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(MA), and formamidinium (FA), have been synthesized via a
new type solution method with nearly 100% yield. All of the

three millimeter scale perovskite wires (MPWs) compositions 'Z'.':@}.:"‘-?O o mmk;{i a‘jff e 87
exhibit relatively high quality, and CsPbl; is proven to be BTSN — 3 ,f;»' «! g
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monocrystalline along its entire length. Furthermore, the growth
thermodynamics of the APbI; MPWs with respect to A-site
cation effect were studied thoroughly by various characterization
techniques. Finally, single MPW photodetectors have been
fabricated utilizing the APbl; MPWs for studying the photoconductive properties, which show different sensitivities under
illumination. This systematic synthesis method of solution-processed APbI; (Cs, MA, and FA) MPWs reveals a wide spectrum of
additives with different coordination capability that mediates perovskite materials growth. It proved to serve as a new parameter
that further aids in the rational process of the polycrystalline organic/inorganic hybrids materials. These MPWs also have the
potential to open up new opportunities for integrated nanoelectronics ranging from the nanometer through millimeter length
scales.
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B INTRODUCTION

Organic—inorganic hybrid perovskites have attracted tremen-
dous research efforts in recent years due to their unique optical
and electronic properties. The extremely low fabrication costs

fundamental material properties and operational mechanisms of
the devices. However, exploration of the different forms of
perovskite semiconductors beyond the widely used polycrystal-
line thin films is crucial to further exploit their exceptional

and rapid advancement in power conversion efliciency from
3.8% to a certified 22.1%'~ in merely couple of years makes
hybrid perovskite solar cell a promising and competitive
photovoltaic technology. In addition to photovoltaic, its
exquisite optoelectronic properties, such as low recombination
rates, long diffusion lengths, and a high defect tolerance, render
perovskites attractive materials for other technologies’ such as
field effect transistors," " light-emitting diodes,'%™"? lasers, and
photodetectors."”'* Recent progress in perovskite-based
optoelectronic devices has been realized by a delicate control
of materials growth, as well as a deep understanding of the
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properties and realize the applications arising from nano-
structured and macroscopic single crystals.

Due to the appeal of the high aspect ratio of one-dimensional
(1D) materials, perovskite wires pose additional attractions that
differ from the zero-dimensional nanocrystals,15 two-dimen-
sional nanosheets,'® and three-dimensional single crystals.'”

One of the most attractive applications for perovskite wires is a
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Figure 1. Optical and SEM images of MPWs without the thermal treatment: (A) optical image; (B) SEM image; (C) high-resolution SEM image;
(D) elemental mapping of CsPbl; MPWs; (E—H) images of MAPbl; MPWs; (I-L) images of FAPbl; MPWs correspondingly.
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miniaturized laser, which is a result of the improved carrier

diffusion along the wires. In fact, Jin et al.”* have demonstrated
lead halide perovskite wires lasers with low lasing thresholds
and high quality factors. Furthermore, they identified
morphological effects on carrier diffusion and the laser mode,
with a Fabry—Pérot cavity in the wires”>~>> and a whispering
gallery mode in nanoplates.”*>* Other unique characteristics of
perovskite wires, such as high charge carrier mobility and broad
tunable absorption bands, enable their expansion to photo-
detector applications. Photodetectors that detect light by
converting optical signals into electrical current find numerous
applications in light detection,”” optical communication,*’
imaging,” and so on. Earlier studies have demonstrated that
perovskite-based detectors yield high sensitivity, detectivity,
speeds, and a broad spectral photoresponse.®” As of now, the
majority of perovskite photodetectors have been based on
perovskite single crystals and polycrystalline films,” whereas
miniaturized photodetectors based on wires have rarely been
reported. The potential application of perovskite materials in
miniaturized optoelectronic devices, such as microcircuits,
miniaturized sensors, trace detection, and so on, highlights
the importance of developing systematic synthesis methods and
establishing a fundamental understanding of the composition—
property relationships of the perovskite wires.

