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ABSTRACT: While the chemical composition of semi-
conducting metal halide perovskites can be precisely
controlled in thin films for photovoltaic devices, the
synthesis of perovskite nanostructures with tunable
dimensions and composition has not been realized.
Here, we describe the templated synthesis of uniform
perovskite nanowires with controlled diameter (50—200
nm). Importantly, by providing three examples
(CH;NH,Pbl,, CH;NH,PbBr;, and Cs,Snlg), we show
that this process is composition general and results in
oriented nanowire arrays on transparent conductive
substrates.

flicient visible light absorption and long charge carrier

diffusion lengths make metal halide perovskites an
appealing class of low-cost, solution-processable materials for
next-generation solar cells and other optoelectronic devices.' ™
Due to their ease of preparation and impressive performance,
most investigations of perovskite materials have utilized thin
film architectures modified in their chemical composition. More
recently, several groups have attempted to synthesize perovskite
nanowires’ to further improve crystallinity” ' and charge
extraction in photovoltaics.'"> From these early studies, it is
apparent that syntheses integrating nanowires into device
architectures should (1) maintain the ease of use and solution
processability of thin film preparations, (2) produce uniform
structures in contact with a transparent conductive electrode,
and (3) orient nanowires within an inert scaffold to eliminate
shunting pathways. Previous approaches to perovskite nanowire
synthesis include antisolvent crystallization,'”'* reaction of a
solid metal salt with an organohalide solution,”"*'° and partial
dissolution and recrystallization of a perovskite film.'”'” While
significant advances have been made, these methods often
result in low yields of nanowires, typically as mixtures of rods,
wires, plates, and aggregated spheres, with large variations in
size.¥”!137!5 To the best of our knowledge, the most uniform
reported perovskite nanowires exhibit ~20% variation in
diameter with no control over average size.'” These structural
inhomogeneities preclude a systematic investigation of how
nanoscale architecture impacts the optoelectronic properties
and ultimately the device performance of perovskite nanoma-
terials.

To overcome these limitations, we employed anodized
aluminum oxide (AAO) templates'®™>" with oriented, cylin-
drical nanopores to synthesize uniform perovskite nanowire
arrays. AAO represents an ideal template for nanowire
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synthesis, because (1) it can be directly prepared on transparent
conductive substrates for subsequent device integration, (2)
pore diameter can be finely tuned to control nanowire diameter
(D), and (3) the formation of spatially discrete, oriented
nanowires enables systematic structure—function character-
ization. Traditionally, electrodeposition has been used to
generate nanomaterials within AAO, including metals,>>~>*
simple inorganic semiconductors,””**** and polymers.
However, many materials, such as metal halide perovskites,
cannot be reliably electrodeposited in a single step.”® This
necessitates the development of an alternative method in which
AAO can serve as a template for the formation of perovskite
nanowires.

Here, a perovskite precursor solution is added to an AAO
template, followed by dissolution and recrystallization of the
material. Using this technique, large-area perovskite nanowire
arrays can be synthesized with D dictated by the AAO pore
diameter (from S0 to 200 nm). By virtue of the template used,
this results in nanowires oriented perpendicular to a transparent
conductive electrode (TiO,/fluorine-doped tin oxide (FTO)
glass). Importantly, we demonstrate that this process is
composition general and can be used to synthesize organometal
halide perovskite (CH;NH;Pbl; and CH;NH,PbBr;) and all-
inorganic perovskite (Cs,Snlg) nanowires. X-ray diffraction
(XRD) shows that crystal quality depends on diameter and
correlates well with time-resolved photoluminescence (PL)
spectroscopy measurements.

In a typical experiment, a layer of TiO, was deposited onto
FTO glass according to literature methods.”” Aluminum was
then evaporated onto these substrates, followed by anodization
to induce nanopore formation. In this process, the applied
anodization voltage dictates the interpore spacing.”’” A
subsequent pore refinement step™ results in uniform pore
diameters and dissolves the barrier layer at the bottom of each
pore.”> To form CH,;NH;,PbI; nanowires in these templates, a
CH,NH,PbI, precursor solution in dimethylformamide (DMF)
was added and allowed to penetrate the pores of AAO, followed
by removal of excess liquid from the template surface and
annealing (Figure 1a-I). While this step results in crystalline
perovskite nanowires, solvent evaporation from the AAO
surface during annealing led to material contraction such that
much of the perovskite material within the template did not
touch the bottoms of the pores. Additionally, a thin perovskite
film remained on the surface of the AAO.
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Figure 1. Synthesis of perovskite nanowire arrays in AAO. (a) CH;NH;PbI; precursor solution penetrates the AAO pores, followed by spin coating
and annealing (I). Sample is exposed to a DMSO/chlorobenzene solution followed by a short annealing step (II). (b) Photograph of a ~9 X 9 cm
nanowire array. Cross-sectional scanning electron microscope (SEM) images of nanowires with diameters of (c) 50.3 + 6.5 nm, (d) 70.0 + 6.8 nm,
(e) 107 + 9.4 nm, (f) 155 + 13 nm, and (g) 199 + 19 nm. Nanowire lengths are consistently ~425 nm (Figure S1). Scale bars are 500 nm.

