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Precise synthesis of all-inorganic lead halide
perovskite nanowire heterostructures and superlattices with
designable modulation of chemical compositions is essential for
tailoring their optoelectronic properties. Nevertheless, control-
lable synthesis of perovskite nanostructure heterostructures
remains challenging and underexplored to date. Here, we report
a rational strategy for wafer-scale synthesis of one-dimensional
periodic CsPbCl;/CsPbl; superlattices. We show that the highly
parallel array of halide perovskite nanowires can be prepared
roughly as horizontally guided growth on an M-plane sapphire.
A periodic patterning of the sapphire substrate enables position-
selective ion exchange to obtain highly periodic CsPbCl,/

CsPbl; nanowire superlattices. This patterning is further confirmed by micro-photoluminescence investigations, which show
that two separate band-edge emission peaks appear at the interface of a CsPbCl;/CsPbl; heterojunction. Additionally,
compared with the pure CsPbCl; nanowires, photodetectors fabricated using these periodic heterostructure nanowires exhibit
superior photoelectric performance, namely, high Ion/Iogr ratio (10*), higher responsivity (49 A/W), and higher detectivity
(1.51 X 10" Jones). Moreover, a spatially resolved visible image sensor based on periodic nanowire superlattices is
demonstrated with good imaging capability, suggesting promising application prospects in future photoelectronic imaging
systems. All these results based on the periodic CsPbCl;/CsPbl; nanowire superlattices provides an attractive material

platform for integrated perovskite devices and circuits.

on-wire bandgap design, perovskite nanowire superlattices, horizontal guided growth, heterostructure nanowire arrays,

high-performance photodetection

All-inorganic lead halide perovskite nanowires are considered
to be a candidate material for integrated photonics owing to
their unique chemical and physical properties.' "> The
development of perfect ways to engineer lead halide perovskite
structures with controllable bandgaps and optoelectronic
properties is an active research topic in materials science and
technology, which may lead to promising applications in the
future.'*™*’ Especially, bandgap engineering along single-
perovskite complex structures could provide an effective way
for constructing highly integrated,”® " low power consump-
tion, and miniaturized optoelectronic devices, including all-
optical switches,”™*” light-emitting diodes,*”*" optical logic
gates,42 lasers,>>*¢ solar cells,*>** and photodetectors.%_49
Nanowires with predictable and controllable optoelectrical
properties’® > can be rationally constructed by complex
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compositional modulated processes, for example, multistep ion
exchange,””** ion doping’* and restricted phase trans-
formation process.”**>*® So far, a large number of semi-
conductor heterojunction nanowires have been reported,”” >’
not only for traditional group II-VI and III-V semiconductors
but also for the freshly emerged promising perovskite
materials. Some examples include CdSe—ZnSe heterostructure
nanowires,”” CdS/CdS:SnS, superlattice nanowires,”’ CdS—
Ag,S superlattice nanorods,”” Si-SiGe superlattice nanowires,”
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Figure 1. Fabrication process and cross-sectional schematic diagram and corresponding SEM images of the CsPbCl;/CsPbl; periodic
nanowire superlattices on a M-plane sapphire. (a) Top view fabrication process and (b) side view cross-sectional growth model of the
CsPbCl,;/CsPbl, periodic nanowire superlattices. (c,d) Top and side view SEM images of the prefabricated M-plane sapphire with hole
arrays. (e,f) Low- and high-resolution SEM images of the prefabricated sapphire substrate after annealing. (gh) Two typical SEM images of
the guided growth periodic CsPbCl;/CsPbl; nanowire superlattice array on the prefabricated M-plane sapphire.

GaAs-GaP superlattice structures,”* GaAs/GaAsSb nanowires
superlattice,65 InAs—InP heterostructures,” etc. Many recent
studies on perovskite nanostructures have also been
reported,”’"*" including spatially resolved CsPbX; (X = CI,
Br, I, or alloys) heterojunction nanowires,”’ local phase
transition of halide perovskite CsSnl; nanowires from yellow
phase to black phase,” controllability of phase propagation on
an individual ultralong CsPbl, nanowires,” CsPbCl,_, Br,
perovskite nanowires,” CsPbl/CsPbl,_;,Br;, epitaxial perov-
skite heterojunctions,”’ composition gradient CsPbBr,I,_,
nanowires,”° CsPbBr;/CsPbCl, |Br,, heterostructures,”’
CsPbCl;/CsPbBr; heterostructure by solid-state ion ex-
change,53 etc. These specific perovskite heterostructures have

been used in photodetector devices and exhibited excellent
photoelectric performance, for example, the MAPbBr;—
MAPDI; microwire lateral heterojunction photodetector
based on a high performance with a responsivity and
detectivity of 1207 A/W and 2.78 X 10" Jones,"” respectively,
and gradient perovskite single-crystalline microwire arrays from
MAPDBCI; to MAPDI; for a photodetector with responsivity
over 10> A/W and detectivity over 10%° _]ones.21 Although the
component modulation of semiconductor nanowires has been
widely investigated, many studies rely on accidental nucleation
and fabrication with rather limited synthetic control.
Fabricating spatially periodic superstructure nanowires with
accurately controllable space distribution of compositions and
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electronic structures is still challenging and typically involves
tedious synthesis methods, high preparation costs, and weak
controllability, which may seriously hinder future applications.

