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Molecular templating of layered halide
perovskite nanowires
Wenhao Shao1†, Jeong Hui Kim1†, Jeffrey Simon2, Zhichen Nian1, Sung-Doo Baek1, Yuan Lu3,
Colton B. Fruhling2, Hanjun Yang1,4, Kang Wang1,5, Jee Yung Park1, Libai Huang4, Yi Yu3,
Alexandra Boltasseva2,6, Brett M. Savoie1, Vladimir M. Shalaev2,6, Letian Dou1,4,6*

Layered metal-halide perovskites, or two-dimensional perovskites, can be synthesized in solution, and
their optical and electronic properties can be tuned by changing their composition. We report a
molecular templating method that restricted crystal growth along all crystallographic directions except
for [110] and promoted one-dimensional growth. Our approach is widely applicable to synthesize a range
of high-quality layered perovskite nanowires with large aspect ratios and tunable organic-inorganic
chemical compositions. These nanowires form exceptionally well-defined and flexible cavities that
exhibited a wide range of unusual optical properties beyond those of conventional perovskite nanowires.
We observed anisotropic emission polarization, low-loss waveguiding (below 3 decibels per millimeter),
and efficient low-threshold light amplification (below 20 microjoules per square centimeter).

L
ayered metal-halide perovskites, or two-
dimensional (2D) perovskites, can be
synthesized in solution, and their op-
tical and electronic properties can be
tuned by changing their composition (1).

Growth of 1D forms of these materials has
been limited to vapor-phase growth (2, 3) of
(BA)2PbI4, where BA is butylammonium, or
to lithographically templated solution-phase
growth of (BA)2(MA)n−1PbnI3n+1, where MA
is methylammonium and the layer number
n is 2 to 5 (4, 5). These methods have high
processing complexity and cost as well as lim-
ited scalability and design flexibility. Notably,
the structure of layered perovskites has in-
spired the use of bulky organic spacers with
engineered bandgaps (6, 7) and intermolec-
ular p interactions (8). We have found organic
templating molecules that can break the in-
plane symmetry of layered perovskites and
induce 1D growth through secondary bonding
interactions. Specifically, these molecules
introduce in-plane hydrogen bonding that is
compatible with both the ionic nature and
octahedron spacing of halide perovskites.
Nanowires of layered perovskites can be readily
assembled in solution facilitated by the forma-
tion of a 1D H-bonded organic network. These
nanowires with tailorable lengths and high-
quality cavities provide an ideal platform to

study anisotropic excitonic behaviors, light
propagation, and lasing in layered perovskites.
Our approach highlights the structural tuna-
bility of organic-inorganic hybrid semiconductors,
which also brings unprecedented morphologi-
cal control to layered materials.

In-plane unidirectional H bonding

Organic spacers for layered perovskites typi-
cally impose weak long-range order. For exam-
ple, an out-of-plane view along the stacking
direction of (PEA)2PbBr4, where PEA is phenyl-
ethylammonium, shows weak intermolecular
interactions in the organic layer (Fig. 1A). To
align the cations, carboxylic acid (COOH) was
chosen to dimerize through multiple H bonds,
which have strong directionality and arewidely
used to drive the self-assembly and alignment
of organic building blocks (9). Derivatizing PEA
with COOH to the 3-position of the phenyl ring
resulted in the out-of-plane formation of classic
COOH dimers across the van der Waals gap
(Fig. 1B), as previously observed in 2D perov-
skites (10). However, this out-of-plane direc-
tionality did not alter the in-plane growth of
layered perovskite crystals, and only 2D nano-
structures were obtained.
To direct 1D growth, we first attempted to

align the H bonds parallel to inorganic slabs.
An additional COOH unit was introduced
in the para position of the existing moiety to
form a backbone resembling terephthalic acid
(TPA), that we named TPA3 [2-(2,5-dicarboxy-
phenoxy)ethan-1-aminium; Fig. 1C]. The crystal
structure of (TPA3)2PbBr4 revealed well-aligned,
parallel 1D chains of TPA3 on top of 2D inor-
ganic slabs driven by unidirectional intermo-
lecular interactions (Fig. 1, C and E). Adjacent
TPA moieties were connected along the [010]
crystallographicdirectionwith a spacingof 9.54Å
characterized by the aromatic centroid distance.
Each1DchainconsistedofperiodicCOOHdimers
with an average H-bonding distance of 1.78 Å.