In an attempt to obtain perovskite wires, a variety of
synthetic methods have been studied that include two-step

solution immersion,*’ thermolysis,34 and chemical vapor
deposition.”> However, research efforts based on these methods
are limited to the synthesis of one or two types of perovskite
wires (e.g., MAPbI; wires) rather than widely applicable to a
range of perovskite compositions. A-site substitution in ABX;
perovskite materials is crucial to create perovskites with distinct
properties due to the altered crystal structure and electronic
configuration.’**” The research efforts to understand the A-site
cation effect in perovskite materials were mainly subjected to
polycrystalline film and nanocrystals, and identified different
phase/thermal stability, optoelectronic property, and photo-
stability.”*~** Very recently, mixed A-site cation perovskite film
was found in single-junction and multijunction solar cells due
to the substantially improved stability and device performance
compared with that of its counterpart.”** Additionally, mixed
Cs/formamidinium (FA) nanocrystals were proven to exhibit a
ultrahigh photoluminescence (PL) quantum efficiency and a
perfect stability.*> With respect to low-dimensional perovskite
wires, there is no report that systematically studied the A-site
effect in ABX; perovskite wires in the context of both growth
thermodynamics and photoelectric properties.

In this work, a new type of solvent-mediated method was
developed for preparing highly uniform and millimeter-scale
APbI; (A = methylammonium (MA), FA, and Cs) perovskite
wires (MPWs). The synthesis of ultralong MPWs involves the
formation of Pb-complex clusters in N,N-dimethyl formamide
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Figure 2. SAED patterns of MPWs. (A—D) CsPbl; MPWs without heat treatment; (E—H) MAPbI; MPWs with heat treatment; (I-L) FAPbI,
MPWs with heat treatment. Red circle in the inserted graph indicates the position on MPWs where SAED was performed.

(DMF), followed by intermediate MPWs phase induced by
antisolvent exposure, and finally the MPW formed via proper
thermal treatment. Accordingly, we have successfully synthe-
sized CsPbl;, MAPbL;, and FAPbI; MPWs of millimeter-scale
lengths with a nearly 100% vyield. Interestingly, the typical
CsPbl; MPWs were all found to be single crystals along the
entire wire. The growth process of APbl; MPWs was
monitored via a combination of X-ray diffraction (XRD),
transmission electron microscopy (TEM), thermogravimetric
analysis (TGA), dynamic light scattering (DLS), and differ-
ential scanning calorimetry (DSC), and so on. We further
studied the growth mechanisms of the APbl; MPWs formation
by observing the halide effects. The growth process of APbI;
MPWs is substantially different along the A-site substitution.
Photodetectors based on a single APbL; (A = MA or FA) MPW
showed a good but distinct photoresponse. We elaborately
studied and revealed the differences in the growth mechanism
and thermal, optical, and photoconductive properties of APbI;
with substitutions, which could serve as a new parameter for
organic/inorganic hybrid perovskite polycrystalline and nano-
materials design. These uniform ultralong MPWs may also
serve as an ideal model to study high-performance semi-
conductor nanodevices and obtain a fundamental under-
standing of low-dimensional material properties.

B RESULTS AND DISCUSSION

MPWs Synthesis and Morphology Characterization.
APbL, (A = Cs, MA, and FA) MPWs were synthesized by a
solvent-mediated growth method. In a typical synthesis, the
precursors (AL Pbl,) with a given stoichiometric ratio were