Herein, we report on wafer-scale controllable growth of
perovskite periodic heterojunction nanowire superlattices by
an improved chemical vapor deposition (CVD) approach. This
method is an effective synthesis approach that could overcome
the poor controllability of the perovskite solid sources under
high temperatures and produce a reasonable strategy to
fabricate periodic perovskite nanowire superlattice arrays.
Structural characterization demonstrates precisely periodic
modulation of the composition in the heterostructure nano-
wires. At the same time, two different periodic intervals are
observed (v/3 pm and 1 um) along the single periodic
nanowire superlattice. Spatially resolved micro-photolumines-
cence (u-PL) spectra and optical mapping images reveal that
the heterostructure wires have periodically arranged hetero-
junctions with two emission bands at 415 and 692 nm,
respectively. Moreover, high-performance photodetectors are
systematically investigated based on these unique axial periodic
CsPbCl;/CsPbl; nanowire superlattices. Compared with
single-component CsPbCl; nanowire photodetectors, the
nanowire superlattice photodetector shows an expected
superior performance, including a high Ioy/Ios ratio of 10%
high responsivity of 49 A/W, and high specific detectivity of
1.51 X 10" Jones. These results suggest that the periodic
perovskite nanowire superlattices may have potential applica-
tions in high-integrated and multifunctional optoelectronic
devices in the future.

RESULTS AND DISCUSSION

Figure la)b shows the top view and side view schematic
drawing of the fabrication process and growth model for the
CsPbCl;/CsPbl; periodic perovskite nanowire superlattices on
an annealed M-plane sapphire (see details in the Experimental
Section), respectively. It is well known that M-plane sapphire
a-AL,O; (1010) is thermodynamically unstable and forms
periodic “line-shaped” grooves by annealing at high temper-
ature.”” First, a 2 in. M-plane sapphire wafer was periodically
punched to create a periodic hole array (Figure 1a;,a,,b,,b,) for
the nucleation sites of heterojunctions by the photolitho-
graphic technique. After that, this prefabricated M-plane
substrate was annealed for 10 h at 1700 °C to form “line-
shaped” grooves,”>”*”"* which was used for the horizontally
guided growth of nanowires, as shown in Figure la;. Second,
tin catalyst nanoparticles were printed on the surface of the
sapphire substrate (Figure la, and 1b;), which was used for the
growth of CsPbCl;/CsPbl; periodic perovskite heterostructure
nanowires utilizing a developed magnetic-pulling source-
moving CVD approach (see the Experimental Section).
More details of the growth processes are shown in Figure S1
(see the Supporting Information). Third, CsPbCly nanowires
were grown horizontally on the sapphire substrate through a
vapor—liquid—solid (V—L—S) mechanism guided along the
“line-shaped” grooves by a catalyst as plotted in Figure lag,b,.
Due to the created periodic hole array along the grooves,
CsPbCl; nanowires with periodic fracture defects were formed
at the positions of the holes, which were precisely controlled
and well matched with the position of the hole array as
indicated in Figure 1b,. These periodic artificial holes cause
radial stress during the horizontally guided growth of
nanowires, which results in periodic fracture defects at the

positions of the holes. The scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX)
analyses of CsPbCl; nanowires with periodic fracture defects
were performed, and the results are shown in Figures S2 and
S3 (see the Supporting Information). As can be seen, 2D
elemental maps and elemental profile line scans reveal that
these horizontally guided nanowires show a uniform
distribution of Cs, Pb, and Cl elements along the wires with
composition fluctuation at the hole positions (Figure S2, see
the Supporting Information). The EDX spectra from 10
positions of the wire are shown in Figure S3 (see the
Supporting Information), and the corresponding atomic ratio
of Cs, Pb, and Cl is close to (1:1:3), suggesting a pure CsPbCl,
nanowire with periodic fracture defects on the wire. Fourth,
when the sources were switched by a magnetic-pulling CVD
system (see details in the Materials Preparation section), the
Cl™ ions can be exchanged precisely by the I” ions at the
periodic fractured defects (Figures 1bs and S4, see the
Supporting Information) and completely replaced and
eventually formed the periodic CsPbCl;—CsPbl; heterojunc-
tions (Figure lagbg). It is worth noting that the CsPbl,
component was preferentially nucleated at the locations of
the fractured defects (the positions of hole array) in the
CsPbCl; nanowires, where the crystal binding energy in the
formation of the nanowire is relatively lower.”*”® Last, the
horizontally guided CsPbCl;/CsPbl; periodic nanowire super-
lattices were obtained on the M-plane sapphire, as shown in
Figure lagbg This schematic diagram showing the proposed
growth process indicates that the CsPbl; phase nucleated
preferentially and grew on the positions of periodic fracture
defects of CsPbCly nanowires (rather than the M-sapphire
substrate or the body of the CsPbCl; wire) to produce
nanowire superlattices with periodic heterojunctions along the
wires through a vapor—solid mechanism. Meanwhile, the
optical photographs of wafer-scale sapphire substrates before
and after the growth of CsPbCl;/CsPbl; periodic hetero-
structure nanowires are shown in Figure S$, It is noted that the
substrate has colored stripes after being punched by the
lithography process, which may be caused by the light
dispersion on a patterned sapphire substrate.