This unidirectional in-plane connectivity in
the organic layer led to the solution-phase self-
assembly of layered perovskites exclusively into
needles and wires (Fig. 1C and fig. S1). These 1D
crystals had amean aspect ratio as large as 28.9
(fig. S2). However, the TPA3-based structures
exhibited several unsatisfactory morphological
andoptical properties.Growinghigh-quality crys-
tals (fig. S3, A and B) required a very slow self-
assembly process because fast growthusually led
to poorly defined end facets (Fig. 1C and fig. S3,D
toH) or evenhyperbranchedcrystals, as observed
in the case of (TPA3)2PbI4 (fig. S4, A and B, and
movie S1). Negligible excitonic features were ob-
served even from photoluminescence (PL) of
slow-assembled (TPA3)2PbBr4 single crystals.
The emissionwas dominated by a broad band
that we attributed to self-trapped excitons or
in-gap defect states (fig. S3, B and C) (11). The
iodide counterpart instead presented broad ex-
citonic emission (fig. S4, C to E). We hypothe-
sized that strongHbondsdisrupted the assembly
of ionic species and led to extensive defect for-
mation during crystal growth that drove hyper-
branching. Considerable octahedral distortion
was observed in (TPA3)2PbBr4 (characterized by
the Pb-Br bond distance variation, Dd = 9.1 ×
10−4; Fig. 1E) that was associatedwith quenched
excitonic feature and broadband emission (12).

Partially broken 1D chains

To balance secondary bonding with ionic as-
sembly,we partially disrupted the 1DH-bonding
network by substituting one COOH unit in the
TPA backbone with bromine, which prevented
COOH dimers from twisting back to form out-
of-plane H bonds. This candidate, BrCA3 [2-(2-
bromo-5-carboxyphenoxy)ethan-1-aminium]
maintained a similar in-plane connectivity but
formed parallelly aligned “partially broken” 1D
chains above inorganic slabs (Fig. 1D), which
were parallel to the 3�10½ �direction but deviated
from the stacking directions of the octahe-
drons. Octahedral distortions were reduced
by an order of magnitude (Dd = 8.9 × 10−5),
presumably from the relief of stress in the H-
bonded network. Each chain was constructed
by pairs of BrCA3 through COOH dimeriza-
tion with the same spacing and H-bonding
distance as those in the TPA3 counterpart. Ad-
jacent molecules were well separated at the
bromine terminal, with an intermolecular Br-
Br spacing of 3.30 Å (Fig. 1F), and allowed the
occupationofwatermolecules stabilized through
H bonding with ammonium tails. Given the
hygroscopic nature of halide perovskites, this
partial occupancy of water is rather unusual.
The partially broken 1D connectivity intro-

duced by BrCA3 promoted balanced and rapid
1D self-assembly of layered perovskites. Crystal
growth was further accelerated at the droplet-
air interface to produce high-quality nanowires.
This floating growth method was originally de-
veloped (13) for capturing thin 2D sheets of
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layered perovskites and subsequent transfer
preserving pristine morphology (materials
and methods). The nucleation and 1D growth
of (BrCA3)2PbBr4 were studied with in situ
microscopy (movie S2) revealing a growth rate
that was ~40 times as fast along the long axis
compared with the short (fig. S5). Nanowires
of (BrCA3)2PbBr4 exhibited amean length,width,
and height of 8.45 mm, 409 nm, and 361 nm, re-
spectively, and maintained a mean aspect ratio
of 22.0 (fig. S6). A characteristic nanowire shown
in Fig. 1D had an exceptional aspect ratio of

>100 (~80 mm long and ~0.7 mm wide), well-
defined end facets, and a twisted morphology.
The solution-phase synthesis additionally allowed
easy scaling-up, cleaning, and surface coating
of nanowires with dense and uniform cover-
age (materials and methods and fig. S7).

Growth mechanism studies

Although the formation of 2D perovskite nano-
wires appeared to depend on the inherent 1D
connectivity within the organic layer, additional
studies were needed to determine whether their

growth direction followed the H-bond direction
of COOH dimers. We used single-crystal x-ray
diffraction (SC-XRD) and selected-area electron
diffraction (SAED) to face-index bulk crystals
and nanowires of (BrCA3)2PbBr4, respectively
(Fig. 2, A to C, and fig. S8). The long axis of
each crystal was aligned with its [110] crystal-
lographic direction and the short axis with
1�10½ �, both matching the octahedron stacking
direction. However, the COOH dimers (along
3�10½ �) were at an angle of 63° relative to the
[110] long axis, and the dimer orientation in