added into a DMF solvent and stirred for 1 h at 70 °C. The
precursor solutions were then cooled to room temperature,
followed by the introduction of a certain amount of toluene
into the solution. The precipitation of ultralong intermediate/
interphase MPWs was obtained via centrifugation, and these
intermediate phases were further transformed into the final
MPWs after the thermal treatment (330 °C for CsPbls, 150 °C
for MAPDI;, and 170 °C for FAPbI;). The morphology and
composition of lead iodide MPWs was characterized by optical
microscopy, scanning electron microscopy (SEM), and energy
dispersive X-ray spectroscopy (EDS). Figure 1A,E,I shows the
images of MPWs under an optical microscope, indicating the
highly uniform and ultralong features of the as-formed MPWs.
Surprisingly, the yield of the MPWs is nearly 100%, without any
coexisting nanoparticles. Almost all of the MPWs are straight
with a narrow diameter distribution. SEM and enlarged SEM
images in Figure 1 provide further information regarding the
dimensions of these MPWs. It is quite interesting that the
lengths of all of the APbI; (Cs, MA, and FA) MPWs reached a
millimeter-scale length (Figure 1A,E,I); however, the diameters
of the MPWs varied dramatically (Figure 1C,G,K). We found
that the diameters for CsPbl; MPWs were the smallest (nearly
300 nm), whereas that of FAPbI, wires were the largest (0.8—6
um), and that of MAPbI; wires (0.5—2 um) was in between.
The dependence of the APbl; diameter on the A-site cation will
be discussed later in the mechanism section. Next, the EDS was
used to investigate the composition of the APbl; MPWs. The
results (Figure S1) demonstrate that the average atomic ratio of
Cs/Pb/I in CsPbl; MPWs was 0.18:0.22:0.60, which is in
accordance with the stoichiometric ratio of the CsPbl; (1:1:3)
solution, taking the associated error of EDS into consideration.
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Figure 3. XRD, Fourier transform infrared (FTIR) characterization, and the corresponding color changes of the APbl, (Cs, MA, and FA) MPWs
before and after thermal treatment. XRD of MPWs before and after 10 min thermal treatments at the specified temperatures for (A) FAPbL;; (B)
MAPbL; (C) CsPbly. (D) XRD of Pbl, + DMF complex prepared under same conditions for comparison. (E) Color changes of APbl; MPWs
before and after thermal treatment. (F) FTIR of APbI, before thermal treatment.

Similarly, the calculated ratios of Pb/I were 0.25:0.75 for
MAPbI; MPWs and 0.27:0.73 for FAPbl; MPWs. This is in
excellent agreement with the stoichiometric ratio (1:3) of Pb/I
in the APbI; precursor. The elemental mapping of the APbI;
MPWs further confirmed that the elemental distribution, such
as Cs, Pb, and I in CsPbl; and Pb and I in MAPbI; and FAPDI,,
was uniform. The absence of the MA signal in MAPbI; and the
FA signal in FAPbI, is ascribed to their low molecular weight.
TEM and selected area electron diffraction (SAED) were
further utilized to characterize the as-obtained MPWs.
Amazingly, the typical CsPbl; MPWs were proven to be
monocrystalline along the entire wire and the MAPbI; and
FAPbI; MPWs possess a continuous and coherent orientation
along the entire wire. Figure 2A—D depicts the SAED analysis
of typical CsPbl; MPWs on an area with a probe diameter of
approximately 300 nm. The pattern reveals the diffraction
characteristics of a single crystal. To prove the entire MPWs are
monocrystalline, SAED was performed on multiple positions
along the entire CsPbl; MPWs, as shown in Figure 2A—D. The
diffraction patterns of four different positions, from head to tail,
all appeared as single distributed spots with identical
orientation and the measured reciprocal spacing was 2.36
nm™’, which confirms the single-crystal nature and consistent
orientation of the entire MPWs. MPWs, especially MAPbI; and
FAPDI;, are fragile under electron of high-resolution TEM, so it
is difficult to get the lattice fringe images to recognize the
orientation directly.