Figure 1c,d shows the top and side view SEM images of the
M-plane sapphire with the /3 ym spacing periodic hole array,
respectively, as indicated by the green dot array in Figure 1la,.
SEM images reveal that the hole array exhibits an upper and
lower aperture of about 500 and 150 nm and a depth of about
350 nm (Figure lc,d), respectively. Figure le,f exhibits low-
and high-resolution SEM images of the sapphire after
annealing, as indicated in Figure la; (purple dotted rectangle),
from which hole arrays with “line-shaped” grooves are clearly
exhibited. After that, the catalyst arrays are printed on the
surface of the annealed M-plane sapphire substrates. The
artificially constructed M-plane sapphire substrate with “line-
shaped” grooves and hole array is a good candidate for the
growth of horizontally guided perovskite heterojunction
nanowires. Figure 1gh shows low- and high-resolution SEM
images of the as-grown periodic perovskite nanowire super-
lattice arrays grown on the annealed M-plane sapphire surfaces
with grooves. In contrast, no aligned nanowires are observed
for unannealed M-plane sapphire surfaces without grooves,
indicating that the “line-shaped” grooves on the sapphire
substrate play a key role in the alignment of nanowires. The as-
fabricated CsPbCl;/CsPbl; periodic heterostructure nanowires
are self-aligned along the grooves with the +1210,,0;
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Figure 2. Compositional and structural characterization of a typical periodic nanowire superlattice. (a) Enlarged top view SEM image of
some typical CsPbCl;/CsPbl; periodic nanowire superlattices horizontally guided grown on a prefabricated M-plane sapphire substrate.
Inset: schematic diagram of the atomic structure of CsPbCl,/CsPbl, periodic nanowire superlattices. (b) SEM image and 2D EDX elemental
mappings of a single periodic nanowire superlattice. (c,d) Typical HAADF-STEM image and elemental profile line scan of the nanowire
[dotted line as shown in (c)]. (e,f) Low-resolution TEM images and corresponding structural schematic diagram (g) of a typical periodic
superstructure nanowire. (h—j) HR-TEM images of three typical positions along a single periodic nanowire superlattice.
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Figure 3. Room-temperature optical characterization of periodic perovskite nanowire superlattices. (a) Schematic illustration of the energy
band diagrams of CsPbCl; and CsPbl; under light illumination. (b) Schematic diagram showing the energy band offsets at heterojunctions
of CsPbCl,/CsPbl, periodic perovskite nanowire superlattices. (c) Schematic drawing of nanowires with two different spacings [\/3 pm type
(i) and 1 pm type (ii)] between adjacent heterojunctions along “line-shaped” grooves. (d, e) Low- and high-resolution optical photographs
of the nanowire superlattices on a M-plane sapphire. The enlarged section (e) of the optical image in (d) shows five periodic
heterojunctions. (f—i) PL mapping and corresponding spectra of the selected periodic nanowire superlattices (as indicated in (e)). The
scanning wavelength ranges are 699—703 and 413—417 nm, respectively. (j) Optical image of representative perovskite periodic nanowire
superlattices. (k) Optical images and dark-field emission images (P,—P;,) of a typical periodic perovskite nanowire superlattice under
focused laser illumination. (1) Corresponding y-PL spectra (P,—P,;) as indicated in (k).
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directions (Figure 1g). These nanowires have a length of 20—
S50 pm, a diameter ranging from 100 to 500 nm, and a

heterojunction spacing of /3 um, which are horizontally
guided grown on the prefabricated M-plane sapphire substrate
(pink rectangle, as indicated in Figure lag).

Based on the precisely controlled nanowire superlattices,
composition and structural characterizations were systemati-
cally performed in Figure 2. A close-up SEM image and a
schematic atomic structure (inset image) of typical periodic
CsPbCl;/CsPbl; nanowire superlattices are shown in Figure
2a, respectively, in which two distinct regions (CsPbCl;, blue
region and CsPbl,, red region in the inset image of Figure 2a)
can be obtained clearly with different components. It is
observed that these nanowires have periodic heterojunctions
along a single wire. Moreover, a catalyst is located at the wire’s
tip, indicating a V—L—S growth mechanism of the nanowires.
A high-resolution SEM image and two-dimensional (2D)
elemental mappings for the five detected elements (Cs, Pb, Cl,
I, and Sn) are shown in Figure 2b, suggesting a uniform
distribution of the Cs and Pb elements along the wire.
Meanwhile, CI and I appear to be periodically changed and
complementary to each other along the whole wire body.
Figure 2c,d shows the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image and
line scans of elemental profiles along the length of a typical
wire (dotted line, as indicated in 2c). The I and Cl
concentrations show abrupt periodic and complementary
trends along the length direction of the wire (red and blue
lines in Figure 2d). The EDX spectra from six typical positions
(points 1—6, as indicated in Figure S6, see the Supporting
Information) show that Cs, Pb, Cl, and I are mainly present in
the nanowire, and the atomic ratio of Cs, Pb, and (Cl or I) is
close to 1:1:3 with negligible Sn in the wires. These elemental
analyses, combined with the line scanning elemental profiles,
confirm that these wires are indeed CsPbCl;/CsPbl,
heterostructure nanowires with periodic CsPbCl;—CsPbl,
crystal units along the entire wires and illustrate the formation
of near-perfect abrupt heterointerfaces at the junctions.