To address these shortcomings, we employed a surface-
cleaning step where a syringe pump dispensed a solution of
dimethyl sulfoxide (DMSO) and chlorobenzene on the top of a
rapidly rotating AAO template (Figure la-II). This solvent
mixture dissolved the perovskite (as evidenced by a color
change from dark red to transparent), removed residual
material from the AAO surface, and drew liquid into the
pores via capillary and centrifugal forces (Figure S2).
Subsequent annealing led to perovskite recrystallization
(returning to a dark red color) and nanowire formation at
the bottoms of the pores. In this process, the high surface area
at the pore bottom relative to the pore walls likely favors
preferential nucleation and material growth at these locations.
Because there is no chemical difference, we assume that the
precursor materials crystallize similarly as they do within
mesoporous scaffolds;’ in this case, solid CH;NH;Pbl,
conforms to the cylindrical shape of the AAO pores and
forms nanowires. Importantly, this synthetic procedure can be
used to generate nanowire arrays over 80 cm” (Figure 1b) with
uniform dimensions across the sample (Figure S3). To test
whether this procedure is amenable to size control, templates
with different pore diameters were then prepared (Figure S4).
Indeed, CH;NH;Pbl; nanowires ranging from D = 50—200 nm
(Figure lc—g) can be easily synthesized. Importantly, the
dispersity in D was <10% for most samples, as determined by
SEM (Figure 1).

To better understand the effect of D on crystallinity, each
sample was characterized by XRD. These measurements
confirmed that the target perovskite crystal structure was
achieved for each of the nanowire samples (Figure SS).
Subsequently, Williamson—Hall (WH) analysis was used to

evaluate the relative crystallinity of each sample.”® This analysis
separates the contributions of lattice strain (&) and crystallite
size to peak breadth. To perform this analysis, the full width at
half-maximum® of five diffraction peaks characteristic of the
CH;NH;PbI; perovskite crystal were plotted versus the
diffraction angle (). For each sample, the data fit well to a
linear model, as expected. Interestingly, D = 110 nm nanowires
reproducibly exhibited the smallest absolute ey, with greater
ewn at both larger and smaller D (Figures 2a and S6). This
property is consistent with reduced defect density, which is
directly related to the rate of charge recombination.

In order to elucidate structure—function relationships in
perovskite nanowires, time-resolved PL spectroscopy experi-
ments were performed to analyze charge transport dynamics.
Decay curves were fit to a biexponential function such that two
distinct populations of excited charge carriers (i.e., those that
undergo fast surface recombination vs slow bulk recombina-
tion)* could be described.’” For this comparative study, we
report the overall characteristic lifetime (7., which accounts for
both populations of charge carriers) as a concise metric to
evaluate charge transport within each nanowire sample (Figure
2b,c; Table S1). As expected from WH analysis, D = 110 nm
exhibited the longest 7. (~60 ns), with reductions in 7.
observed with both increased and decreased D. The correlation
between &y and 7. suggests that charge carrier lifetime is
largely controlled by defect-driven lattice strain in these
experiments (refer to the Supporting Information for additional
discussion).

In order to demonstrate the general nature of this approach,
perovskite nanowires with a variety of compositions were
synthesized. In particular, halide substitution is known to
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Figure 2. Structure—function relationships in CH;NH;PbI; nanowire
arrays. (a) Estimated strain from WH analysis for different nanowire
diameters (negative values signify lattice contraction). (b) Average 7.
for different nanowire diameters. (c) Representative PL decay curves.

enable bandgap tunability in organolead halide perovskites
(~1.55-2.3 eV).*” Use of the appropriate precursor solution
and surface cleaning conditions indeed led to CH;NH;PbBr;
nanowires with similar uniformity (Figure 3a). Beyond
organolead halide perovskites, Cs,Snls has been investigated
more recently as an inorganic, air-stable, lead-free alterna-
tive.”** After the synthesis of Cs,Snl; powder,” an analogous
method was employed to deposit Cs,Snlg nanowires from a
single precursor solution (Figure 3b). XRD confirmed the
expected crystal structures for both CH;NH;PbBr; and Cs,Snl
nanowires (Figures 3c and S7), and to the best of our
knowledge, Cs,Snl4 nanostructures have not been synthesized
using any other method.

This work establishes a composition general method to
synthesize perovskite nanowires with controlled diameter.
Though a method of selective template dissolution is required
for more advanced structural characterization (e.g., determining
whether the nanowires are single crystalline), perovskite
nanowires within AAO, which have not previously been
reported for these compositions, are more uniform than
those synthesized by other methods.”®'>'>'® Additionally,
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Figure 3. Compositional generality in the templated synthesis of
perovskite nanowires. Cross-section SEM images of (a)
CH,NH,PbBr; and (b) Cs,Snlg nanowires. Scale bars are S00 nm.
(c) Powder XRD patterns of CH;NH;PbBr; and Cs,Snl; nanowires.

this technique does not require the use of unique ligands or
surface chemistries for each new perovskite composition. The
substrates used for synthesis (TiO,/FTO-bound AAO) should
enable a facile transition from fundamental nanowire character-
ization to array photovoltaic device fabrication because TiO,,
FTO, and AAO can act as a hole-blocking layer, transparent
anode, and stabilizing scaffold, respectively, in an operational
device. Thus, this establishes a route to perovskite-based,
oriented nanowire array photovoltaics, which could be
systematically modified in nanowire diameter, length, spacing,
and composition to achieve optimal device performance.
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