We further examined the preferred orientation of MPWs by
means of the XRD coupled with March—Dollase simulation.
The XRD characterization of MPWs with different treatments
(with or without grinding) was performed under both
reflection and transmission modes. The sample without the
grinding exhibited obvious orientation under the reflection
mode; however, most of them diminished after a fine grinding.
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Furthermore, most of the orientation could be eliminated
completely under the transmission mode. As shown in Figure
S2A,B, the relative peak intensity changed obviously, which
announced the existence of orientation. Because of the
extinction rule of diffraction, some low-index facet that reveal
the orientation could not be observed. March—Dollase
simulation method is utilized to calculate the XRD pattern of
a low-index facet growth orientation (the crystal structure was
downloaded from the existing report).*® The pattern of 100
orientation accords well with the instrument result, which
shows 100 as the possible growth orientation. SAED is another
strong method to identify the orientation. As shown in Figure
S2C,D, the d-spacing of the simulated SAED patterns 0.890,
0.463, and 0.240 nm accorded well with the measured results,
which correspond to (002), (101), and (200) planes. The
simulated and measured result affirm that 100 is the preferred
orientation. MAPbI; and FAPbL; MPWs were also studied in a
similar method, and both of them demonstrated crystalline
characteristics (Figure 2E—L). The diffraction patterns of
MAPDI; and FAPbI; MPWs showed an analogous spot
distribution. The reciprocal spacing of MAPbI; and FAPbI;
was 2.25 and 2.22 nm™}, respectively, but the conspicuous
satellite spot could be observed, this may be induced by an
inherent defect and a high-power electron beam. The same
method was used to identify the orientation of MAPbI; and
FAPbl; MPWs (Figures S3AB and S4A—C). The result
showed that the orientation was probably 001 and 100,
respectively. To the best of our knowledge, this was the first
time that monocrystalline MPWs have been confirmed.
Intermediate Phase Confirmation. To identify the
presence of intermediate phases during MPWs growth, the
XRD measurements were conducted before and after the
thermal treatment. Figure 3A—D depicts the XRD patterns of
the APbl; MPWs before and after the thermal treatment. It was
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found that CsPbl; MPWs with an orthorhombic phase was
formed at room temperature without any additional thermal
treatment. The phase formation at room temperature suggested
a relatively low formation energy for CsPbl;, which was
consistent with previous reports.”” After the thermal treatment
at 330 °C, CsPbl; MPWs underwent a phase transition in their
cubic phase, accompanied by a color change from the original
yellow to black. The MPWs exhibited a phase change from
orthorhombic to cubic at 330 °C, similar to the polycrystalline
films, indicating the CsPbl; phase transformation is independ-
ent of morphology/geometry. TGA (Figure SSA) conducted
for CsPbl; MPWs showed that the sample lost 63.3% of its
weight before reaching 70 °C, which likely corresponds to the
removal of adsorbed solvents such as toluene and weakly bound
DME. Moreover, CsPbl; sample began to sublimate at 470 °C
and was fully volatilized at a temperature of 600 °C. DSC
measurements indicated that a strong negative heat flow
occurred at 322.1 °C, which could be ascribed to the suggested
phase transformation from orthorhombic to cubic.