Detailed microstructural properties and the crystallinity of
the synthesized periodic CsPbCl;/CsPbl; nanowire super-
lattices were investigated by transmission electron microscopy
(TEM). Figure 2e shows a low-resolution TEM image of a
representative CsPbCl;/CsPbl; nanowire, which was picked
out from the sapphire substrate by three-dimensional (3D)
mechanical arms (details are shown in Figure S7, see the
Supporting Information). Figure 2f shows the enlarged TEM
image (indicted by a green square in Figure 2e) of the selected
wire, indicating a uniform diameter of about 320 nm.
Structural schematic diagram of a typical periodic super-
structure nanowire is shown in Figure 2g, which exhibits the
periodic structures along the axial direction and the catalyst on
the tip of the nanowire. Figure 2h—j shows the high-resolution
TEM (HR-TEM) images taken from three typical positions
along a heterojunction of a CsPbCl;/CsPbl; nanowire
superlattice (see “[]”, “A”, and “O” in Figure 2f), which
exhibit a high-quality single-crystalline nanostructure without
significant crystalline defects. The measured (110) lattice
spacing in the orthorhombic phase CsPbl; region is 0.891 nm
(Figure 2h). The 0.397 nm spacing in Figure 2j consisted of
the (110) lattice spacing of orthorhombic CsPbCl;.”* Figure 2i
clearly shows a well-defined heterointerface (shown with the
orange line), where the CsPbCl; and CsPbl; parts maintain
their respective single-crystalline structures. These results

demonstrate that high-quality CsPbCl;/CsPbl; periodic nano-
wire superlattices can be synthesized successfully with
relatively abrupt interfaces.

It is worth noting that the M-plane sapphire with artificially
prepared hole array and “line-shaped” grooves is key for
constructing CsPbCl;/CsPbl; periodic perovskite nanowire
superlattices. In order to illustrate the important role of the
hole array on the substrate, growths on Si/SiO, and M-plane
sapphire substrates are compared. Figure S8 (see the
Supporting Information) shows the SEM images and elemental
investigations of the perovskite heterostructure wires grown on
a Si/SiO, substrate. It can be seen that CsPbCl;/CsPbl,
perovskite nanowires with random heterojunctions are
fabricated on the substrate. Optical characterization results of
these perovskite CsPbCl;/CsPbl; heterojunction nanowires
are shown in Figure S9 (see the Supporting Information),
which reveal that these wires have random multiple
heterojunctions along the growth direction, in good agreement
with the structural characterization results. Figure S10 (see the
Supporting Information) shows the schematic of fabricated
processes and SEM images of the CsPbCl;/CsPbl; multi-
heterojunction perovskite nanowire array grown on an
annealed M-plane sapphire substrate, which has “line-shaped”
grooves on the surface but without hole array. Optical
investigations of the nanowire array (Figure S11, see the
Supporting Information) further suggest that the wires are
grown along the same directions with two emission peaks at
the random heterojunctions. However, the locations of the
heterojunctions cannot be controlled on the wires without the
assistance of the “hole array” on the substrate. Moreover, the
size of these nanoscale holes also plays a key role in the
fabrication of the periodic nanowire superlattices. Figure S12
compares perovskite heterostructure nanowires grown on M-
plane sapphire with different hole sizes. It can be seen that
nanowires are grown randomly and disordered on the M-plane
sapphire with bigger hole (d > 650 nm) size array (Figure
S12a—d, see the Supporting Information), while the wires are
horizontally guided growing along the “line-shaped” grooves
on the M-plane sapphire with a smaller hole (d < 600 nm) size
array (Figure S12e—h, see the Supporting Information). The
growth direction of the disordered nanowires (Figure S12d,
see the Supporting Information) is not along the “line-shaped”
grooves as shown in Figure S13, which is different from the
guided-grown nanowires in Figure S12h (see the Supporting
Information). This is because the size of nanoscale holes is
much bigger in Figure S12d than in Figure S12h (see the
Supporting Information), so the catalysts will fall into the
nearby holes (white dotted circle in insets, as indicated in
Figure S13a,b, see the Supporting Information) next to the
“line-shaped” grooves in the V—L—S growth process. There-
fore, the nanowires grow randomly on the M-plane sapphire, as
shown in Figures S12d and S13 (see the Supporting
Information), respectively. Furthermore, M-plane sapphire
substrates with a bigger hole array were annealed at various
temperatures and annealing times and used to synthesize
perovskite heterojunction nanowires (Figure S14, see the
Supporting Information). Nanowires grown on these different
sapphire substrates exhibit disordered growth directions,
indicating that the annealing conditions have no obvious
effect on the ordered growth of nanowires.

