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ABSTRACT: Inorganic semiconductor nanowires are of
interest in nano- and microscale photonic and electronic
applications. Here we report the formation of PbSe
nanowires based on directional quantum dot alignment
and fusion regulated by hybrid organic−inorganic perov-
skite surface ligands. All material synthesis is carried out at
mild temperatures. Passivation of PbSe quantum dots was
achieved via a new perovskite ligand exchange. Subsequent
in situ ammonium/amine substitution by butylamine
enables quantum dots to be capped by butylammonium
lead iodide, and this further drives the formation of a PbSe
nanowire superlattice in a two-dimensional (2D) perov-
skite matrix. The average spacing between two adjacent
nanowires agrees well with the thickness of single atomic
layer of 2D perovskite, consistent with the formation of a
new self-assembled semiconductor nanowire:perovskite
heterocrystal hybrid.

Colloidal quantum dots (CQDs) are of interest in view of
their distinctive quantum-confined physical and chemical

properties.1−4 Anisotropic growth of CQDs into one-dimen-
sional (1D) nanostructures, such as nanorods and nanowires,
breaks the particles’ spherical or pseudospherical symmetry.5,6

This directional growth further enriches the diversity of
semiconductor nanostructures and significantly broadens semi-
conductor application areas to include light emitters,7 field-
effect transistors,8,9 biosensors,10,11 and photovoltaics.12

Anisotropic growth of 1D structures can be achieved through
several kinetically promoted methods, such as seed-directed
growth,6 catalysis-driven assembly,13 and self-assembly of
CQDs.14 In contrast with other methods, self-assembly enables
original CQD building blocks to align spontaneously to form
desirable 1D structures; it does not require additional
precursors or surfactants. However, CQD self-assembly
requires precise control over many factors including solvent,
concentration, surface energy, ligand type, temperature, and
method of processing.15−19 Reports have demonstrated CQD
network fabricated via 2D self-assembly; however, similar
methods have failed to yield 1D structures if no strong external
driving force, such as high pressure and heat, is applied.14,20 A
general and facile approach to fabricate CQD self-assembled
1D structures is of considerable interest as a result.
In addition to being enabled by strong forces (e.g., surface

charge polarization),14,21 CQD self-assembly can be also
achieved by weak intermolecular interactions such as van der
Waals force among ligands.22,23 Inspired by the recent finding

of surface passivation24−26 and coherent growth of methyl-
ammonium lead triiodide (MAPbI3) perovskite ligands on
CQD surfaces,27,28 we pursued ligand-driven self-assembly with
the goal of obtaining PbSe nanowires. The methodology is
summarized in Figure 1a. An optimized two-step ligand
exchange method enables CQDs to be passivated via a hybrid
perovskite ligand, butylammonium lead tetraiodide
((BA)2PbI4). Spontaneous assembly of BA organic chains can
be used to cross-link and thus crystallize to form perovskite as
the spacer among CQDs, thereby regulating the alignment
among CQDs. To the best of our knowledge, this represents
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Figure 1. (a) Synthetic pathway from OA-capped PbSe CQDs to PbSe
nanowire:perovskite self-assembled hybrids. (b) Absorption spectra of
exchanged perovskite-passivated PbSe CQD films and control 2D
perovskite sample. The characteristic peak at ∼510 nm is highlighted.
(c) XRD pattern of perovskite-passivated PbSe CQD films. Crystal
signals assigned perovskite and PbSe are labeled in blue and orange,
respectively. Inset: Zoom-in of the XRD plot (2θ between 20° and
35°); the broad peak at 23°−32° is assigned to the glass substrate.
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the first report of 1D self-assembly and growth of CQDs at
mild temperatures within a solid-state matrix.
We prepared PbSe:perovskite hybrid crystals by drop-casting