Fig. 1. A comparison among the morphology and crystal structures
of layered [PbBr4]

2− perovskites based on various organic cations.
(A) PEA, phenylethylammonium. (B) mCA1, (3-carboxyphenyl)methanaminium.
(C) TPA3, 2-(2,5-dicarboxyphenoxy)ethan-1-aminium. (D) BrCA3, 2-(2-bromo-
5-carboxyphenoxy)ethan-1-aminium. The middle panels show the morphology of
each crystal obtained with the floating growth method under a bright-field optical
microscope (scale bars, 20 mm). Bottom panels highlight the alignment of
cations viewed along stacking directions, except in (mCA1)2PbBr4, which was

viewed perpendicular to the stacking direction because of the out-of-plane
COOH dimers. H atoms are omitted for clarity. (E and F) Examinations of the 1D
H-bonding chains in (TPA3)2PbBr4 (E) and (BrCA3)2PbBr4 (F) along with
illustrations of octahedral distortion and lattice tilting, characterized by
Pb-Br bond distance variation (Dd) and average Pb-Br-Pb angle ffPb�Br�Pb

� �
,

respectively. Despite similar ffPb�Br�Pb, Dd was reduced by an order of magnitude
in (BrCA3)2PbBr4. Room-temperature crystal structures were used throughout
this article, and all illustrations are based on actual crystal structures.
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the TPA3 counterpart was perpendicular to its
long axis (fig. S9). These findings contradicted
our initial intuitive hypothesis that nanowires
would grow along the directional H bonds.
Instead, the COOH dimers hindered rather

than facilitated the growth of layered perov-
skites. Alignment of cations correlated with
the distinct exposure of COOH moieties at
the side versus the end facets (here, side
facets refer to all of the facets parallel to the
long axis), as shown in Fig. 2D for the 22�1ð Þ
end facet when viewed along the [110] growth
direction. Six side facets were subsequently in-
dexed as �110ð Þ, �113ð Þ, 1�13ð Þ, and their Friedel
pairs according to the hexagonal cylindrical
crystal previously investigated with SC-XRD
(Fig. 2B and fig. S8A). Dangling COOHmoieties
were abundant on all six side facets (Fig. 2D)

because of the near-perpendicular H-bond
alignment with the long axis, [110]. Notably
absentwas the (001) facet parallel to the [PbBr4]

2−

slabs, which was typically observed in conven-
tional 2D perovskites but instead subdivided
into �113ð Þ and 1�13ð Þ, which further enhanced
the surface exposure of COOH.
These findings suggested that surface dan-

gling carboxylic acids would slow down crys-
tal growth and lead to the preferred exposure
of COOH-abundant surfaces. In previously re-
ported polymer-assisted synthesis of oxide
perovskite Pb(Zr/Ti)O3 nanowires (14), the
polymer was hypothesized to reduce the sur-
face tension of certain crystallographic pla-
nes. Nanowire growth was thus driven by the
coverage of high-energy exposed surfaces and
left them as end facets. In our system, surface

dangling carboxylic acids protected nanowire
side facets by forming robust H bonds with
water, and incoming cations must break the
existing solvent shield. In fact, water was an
essential solvent for 1D growth: Crystals ran-
domly nucleated and clustered in nonaqueous
media even within protic alcohols (fig. S10).
Water passivation lowered the surface en-
ergy of COOH-abundant facets, but such an
effect became particularly weak at the 22�1ð Þ
end. As illustrated in fig. S11, the �110ð Þ side
facets were uniformly covered with dangling
COOHmoieties, whereas the density was near-
ly halved at 22�1ð Þ, which was insufficient to
protect it from incoming cations. Surface en-
ergies of notable facets calculated with density
functional theory (DFT) revealed considerable
anisotropy after addressing the effects from

Fig. 2. Growth mechanism of 2D perovskite nanowires illustrated with
(BrCA3)2PbBr4 and morphological and optical properties. (A) Stacking plane
cross-sectional view. The 3D model (below) intuitively illustrates the molecular
templating effect, involving pairs of BrCA3 dimers sitting on an inorganic slab.
(B) A hexagonal cylindrical bulk crystal with side facets indexed as �110

� �
, �113
� �

,
and 1�13

� �
by SC-XRD and their Friedel pairs. More examples are shown in fig. S8.