Figure 3a,b shows the schematic band diagrams for CsPbCl;
(2.98 eV) and CsPbl; (1.79 eV) and the band alignments at
the CsPbCl;/CsPbl; periodic nanowire superlattices, respec-
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Figure 4. Optoelectronic characterization of CsPbCl,/CsPbl, periodic nanowire superlattice photodetectors. (a) Schematic diagram of a
photodetector based on perovskite nanowire superlattices. (b) SEM image of the device based on these nanowire superlattices. (c) Typical
SEM image of a photodetector based on a single periodic perovskite superlattice. (d) I-V curves of photodetectors under illumination with
lights at different wavelengths (17.63 mW/cm?) or in the dark. (e) I-V curves of devices based on the CsPbCl;/CsPbl; periodic nanowire
superlattice and pure CsPbCl, nanowire under 405 nm laser illumination and in the dark. (f) Pumping power-dependent I-V curves under
405 nm laser illumination. (g) Light intensity-dependent photocurrent at a voltage of S V. (h) Light intensity-dependent responsivity (red
dots line) and detectivity (black dots line) of the device based on periodic nanowire superlattices under 405 nm illumination at a bias of 5 V.
(i) Comparison of the responsivity and detectivity of the perovskite nanowire devices from this work with values reported in the literature.
Detailed performance parameters are shown in Table S1 in the Supporting Information. (j) Pumping power density-dependent I-T
measurements with 405 nm laser illumination under 5 V bias. (k) Response time (rise and decay time) of a nanowire superlattice
photodetector under 405 nm laser illumination.

tively. As can be seen, CsPbCl;/CsPbl; nanowire superlattices
exhibit a type-II semiconductor band offset at the CsPbCl;—

about 1 um and +/3 um, respectively. The preparation of
sapphire substrates with a hole spacing of 1 ym and /3 pm

CsPbl; interface. Figure 3c shows two schematic periodic
nanowire superlattice models with various CsPbCl; segments
(segment length: 1 pum and /3 pm). The two types of
heterostructure nanowires are fabricated on different sub-
strates, which have a corresponding heterojunction spacing of

along the “line-shaped” grooves is illustrated in Figure S15 (see
the Supporting Information). When the nanowires were
growing through the hole array along the “line-shaped”
grooves, two types of CsPbCl;/CsPbl; nanowire superlattices

with CsPbCl; segments of about 1 pm and /3 um were
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fabricated, as shown in Figure S16 (see the Supporting
Information) and Figure 1, respectively. SEM images and EDX
profiles (Figure S17, see the Supporting Information) of a
typical CsPbCl;/CsPbl; nanowire superlattice with CsPbCly
segments of 1 ym were also investigated. The results indicate
periodic perovskite nanowire superlattices on the M-plane
sapphire substrate, which agree well with the proposed growth
mechanism in Figure 1. In addition, more details of the
intermediate state of the growth process for CsPbCl;/CsPbl,
nanowire superlattices are shown in Figure S18 (see the
Supporting Information), which show the SEM images and
EDX profiles of a pure CsPbCl; nanowire with periodic defects
(fracture defects with 1 pm spacing) along the wire length.
After that, CsPbl; nucleation was formed at the periodic
defects of the CsPbCl; wires to produce periodic CsPbCl;—
CsPbl; heterojunction interfaces at the positions of nanoscale
holes.

To further probe the spatial structures of these wires, u-PL
spectra and 2D PL mapping of representative periodic

perovskite nanowire superlattices with /3 pm CsPbCl,
segments are performed using a confocal microscopic system
(Figure S19, see the Supporting Information), and results are
shown in Figure 3d—l. Figure 3d,e shows an optical
photograph and an enlarged segment (red dotted square in
part 3d) of a typical wire. These images clearly depict a
“bamboo-like” structure with CsPbl; heterojunctions at the
hole positions. 2D PL maps (Figure 3fh) and their
corresponding PL spectra (see Figure 3gi) of the typical
wire further demonstrate that two emission bands, blue (413—
417 nm) and red (699—703 nm), appear periodically along a
single nanowire. It is worth noting in the enlarged photograph
that the five CsPbCl;/CsPbl; heterojunctions are located at
the same positions as the as-prepared nanoscale holes. This
observation is in good agreement with the structural
characterization results (Figure 2) and optical observations
(Figure 3j). A series of y-PL spectra and corresponding dark-
field emission images were obtained from 11 representative
positions along a single nanowire superlattice (P;—P;; in
Figure 3k). Dual-color emissions with peaks centered at 692
and 415 nm (Figure 31) are shown at the heterojunctions (P5,
P, P,, Py, Py, and Py;), which agree well with the reported
bandgap of CsPbCl; (2.98 eV) and CsPbl; (1.79 eV),
accordingly.”*™”® The two emission peaks appear at the
CsPbl; segments because the laser spot is bigger than the
CsPbl; size. On the other hand, a single emission peak
centered at 415 nm is obtained from CsPbCl; segments (P,,
P, P, and Pyy). It is worth noting that no obvious defect-state-
related emission is identified across the entire wire, which
indicates a high-quality CsPbCl;/CsPbl; periodic hetero-
structure nanowire, in good agreement with the TEM
observations in Figure 2h—j. Furthermore, the optical
properties of the CsPbCl;/CsPbl; perovskite nanowire super-
lattices with 1 um periodic junction spacing are also shown in
Figures $20 and S21 (see the Supporting Information). 2D PL
mapping and PL spectra of the wires also indicate excellent
periodic nanowire superlattices with abrupt heterojunctions.
These unique periodic perovskite superlattices may offer an
exciting material platform for multifunctional devices and
circuits.