The growth process for MAPbI; and FAPbI; MPWs are quite
different from that for CsPbl;. As shown in Figure 3F, without
the thermal treatment, both MA- and FA-based MPWs possess
several distinctive peaks at low 20 angles of 7.4, 8.5, and 10.5°
for the MAPDI; system and 7.7, 9.4, and 11.0° for the FAPbI;
system. These low angle peaks can be assigned to a PbI,
complex, where the cation (MA* or FA*) and/or the solvent
(DMEF) is inserted into the Pbl, framework, as the diffraction
pattern shifted to a lower angle when compared with Pbl,. This
is an indication of the lattice expansion induced by the cations
or solvent-induced Pbl, complexes. The room temperature
“product” is hereinafter referred to as an “intermediate”. After
both MA- and FA-based materials were further annealed, the
low angle peaks disappeared from the XRD pattern. The MA-
based products after 150 °C annealing exhibited a set of strong
peaks located at 14.1, 31.9, and 40.7°, corresponding to a
tetragonal MAPDI;. Similarly, the FA-based products after 170
°C treatment also displayed strong peaks located at 13.9, 31.5,
and 40.2°, which correspond to a cubic FAPbI,. This suggests
that the intermediate decomposed and the resulting perovskite
phase was formed. This was also reflected by the color change
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from that of the intermediate to the desired crystal phase.
MAPDI; turned from a pale-white at room temperature to black
at 150 °C, whereas FAPbI; changed from yellow at room
temperature to black at 170 °C. TGA was used to further assist
in showing the formation of Pbl,—methylammonium iodide
(MAI)-DMF and Pbl,—formamidinium iodide (FAI)—DMF
intermediates during MPWs growth (Figure SSB,C). For the
MA-based MPWs, a 53.7% weight loss was observed before 45
°C, which may be ascribed to toluene and weakly bound (or
unbound) DMF molecules. Furthermore, a 5.5% weight loss
between 45 and 70 °C was observed, which may correspond to
a strongly bonded DMF; a 10.2% weight loss between 250 and
300 °C, likely due to MAI volatilization; and finally a 33.4% loss
at 400 °C, which suggests that the residual Pbl, sublimated. On
the basis of this analysis, it can be deduced that the composition
of this intermediate is MAI/PbL,/DMF (1:1:1). The FAPbL,
system showed similar results to those of MAPbI;, suggesting
an intermediate composition of FAI/PbL,/DMF (1:1:0.4)
based on the TGA results (Figure SSC). The DSC measure-
ments of MA-based products (Figure S6B) showed a strong
endothermic peak at 107 °C, which may correspond to the
formation of the MAPbI; phase. When the temperature reached
120 °C, the two additional peak shoulders appeared, potentially
indicating a further phase change from tetragonal to cubic. In
contrast, a sharp endothermic peak at 143.4 °C (Figure S6C)
was observed in the FA-based system, confirming the phase
change from hexagonal to cubic.

FTIR spectroscopy was used to further examine the bonding
nature between DMF and the precursor materials, as shown in
Figure 3F. Interestingly, the CsI—Pbl, precursor exhibited quite
different interactions with DMF compared with the MAI-PbI,
and FAI-PbI, precursors. In CsI—Pbl,, a vibrational stretching
C=O0 peak shifted slightly from 16722 cm™' (pure DMF
solvent) to 1658.7 cm™". The coordination capability between
DMEF and MAI-PbI,/FAI-PbI, precursors existed similarly, as
evident by the C=0 peak shift from 1672.2 to 1645.2 cm™. As
a larger shift of C=O vibration suggested a stronger
coordination between C=0 and the precursors, this indicated
that the coordination between DMF and the CsI—Pbl,
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precursor is weaker than that between the MAI-PbI, and FAI—
Pbl, precursors.

In contrast, Pbl, was also used as a single precursor source to
fabricate wires via the same method. It is quite interesting that
the solvent intercalation could enable Pbl, MPWs formation.
However, the diameters were larger than 10 ym, which was
different from the APDI; series, as shown in the SEM images
(Figure S7). The corresponding XRD analysis is provided in
Figure 3D, where the as-formed rods exhibit a strong peak at
8.3°% indicative of a Pbl, complex. After thermal treatment, the
diffraction peak from the Pbl, complex disappeared completely,
and the peaks from the hexagonal phase of Pbl, emerged. This
further suggested that the formation of MPWs may rely on the
intermediate, and the diameter of the final MPWs can be varied
dramatically by the precursors, which will be discussed in the
following section.