perovskite-ligand-passivated PbSe CQDs. PbSe CQDs were
synthesized following an optimized hot injection method (see
Supporting Information) and had diameter 2.7 ± 0.2 nm
(Figure S1). A solution-based MAPbI3 perovskite ligand
exchange and subsequent washing process produced PbSe
surfaces passivated by perovskite precursors. The particles were
then highly soluble in polar solvents, such as butylamine, and
dispersing them in such solvents produced a dark solution (8.8
mg/mL). When compared to the absorption spectrum of
original oleic acid (OA)-capped CQDs, only a slight PL redshift
(<30 nm) was observed, suggesting that the MAI + PbI2
exchange provides good surface passivation. We also observed
that MA+ can be substituted using BA when BA is in excess. We
conclude that surface 3D perovskite ligands (i.e., MAPbI3) are
gradually replaced with 2D perovskite ligands (BA)2PbI4. The
absence of the MAPbI3 structure is confirmed by absorption
spectroscopy (Figure 1b): Once exchanged CQDs are
deposited onto a glass substrate and annealed at 70 °C under
nitrogen atmosphere, no PL signal is detected from this film
sample. Instead of observing MAPbI3, with its characteristic
broad absorption peak (350−780 nm), we observe only
contributions from PbSe and 2D perovskite in the resulting
spectrum (Figure 1b): The broad signal from 1100 to 1220 nm
corresponds to CQD absorption, while another absorption
signal at ∼510 nm is consistent with the characteristic
absorption of (BA)2PbI4 2D perovskite (Figure 1b).
Consistent with the absorption features, 2D perovskite

crystal signals are also present in X-ray diffraction (XRD)
patterns (Figure 1c). No 3D perovskite crystalline signals are
found, suggesting that MA+/BA substitution is complete. The
insertion of BA organic chains expands the d-spacing between
two adjacent perovskite (00l) lattice planes, causing the
selected crystal growth of the planar lattice layer. The
corresponding narrow and strong signals arising from (00l)

reflections are evident and indicate the formation of large 2D
perovskite crystal domains. Similar patterns can be found in the
published XRD results of crystals of (BA)2PbI4 (Figure S2).

29,30

PbSe nanocrystalline features at 2θ = 25°, 29°, and 41° are
assigned to {111}, {200}, and {220} lattice planes,
respectively.31 Compared to the relatively weak {111} signal,
the observation of strong {200} peak suggests the oriented
alignment of PbSe nanocrystals within the film sample.
We now turn our attention to more detailed examination of

the PbSe:perovskite hybrids using electron microscopy.
Secondary electron microscopy (Figure 2a) confirms the
presence of large grains with size over 200 nm. Only a small
fraction of free-standing PbSe CQDs are observed. Scanning
transmission electron microscopy high-angle annular dark-field
(STEM-HAADF) imaging of the same square-shaped grains
(Figure 2b) shows uniform 1D alignment of PbSe CQDs
(higher contrast) residing inside the solid-state matrix (lower
contrast). Similar wire-in-matrix structures are abundant on the
sample grid (Figure S3). Transmission electron microscopy
confirms that these wires align through the entire matrix with a
uniform diameter (∼2.7 nm) along the observable length
(Figure 2c), consistent with the original CQD diameter. The
average center-to-center distance between two adjacent wires is
4.1 nm (Figure 2c inset). This value agrees well with the
diameter of PbSe particles (2.7−2.8 nm) plus two-ended {100}
parallel facets passivated by (BA)PbI4

− ligands (∼0.7 nm in
length for single (BA)PbI4

− anion).
High-resolution TEM investigations provide valuable in-

formation about the crystal structure of the PbSe:perovskite
hybrids (Figure 2d,e). The {200} PbSe atomic plane spacing
(3.03 Å) is seen in the nanowire domains, suggesting that these
aligned nanowires are formed by fusion of CQDs along the
[100] direction. Another set of atomic plane spacings (3.67 Å)
is seen across the entire image (Figure 2d) and more clearly
shown in the gap between adjacent nanowires (Figure 2e). The
value cannot be assigned to particular lattice plane from either
PbSe, PbI2, or MAPbI3 crystals. Based on the d-spacing data of

