table S1 compare the performance
parameters of our heterostructure nanowire photodetector
with other reported detectors.
Meanwhile, we investigate the external quantum efficiency

(EQE) of the photodetector (Figure S9), which is defined as
follows:

hcR
e

EQE =
(4)

where R, h, c, e, and λ are the photoresponsivity, Planck’s
constant, speed of light, elementary charge, and wavelength of
incident light, respectively. We observe that, at lower incident
power densities of 2.13 mW/cm2, the heterostructure nanowire
photodetector exhibits an impressive EQE value of 6.31 ×
103%, which is much higher than that for the pure CsPbCl3
nanowire-based devices (1.87 × 103%), indicating high
absorption efficiency and photoexcited carrier separation
efficiency in the heterostructure detectors. Figure 3h shows
the time-dependent current response (Ids−T) of the photo-
detectors based on a CsPbCl3−CsPbI3 heterostructure nano-
wire at different light power intensities. The rise and decay
times are 18.2 and 17.6 ms, respectively (Figure 3i), which are
faster than the pure CsPbCl3-based devices (34 and 42 ms) in
this work (Figure S7) as well as those reported from previous
studies.54,55 Furthermore, the stability of the heterostructure

nanowire photodetector is shown in Figures S10 and S11,
which evidently confirm its exceptional photovoltaic response
performance and operational stability.
The CsPbCl3−CsPbI3 heterostructure nanowire photo-

detector exhibits high photoresponse, responsivity, and
detectivity, which is important for the application of imaging
sensers, optical communications, and information encryp-
tion.5,56 The schematic diagram of an image sensing system is
illustrated in Figure 4a. A 405 nm laser served as the light
source and was positioned in front of an image mask featuring
a hollowed-out “LIVE” pattern. Subsequently, the photo-
detector generates a real-time current signal, producing a
corresponding high-resolution “LIVE” image when light
illuminates the CsPbCl3−CsPbI3 wire-based photodetectors
(Figure 4b). At different X pixel points, the 405 nm laser scans
along the Y direction of the mask and the time-dependent
photocurrent curves of the “LIVE” pattern are displayed in
Figure S12, respectively.
Additionally, Figure 4c provides a schematic diagram of the

encrypted light communication system, which has been
achieved by combining double-beam irradiation modes and
an encryption algorithm mechanism. As illustrated in Figure
4d, two light sources with wavelengths of 405 and 532 nm are
regularly tuned to on/off states, and four illumination modes of
signal inputs are formed, denoted as 00, 01, 10, and 11,
respectively. An encrypted optical signal is generated through
superimposition of the initial and key signals by manipulating
the 405 and 532 nm lasers. Then, the ASCII code of “NANO”
is used as the key file to obtain the initial ASCII code by
reversing the encrypted signal, recovering the original
information “LIVE”, and completing the decryption commu-
nication (Figure 4d). Furthermore, the capability of the device
to perform secure encoded image transmission using a similar
encryption protocol is demonstrated (Figure 4e,f). From the
truth table (Figure 4e), an XNOR gate was designed for the
encrypted imaging. Figure 4f shows that an original image
signal of “G” can be transmitted and mapped onto a 20 × 20
pixel matrix, with the color of each pixel representing the logic
of “0” or “1”. Then, a randomly generated pixel array (20 × 20
pixels) can enable further secure encryption of sophisticated
information corresponding to 2D image signals. Finally, the
output image mapping could be generated according to the
correspondence of the truth table as encrypted information
with garbled characters, which could realize the secure
encryption of the original signals. This technology can ensure
that the image signals can only be decrypted using the right key
sequence. Moreover, even if an interception occurs during the
transmission process, the decrypted signals will not correspond
to the original images, yielding a distorted and unusable
reconstruction. All of these results not only highlight the
potential of CsPbCl3−CsPbI3 heterostructure nanowire photo-
detectors for advanced integrated optoelectronic image sensing
applications but also underscore its potential for encrypted
communications in the future.
In summary, we report on the design and fabrication of on-

wire CsPbCl3−CsPbI3 heterostructures via a modified
magnetic-pulling source-moving CVD method. Structural
characterizations reveal that these as-grown nanowires have
heterojunctions along a single wire with abrupt interfaces.
Optical properties show dual-wavelength emissions of 417 and
698 nm at the heterojunctions, suggesting abrupt hetero-
junctions at the interface. Moreover, photodetectors were
fabricated using these CsPbCl3−CsPbI3 heterostructures, and
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they exhibit an outstanding optoelectronic response over 3
times higher than that of pure CsPbCl3 wires. Additionally, the
heterostructure photodetector exhibits superior photodetec-
tion performance, including a high responsivity of 20.58 A/W,
a detectivity of 7.52 × 1012 Jones, and a fast rise and decay time
of ∼18 ms. Ultimately, imaging sensing and encrypted optical
communication systems are realized by the perovskite
photodetectors, which makes the information transmission
process more covert, more secure, and difficult to intercept and
decode. This work provides a feasible and efficient approach to
developing high-performance photoelectronic devices and
provides a foundation for the future evolving security
communications.
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