On the basis of the above characterization, we proposed a
possible growth mechanism for APbl; MPWs (Figure 4). The
Cs, MA, and FA systems underwent different growth process.
In the MA- and FA-based systems, ultralong MPWs consisting
of MAI-Pbl,—-DMF or FAI-Pbl,—DMF intermediates,
respectively, were formed upon the introduction of toluene
antisolvent. A yellow hexagonal FAPbI; intermediate phase was
proven to exist via proper heat treatment (70 °C) under
vacuum and transformed into black perovskite after heating at
170 °C. However, no stable intermediate phase was observed
for the MAPbI; MPWs, as the black perovskite phase emerged
from the treatment at 150 °C. The growth process for CsPbl;
was an entirely different story. A CsI—Pbl,—DMF intermediate
was not observed, but a stable interphase was formed, followed
by a phase transformation from a yellow orthorhombic to black
cubic phase under an even higher temperature treatment.

The origin of the above difference in the growth processes
and the roles of DMF and toluene are suggested in the
following proposed mechanism: due to chelation effects, the
DMF molecules and cations intercalate into the Pbl, sheetlike
framework while in their respective precursors solution. The
chelated DMF gradually enlarges the distances between the
framework, resulting in a dimension reduction from bulk PbI,
into dispersed sheetlike pieces. This is characteristic of a
colloidal solution, as proven by the DLS measurements
provided in Figure S8. After the introduction of the toluene
antisolvent, the chelated DMF is then forced out from the
layered framework, inducing the formation of the MPWs
structure. The combination of chelated DMF and toluene
herein plays a vital role in initiating the assembly process for the
formation of MPWs. The amount of toluene required is
different for each material system. For instance, CsPbl; is
readily formed without an intermediate formation, which means
that a small amount of toluene is needed to extract the subtle
amount of chelated DMF. This could potentially be ascribed to
the small radius and more rigid perovskite framework resulting
from Cs" that enables a more compact crystal lattice and a
weaker intermolecular interactions between DMF and Csl.
However, to form MAPbI; and FAPbI; MPWs, more toluene is
required due to the increased amount of chelated DMF within
the intermediate. The formation differences between CsPbl,
and MAPbI;/FAPbI; MPWs can be explained via the following:
(1) the radius of MA* and FA" are larger than that of Cs',
which enables more open crystal lattices for MAPbI;/FAPbI,
than for CsPbly; (2) DMF can interact with MAI/FAI in the
form of hydrogen bonding or dipolar interaction, facilitating the
formation of stable MAI—Pbl,—DMF/FAI-Pbl,—DMF inter-

mediates. Regardless of the existence of an intermediate phase,
the intercalation of DMF into the Pbl, framework can alter the
energetics within different crystal planes. Most likely, the more
favorable crystal growth direction is in-line with the Pbl, sheet
plane, which promotes the formation of ultralong MPWs.

In addition to APbI;, chlorine- and bromine-based perov-
skites (APbX;, A = Cs, MA, and FA; X = Cl and Br) were
studied under identical synthetic conditions. It was found that
in most material systems, a large degree of precipitation
resulted from toluene addition into the precursor solution
(Figure SOA—TI). The SEM characterizations (Figure SI0A—F)
of these precipitations showed the presence of microscale
particles instead of ultralong MPWs. Figure S11A,B displays the
XRD patterns of the precipitations before and after thermal
treatment. Accordingly, chlorine-based precipitation shows the
coexistence of APbCl; and PbCl,, without the Pb complex,
whose peak is located at a low angle (<10°). This suggests that
the intermediate ACI-PbCl,—DMF did not form under these
circumstances. Similarly, bromine-based precipitation does not
show the existence of an ABr—PbBr,—DMF intermediate. The
absence of an intermediate in the chlorine and bromine
perovskite systems could be the reason they do not form 1D
structures, which further highlights the importance of the
intermediates for achieving ultralong MPWs.