The above discussions clearly demonstrate the successful
realization of CsPbCl;/CsPbl; periodic perovskite nanowire
superlattice arrays. To demonstrate their potential applications,
photodetectors based on these perovskite superstructures were

fabricated on an M-plane sapphire substrate, and their
optoelectronic properties were systematically studied. Figure
4a shows a schematic diagram of a photodetector fabricated by
using an individual CsPbCl;/CsPbl; periodic nanowire
superlattice. The corresponding SEM images of the device
arrays are shown in Figure 4b, in which the Cr/Au (50 nm/80
nm) electrodes with a gap of 10 ym are thermally deposited on
both ends of the wires. Figure 4c shows a close-up SEM image
of a typical photodetector, in which periodic heterojunctions
and hole arrays can be clearly observed. A photodetector based
on a single CsPbCl; nanowire with the same size as the
periodic superstructures (length = 11 ym and diameter = 380
nm) was also constructed and investigated for comparison, as
shown in Figure S22 (see the Supporting Information).

The current—voltage (I,;,—Vy,) characteristics of the photo-
detectors based on periodic nanowire superlattices exposed to
light of different wavelengths (POpt = 17.63 mW/cm? 1 = 405,
532, and 650 nm) (Iph = Iigpe — I4,) or under dark conditions
are shown in Figure 4d. The conductance of the perovskite
superstructures is very small in dark condition (only ~107"*
A), while a high current of 1.18 X 107 A is recorded at an
applied voltage of 8 V under a 405 nm laser at a power
intensity of 17.63 mW/cm® The photocurrent increases
dramatically by 4 orders of magnitude from 1.14 X 107> A
to 1.18 X 107% A, 1.40 X 107 A, and 1.67 X 10~ A when
illuminated with different light (405, 532, and 650 nm) at a
power intensity of P, = 17.63 mW/ cm?, which indicates a
high sensitivity of the photodetectors. Figure 4e compares the
results of the photocurrent photodetectors fabricated from
CsPbCl;/CsPbl; periodic nanowire superlattices and pure
CsPbCl; nanowires in the dark and under 405 nm light
illumination with a power density of 17.63 mW/cm? The
photocurrent response of the photodetector based on the
periodic nanowire superlattices (red line) is about 10 times
higher than that based on the pure CsPbCl; nanowire (blue
line). The power density dependence of the photoresponse of
the photodetectors based on periodic nanowire superlattices
under 405 nm laser illumination is shown in Figure 4f. As can
be seen, the photocurrent of the photodetector increases
gradually with the light power density and reaches the values
>107% A at a power density of 17.63 mW/cm” Compared with
the dark current (1072 A) and photocurrent of photodetectors
based on pure CsPbCl; wires (1.11 nA, Figure S22, see the
Supporting Information), the photocurrent increases by more
than 4 orders and 1 order of magnitude, respectively. These
results suggest that the photodetectors based on the periodic
nanowire superlattices have a much larger photocurrent and,
thus, a higher sensitivity. By fitting the relationship between I,
and P, with the power law (Ip}1 [0S Poptk, k represents the
correlation coefficient), k is evaluated as 0.78. Notably, this
sublinear relationship between photocurrent and light intensity
is observed in other nanowire-based photodetectors, which
originates from the complex processes of electron—hole
generation, trapping, and recombination in nanowires."*’

The photoresponsivity (R) and detectivity (D*) are two
other important parameters to assess the performance of
photodetectors. Figure 4h shows the light intensity dependent
R and D* of the photodetectors based on the periodic
nanowire superlattices, which can be calculated by the
equations as follows

https://doi.org/10.1021/acsnano.4c05205
ACS Nano 2024, 18, 18022—-18035


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05205/suppl_file/nn4c05205_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org

Figure S. Image sensing application of the CsPbCl,/CsPbl; periodic nanowire superlattices. (a) Schematic diagram of the photodetector
imaging scanning system. (b,c) Corresponding two-dimensional photocurrent mapping of the images of “TYUT” and “Dolphin” under 405
nm laser illumination, respectively. Time-dependent current curves of “TYUT” (d) and “Dolphin” (e) under 405 nm laser scans along the Y
direction with different X pixel points. The numbers on the right side denote the pixel sequences in the X direction.

R L, where L, is the difference betheen the photocurrent and dark
B, A W gurre.nt, .Popt = 2.11 mW/ cm” is the incident light power
ensity illuminated at the periodic superstructures, A is an

effective irradiated area on the device, and e is the electronic

A charge. Both R and D* increase dramatically with a decrease in

D" =R the light intensity. The periodic photodetector based on the
2elgark () nanowire superlattices shows a responsivity of about 49 A/W.
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At the same time, the corresponding D* is about 1.51 X 10"
Jones under 405 nm laser illumination with a light intensity of
2.11 mW/cm? Impressively, R and D* values of the
photodetectors based on periodic nanowire superlattices are
much higher than that based on pure CsPbCl; wires (1.89 A/
W and 3.98 X 10" Jones). The performances of photo-
detectors based on most perovskite structures reported to date
are shown in Figure 4i and Table S1 (see the Supporting
Information).