Figure 2. Electron microscopy analysis of PbSe:perovskite self-assembled heterocrystals. (a) SEM and (b) STEM-HAADF images of an individual
heterocrystal. (c, d) Bright-field TEM images of self-assembled heterocrystals showing different contrast from PbSe and perovskite domains. Inset:
Measurement of average distance between two adjacent nanowires (sample scanning line highlighted in red). (e) Zoom-in region of the center part
of (d). (f) False color FFT of (d). Inset: FFT component (d = 4.1 nm, close to the center of (f)) assigned to superlattice pattern.
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reported (BA)2PbI4 crystal structure (Figures S2)26 and the
PbSe CQD surface passivation model, we assign the d-spacing
to the diffraction of {024} lattice planes with an angle of ∼120°
relative to the adjacent PbSe {200} lattice fringe (Figure 2e).
Due to the complexity of the Figure 2d, we further apply fast

Fourier transform (FFT) to resolve the presence of different
crystal spacing indices. Several sets of d-spacing indices are
extracted from the FFT and inverted FFT patterns (Figure S4):
d = 3.7, 3.0, 2.2, and 1.8 Å, which can be assigned to {024}
((BA)2PbI4), {002} (PbSe), {220} (PbSe), and {311} (PbSe),
respectively. A set of indices close to the center (Figure 2f,
inset) indicates a periodic pattern with a large d-spacing (i.e.,
4.1 nm) present. The value is consistent to the average wire-to-
wire distance (Figure 2c, inset), and this is confirmed via
inverse FFT (Figure S4). The 2D perovskite {024} lattice
fringe across the inverse FFT image agrees with the observed
presence of bulk 2D perovskite crystal matrix seen in SEM
(Figure 2a).
From the above-mentioned analysis, we can propose the

following picture of the interface and lattice orientation in the
PbSe:2D perovskite hybrids (Figures 3a and S5): The {100}

facets of PbSe CQDs are passivated by PbI4
2− anions, whose

charges are further neutralized by the outer BA+ ligands; the
interdigitation of BA chains during solvent evaporation yields a
2D perovskite-like (BA)2Pb2I8

2− double layer with a constant
thickness of ∼1.4 nm. The latter controls the spacing among
the aligned PbSe nanowires within the perovskite matrix.
Solvent selectionthe use of butylamineis key to the

formation of hybrid 2D perovskite:PbSe nanowires. When
dimethylformamide (DMF) was used instead, only individual
PbSe dots are observed (Figure 3b). This observation suggests
the (BA)PbI4

− surface ligand formed by ammonium sub-
stitution can readily detach from the PbSe surface during

solvent evaporation, producing the fusion of CQDs that yields
PbSe nanowires. Detached ligands and free-standing butyl-
amine molecules may further interact with the surfaces of
stacked nanowires and ultimately yield the (BA)2PbI4 2D
perovskite outer shelling seen in SEM. 1D PbSe nanostructure
formation via the fusion of PbSe CQDs can be obtained at
relatively high temperatures.14 Spontaneous self-assembly of
PbSe CQDs at room temperature leads only to 2D patterns due
to the relatively low surface binding energy of PbSe {100}
facets.16,17,32−34 However, in the present case, (BA)PbI4

− ligand
can modulate PbSe fusion to produce 1D self-assembly at room
temperature. We do occasionally observe similar 2D type PbSe
fusion pattern along {100} facets in some PbSe-rich domains
(Figure 3c). It is posited that the formation of this specific 1D
PbSe nanowire bundles could be aided by internal dipole
moments within PbSe CQDs.35−38

In conclusion, the present study demonstrates the self-
assembly of PbSe CQDs within a perovskite matrix via in situ
ligand exchange and solvent evaporation. Surface ammonium
substitution by the solvent molecule butylamine creates surface-
active facets for CQD fusion and also enables ligand
interdigitation among PbSe nanostructures. These joint forces
ultimately yield the 1D alignment of PbSe nanowires embedded
within a (BA)2PbI4 2D perovskite matrix. Future work will
investigate further the mechanism of directional fusion, tailor
the self-assembled patterns, and explore the electronic
properties of these heterocrystals.
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Figure 3. (a) Schematic representation of the interfacial (BA)2Pb2I8
2−

ligand double layer between two adjacent PbSe nanowires. In the
schematic, hydrogen atoms have been omitted for clarity. (b) Bright-
field TEM image of drop-cast perovskite-passivated PbSe CQDs
(solvent: DMF). (c) High-resolution TEM image of PbSe:perovskite
self-assembled heterocrystals showing CQD fusion along [100]
crystallographic axes.
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