We ascribed the above growth differences mainly to the
different crystal structure/crystal lattice energies of PbX, and
the interaction between PbX,/DMF. Regarding the crystal
structure, both PbCl, and PbBr, are orthorhombic, whereas
Pbl, is hexagonal with a lamellar packing. This lamellar packing
feature in Pbl, may facilitate the formation of low-dimensional
structures. In addition, the crystal lattice energies of PbX, and
the interactions between PbX,/DMF simultaneously determine
the presence of chelated DMF inside the PbX, framework. The
crystal lattice energy of PbX, decreases in sequence PbCl,
(2270 kJ/mol) to PbBr, (2219 kJ/mol) to Pbl, (2163 kJ/mol).
Additionally, the coordination capability of DMF toward PbX,
increases in the order of PbCl, — PbBr, — Pbl, due to the
softer nature of Pbl,. Therefore, the solubility of PbX, in DMF
increases from Cl — Br — I, where PbCl, has a very limited
solubility and Pbl, can be easily dissolved (reach 35% wt)."*
The low solubility of PbCl, and PbBr, in DMF resulted in
decreased interactions with DMF, leading to the absence of
ultralong intermediate formation during the growth process.
Herein, we frequently observed the coexistence of the lead
halide and the corresponding perovskite phases (PbCl,/
APbCl;, PbBr,/APbBr;).*” In addition, the structural differ-
ences between the above perovskites could serve as another
possible explanation. Table S1 and Figure S12 indicate that the
tolerance factors () of Br~ and Cl™ based perovskites are larger
than those of the iodine-based perovskites. This results in a
higher symmetry for Cl and Br than for iodine perovskites,
which hindered the formation of ultralong structures.

To further investigate the mechanism of MPWs formation,
additional I” was intentionally introduced into the precursor
solution. For example, hydrogen iodide (HI) was introduced
into the CsI—Pbl, precursor solution containing DMF solvent.
As shown in Figure S13, when the molar ratio of extra I” from
HI is equivalent to that of I” in the original CsPbl;, an ultralong
MPWs would no longer form. Instead, sheetlike or square
particles are formed. This may be related to the formation of
H,_,Pbl;_, induced by HI, as suggested by previous works.*’
As H,_,Pbl;_, was well-dispersed, the Pbl, framework could be
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Figure S. Fluorescence and lifetime characteristics of the APbl; MPWs on glass after thermal treatment. (A) PL of APbl; MPWs, wavelength of
excitation light was 470 nm. (B). PL decay kinetics of APbl;. Detected light wavelength was 727 nm for CsPbl; MPWs, 800 nm for MAPbI; MPWs,
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Figure 6. Photodetector based on a single perovskite wire. (A) Current—time curves of MAPbI; and FAPbl; MPW-based photodetectors at a bias
voltage of 1 V. (B) Current—voltage curves of MAPbI; and FAPbl; MPW under dark and illuminated states. The insertion represents the structure

of MPW photodetector.

easily destroyed, preventing the formation of ultralong
structures during antisolvent introduction.

PL Characterization. To investigate the resulting optical
properties of the APbl; MPWs, we performed PL measure-
ments on MPWs dispersed onto glass slides after thermal
treatment. As shown in Figure SA, the emission peaks for
CsPbl;, MAPDL, and FAPbI; MPWs are 727, 80, and 812 nm,
respectively. These emission peak shifts are in accordance with
the respective band gaps: CsPbl; (E, = 1.74 eV); MAPbI; (E, =
1.55 eV); FAPbL, (E, = 1.50 eV).”' Time-resolved PL
experiments were performed upon 470 nm excitation and the
APbI; MPWs samples were sealed in dry air to avoid phase
destruction. The PL decay was fitted using a biexponential
equation. As shown in Figure SB, the fitted PL lifetimes are
144 and 16.44, 6.84 and 38.91, and 2.31 and 63.28 ns for
CsPbl;, MAPbI;, and FAPbI;, respectively. The two decay
components could originate from a surface component (fast)
and bulk component (slow). Apparently, the bulk decay time of
these materials increased following the sequence CsPbl; —
MAPbI; — FAPDI,. Different decay constants for these three
materials were a direct indication of different recombination
rates within these MPWSs, which likely related to intrinsic
defects or those originating from fabrication processes. This
suggests that FAPbl; MPWs likely possess a reduced defect
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density among the APbI; series, which ought to benefit the
corresponding optoelectronic device performance.