The external quantum efficiency (EQE), which is the
number of electron—hole pairs produced by one absorbed
photon,®’ is a critical parameter for photodetectors and can be
expressed as

heR

= ©

Thus, for the obtained R of 49 A/W, the corresponding
calculated EQE is 1.5 X 10%% for photodetectors based on the
periodic superstructure, and the light intensity-dependent EQE
characteristics of the photodetectors based on the periodic
nanowire superlattices is shown in Figure S23. These measured
values for the nanowire superlattices-based devices are much
higher than those for the CsPbCl;-based photodetector (1.89
A/W and 5.78 X 10°%), as well as pure CsPbCly photo-
detectors reported in the literature studies.””® The time
response of a photodetector based on the periodic nanowire
superlattices with different light power intensities is shown in
Figure 4j, which is investigated by periodically turning a 405
nm laser on and off under S V bias. The detector exhibits a
high Ion/Iogr ratio (10%), good stability, and reproducibility
with rise and decay times of about 13 and 16 ms (Figure 4k),
respectively, which are faster than those of the pure CsPbCl,
device (30 and 33 ms) in this work (Figure S23, see the
Supporting Information) and those reported from previous
studies.*™

According to the above results, all performance parameters
for photodetectors based on our CsPbCl;/CsPbl; periodic
nanowire superlattices are superior to those of pure CsPbCly
nanowires. Moreover, photodetectors made from periodic
nanowire superlattices also have a much broader light
wavelength response in comparison to those made from pure
CsPbCl;. When a photodetector is excited by photons with
energy higher than the bandgap, the photogenerated carriers
will be directly transferred to form a photocurrent under
external bias. Thus, a detector based on CsPbCl;/CsPbl;,
nanowire superlattices not only produces photogenerated
current when the photon energy E is higher than the
bandgap of CsPbCl; (>2.98 eV) but also have a photoresponse
when the photon energy is lower than CsPbCl; but higher than
CsPbl, (1.79 < E,, < 2.98 eV) (Figure 4d). On the other hand,
under illumination with photon energy higher than the
CsPbCl; bandgap, the radiative electron—hole pair recombi-
nation in the device unless photon-generated carriers with
energy close to the bandgap energy are emitted. This loss of
radiative energy will directly lead to the low photoelectric
detection efficiency of the device (Figure S22f, Supporting
Information). As illustrated in Figure S24 (see the Supporting
Information), the radiative photon energy from CsPbCl; is
higher than the bandgap of CsPbl; and hence can be
reabsorbed by CsPbl; on both sides and induces additional
photocarriers. Consequently, the radiative energy loss is
reduced during the light transmission process. Due to the
multiple heterojunction interfaces along the axial direction of

CsPbCl;/CsPbl; periodic nanowire superlattices, this inter-
mediately radiative reabsorption process (interenergy-transfer
process) is greatly magnified. This interenergy-transfer process
plays a key role for the high-performance photodetectors. It
leads to the observed much enhanced photocurrent and
responsivity in detectors based on the periodic nanowire
superlattices compared to the pure CsPbCl; wires. Therefore,
it is worth pointing out that such periodic nanowire
superlattices are crucial for the improvement of photo-
electronic properties of perovskite materials to extend their
potential applications in optoelectronic devices.

In consideration of the high photosensitivity in the visible
light region, the CsPbCl;/CsPbl; periodic nanowire super-
lattice photodetectors hold good potential for image sensing
applications. The schematic diagram of imaging principle is
illustrated in Figure Sa. The shaped hollowed mask was placed
between the light source (a 405 nm laser beam) and the
device, and then the light beam could pass through the
hollowed-out pattern and shed on the periodic nanowire
superlattice photodetector. The image mask was moved and
controlled by a two-dimensional (X—Y) step-motor platform in
which the spatially resolved real-time response of the devices
was recorded by a computer connected with a semiconductor
analyzer. At last, high-resolution spatial images of both
“TYUT” and “Dolphin” are being imaged as shown in Figure
Sb,c. 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 “TYUT” and “Dolphin” are
displayed in Figure Sd,e, respectively. These impressive results
demonstrate promising imaging applications of CsPbCly/
CsPbl; periodic nanowire superlattice photodetectors.

CONCLUSIONS

In summary, a feasible synthesis approach is presented for the
site-controlled growth of CsPbCl;/CsPbl; periodic perovskite
nanowire superlattices based on the combination of horizon-
tally guided vapor—liquid—solid growth via a modified
magnetic-pulling source-moving CVD method. Structural
characterization clearly reveals that the as-grown perovskite
nanowires have periodic CsPbCl;—CsPbl; heterojunctions
along a single wire with abrupt interfaces. 2D PL mapping
and optical spectra along the nanowires further indicate
periodic dual-wavelength emissions of 415 and 692 nm at
every heterojunction, suggesting that these emission bands are
spatially separated periodically along a single perovskite
nanowire. Moreover, photodetectors based on these unique
periodic superstructures show superior detection performance
over the traditional pure CsPbCl; photodetectors, including a
high Ion/Iogr ratio (10%) and high responsivity (49 A/W), as
well as high detectivity (1.51 X 10" Jones). Ultimately, a high-
resolution visible image sensor based on the CsPbCl;—CsPbl;
periodic nanowire superlattice photodetector as a single pixel
has been demonstrated to identify its good imaging capability.
Additionally, this proposed approach is not limited to the
CsPbCl;/CsPbl; system; in principle, different periodic
nanowire superlattices can be synthesized by changing the
compositions. Forming such horizontally aligned periodic
perovskite superstructures with well-defined artificial hetero-
junctions and impressive features can provide exciting
opportunities for creating a scalable fabrication of high-
performance electronic and optoelectronic devices.
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EXPERIMENTAL SECTION

Substrate Preparation. Si/SiO, substrates were cleaned by an
ultrasonic bath in acetone, isopropyl alcohol, and distilled H,O for 20
min, sequentially, and then cut into square pieces (2 cm X 1 cm) for
use. 2 in. M-plane sapphire wafers were washed by an ultrasonic
machine for 10 min in acetone, isopropyl alcohol, and distilled H,O
and blown dry by nitrogen. After that, hole arrays on the M-plane
sapphire were obtained via the photolithography process. Before
being annealed, the M-plane sapphire substrates were cleaned in
acetone and isopropyl alcohol for 10 min. Then, the substrates were
annealed in a high-temperature furnace (KRX-17B) at 1700 °C for 10
h. Last, the furnace was cooled, and the M-plane sapphire with “line-
shaped” grooves and hole array was obtained.

Materials Preparation. Periodic perovskite nanowire super-
lattices were grown via a magnetic-pulling source-moving CVD
strategy. A horizontal furnace (OTF-1200X) with a quartz tube (inner
diameter: 45 mm and length: 180 cm) was used to grow the materials.
Two quartz boats with PbCl,/CsCl and Pbl,/Csl (Alfa Aesar,
99.99%, mole ratio = 1:2) powder separated by two quartz rods were
placed in the center and upstream of the heating zone, respectively.
The M-plane sapphire (2 in., thickness 430 ym) was placed at the
deposition area to collect the products. Tin catalyst arrays were
printed on the surface of the sapphire substrate by a mask. Before the
growth, N, gas (150 sccm) was continually pumped into the quartz
tube to remove residual oxygen. Then, N, gas flow (60 sccm) and H,
gas flow (10 sccm) were introduced into the chamber, and the
pressure was controlled at S Torr during the entire experiment. The
temperature of the furnace was controlled, as shown in Figure S1 (see
the Supporting Information). It is important that the right zone (Zone
2) was first ramped up to 380 °C at a rate of 25 °C/min before
growth, in which the sapphire substrates were located. Then, the
temperature in the left zone (Zone 1) was ramped up to 470 °C at a
rate of 25 °C/min. After 60 min, the temperature of the two zones
was reduced to 420 and 320 °C at a rate of 10 °C/min for the
nucleation and growth of CsPbl;. At this time, changing the source of
the drug, specifically, the second quartz boat with PbI,/CsI powder
was pushed to the center of the left zone at a constant speed (20 cm/
min) by a stepper motor, and the first quartz boat with PbCl,/CsCl
was pushed out of the heating zone. The temperature of two zone was
maintained at 420 and 320 °C for 60 min, respectively. And then, the
furnace was cooled down naturally. Notably, the growth temperature
of CsPbCl; is a little higher than that of CsPbl;, so thermal
degradation of CsPbCl; is avoided during the growth of CsPbl,
nanowires.

Materials Characterization. The morphologies of prefabricated
M-plane sapphire substrate and perovskite structures were inves-
tigated via SEM (Hitachi SU-8010, Japan) with energy-dispersive
EDX capability at an accelerating voltage of 6.0 kV and TEM (JEM-
F200). The nanowires were transferred from the primary substrate to
copper grids by 3D mechanical arms with homemade fiber probes, as
schematically shown in Figure S7 (see the Supporting Information).
Optical characteristics were studied with a confocal optical system. PL
spectra were recorded by an Ocean Optics Spectrometer
(MayaPro2000) with laser beams (375 and 488 nm) focused to 1.5
um by a microscope (Nikon, X 100) and locally excited the
heterostructures. In particular, in order to avoid the effect of high
energy photons (375 nm) on the optical characterization of CsPbl;,
the red emission of optical mapping was performed by a 488 nm laser,
and the blue emission of optical mapping was performed with a 375
nm laser.

Device Fabrication and Characterization. Cr/Au (50 nm/80
nm) layers were defined as source and drain-patterned electrodes on
nanowire photodetectors by a thermal evaporation process with a
shadow mask (a channel length of 10 ym). Device measurements of
these CsPbCl;/CsPbl; periodic nanowire superlattices and pure
CsPbCl; nanowire-based detectors were performed on the probe
station with a semiconductor parameter analyzer system (Keithley
2450). The photocurrent was obtained when the device operated
under illumination (40S, 532, and 650 nm). The current—voltage

(Iph—Vds) characteristics sweep from 0 to 8 V under 405 nm
illumination. The current—time (I,,—T) characteristics response at 10
s intervals under 405 nm illumination when Vg = S V. The
illumination power density was adjusted by adding attenuating lenses
(OMMB-NDFC5020), and the light power density was calibrated by
a power meter (CNI-Laser-TP100). The movement of the image
pattern mask is controlled by a stepper motor (Zolix-SC300).
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