Single MPW-Based Photodetectors. Photoconductive
properties of a single MPW were investigated based on
photodetector fabrication. The single-MPW devices (Figure
S14A—C) were prepared by using the following procedure. The
MPWs were first dispersed in toluene by continuous sonication
and stirring for 30 min, followed by dipping onto a 100 nm
Si0,-coated silicon wafer (1.5 X 1.5 cm?®), and then heat treated
in N, atmosphere at a proper temperature (150 °C for MAPbI,
170 °C for FAPbIL,, 330 °C for CsPbly). Finally, a 200-mesh
TEM naked copper grid was used as the mask for the gold
electrode evaporation. Current—voltage (C—V) and current—
time (C—T) curves (Figure 6A,B) of the corresponding devices
were obtained by using a Keithley 4200 equipped with a
microprobe station and a tungsten lamp. A two-terminal
measurement method was used at a bias voltage of 1 V. As
shown in Figure 6A, both MAPbI; and FAPbl; MPWs showed
good photoresponsivity, but the cubic CsPbl; MPWs failed to
exhibit similar behaviors due to their extreme instability under
the measurement conditions (Figure S15). Formation of
Schottky junction between MAPDI;/FAPbI; and the gold
electrode could be confirmed by the current—voltage curve
(Figure 6B). When illumination was on, the carrier density
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increased obviously and effective barrier height decreased,
which leads to faster carriers tunneling and transportation. The
steeper current—voltage curve under illumination affirms the
enhancement of conductivity. The current value of MAPbI,/
FAPbL; MPWs in the dark state (light off) and illuminated state
(light on, 1.9 mW/cm?) showed apparent differences (Figure
6A). The average on/off ratio (S, define as S = Ijg/ L)
reached 5.3 for MAPbI; and 25.6 for FAPbl; MPWs. The
responsivity (R) of a photodetector is defined as R = AI/(P X
A) (AI= Lighe — Igario P is the intensity of illumination light, A is
the device area). The R of MAPbI,; and FAPbI, photodetector
reached 0.0428 and 0.0095 A/W, respectively. The rise time
(T,) and decay time (T,) reflect the photoresponse speed,
which was defined as the time take for the photocurrent (I, =
Lighe — Iy to increase from 0.11,, to 0.9, or decrease from
09I, to 0.1L,. As shown in Figure S16A,B, the rise time and
decay time of MAPbI;/FAPbIj single wire based photodetector
were 1.5 and 1.0 s and 1.4 and 0.9 s, respectively. This
performance was comparable with that of zinc octaethylpor-
phyrin single nanowire-based photodetector (T, = 0.9 s and T
= 1.7 5)°” and Zn,As, nanowire-array-based photodetector (T,
= 0.14 s and T, = 2.9 s) under white light illumination.>

B CONCLUSIONS

In conclusion, millimeter-scale ultralong CsPbl;, MAPbI;, and
FAPDI; series MPWs were synthesized by a simple solution-
based method. The resulting MPWs are highly uniform, with a
nearly 100% yield. SAED results show the monocrystalline
nature of CsPbl; MPWs along the entire millimeter-scale wire.
The formation process of ultralong MPWs involves the
formation of DMF-complex intermediate, but the growth
process of APbl; MPWs is different with the A-site substitution.
In addition, photodetectors based on a single APbI; MPW were
fabricated and exhibited good but different sensitivities to
illumination, which can be utilized for use in microcircuits,
optical imaging, photodetection, and more. We systematically
studied the growth thermodynamics and photoconductive
properties along substitutions. Furthermore, these ultrapure
and high-quality MPWs also present an ideal model to study
nanoscale semiconductor devices, such as nanolasers, wave-
guides, and so on, as well as the fundamental properties of 1D
perovskite materials.
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