(C) TEM images of a nanowire and its SAED pattern (inset) viewed along zone

axis [114] showing the growth along [110]. (D) Cross-sectional view of the 22�1
� �

end facet along [110]. The three pairs of facets indexed in (B) are marked. Red
clouds represent the surface dangling COOH. All six facets exhibit pronounced
coverage and protection by COOH. (E to G) Nanowire end facet morphology
under scanning electron microscopy (SEM). (H) A 180°-twisted nanoribbon under
SEM. (I and J) PL image (I) and spectrum (J) of the twisted nanowire presented
in Fig. 1D, showing white emission.
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water passivation, leading to higher surface
energy at the 22�1ð Þ facet (fig. S11, F and G).
Thus, the molecular templating effect of in-

plane COOH dimers aligned organic cations
and drove the anisotropic surface termination
of dangling COOH moieties that protected
these surfaces through robust H bonding with
aqueous solvent molecules. The discussions
spanning crystal nucleation, molecular and
unit cell level, nanowiremorphology, and bulk
crystals were integrated in fig. S12 and sup-
plementary text 1. In particular, this mech-
anism points to the crucial alignment of H
bonds with the growth direction (90° in TPA3
and 63° in BrCA3-templated counterparts),
which affected the relative abundance of dan-
gling COOH on side versus end facets and
therefore the effect of 1D growth. A perfect
perpendicular alignment in (TPA3)2PbBr4 led
to rapid 1D growth but poor cavities in nano-
crystals, whereas the seemingly imperfect
H-bond alignment in (BrCA3)2PbBr4 presented
a well-balanced crystal growth and nanowires
with excellent cavities.
Nanowires of (BrCA3)2PbBr4 displayed di-

verse morphologies that were commonly ob-
served with hexagonal or acute trapezoidal end
facets (Fig. 2, E to G). The interplay among side

facets could lead to distinct termination mor-
phology even within a single nanowire (fig.
S13A). These intricate morphological features
likely stem from the surface modification with
danglingCOOH, so a range of low-energy facets
were exposed. Notably, narrow and thin crys-
tals (~30 nm) also exhibited smooth termina-
tions (fig. S13B). They easily bend or twist; Fig.
2G shows 180° twisting of a nanoribbon. High-
resolution transmission electron microscopy
(TEM) provided additional structural charac-
terizations despite the high sensitivity of 2D
perovskite nanowires to electron beam dam-
age (fig. S14).Optically, (BrCA3)2PbBr4 exhibited
white PL at room temperature with a sharp ex-
citonic peak at 413 nm and lower-energy
broad emission band (Fig. 2, I and J). The PL
characteristics were unaffected by bending
or twisting.

An expanded library of layered
perovskite nanowires

We used the BrCA3 spacer to synthesize a wide
range of layered perovskites. For example,
BrCA3-based nanowires with [PbI4]

2− and
[SnI4]

2−matriceswere readily obtained (Fig. 3,
A and B). These candidates exhibited better
stability against ambience, heat, and light com-

pared with PEA-based structures (figs. S15 to
S17). High aspect ratios were generally achie-
vable in quasi-2D perovskites, such as n = 2
(BrCA3)2MAPb2Br7 (Fig. 3C) and n= 2 andn= 3
in lead-iodide counterparts (Fig. 3, D and E).
Epitaxial growth of these nanowires origi-
nated from their end facets. Representative
diblock or triblock longitudinal heterostruc-
tures obtained with deliberate fast nuclea-
tion of (BrCA3)2PbBr4 on the as-grown iodide
cores (materials and methods) had interfaces
between the core and shell that were mor-
phologically indiscernible (Fig. 3F), but the
longitudinal extension of bromide segments
could be distinguishedby its distinctivewhite PL.
Coaxial growth around the side facets of iodide
cores remained negligible because dangling
COOH groups on each side facet shielded as-
grown crystals against the coaxial nuclea-
tion of additional layers. Enhanced core and
shell resolution was further achieved through
selectively exciting bromide or iodide sec-
tions (fig. S18, A to E). In contrast to those
synthesized with 3D halide perovskites with
a gradient ion distribution (15), nanowire het-
erostructures based on layered perovskites had
enhanced stability against halide migration that
preserved Br-I interface contrast (fig. S18F).

Fig. 3. The expanded library of layered 2D and quasi-2D perovskite nano-
wires. (A) (BrCA3)2PbI4. (B) (BrCA3)2SnI4. (C) (BrCA3)2MAPb2Br7 (n = 2). (D)
(BrCA3)2MAPb2I7 (n = 2). (E) (BrCA3)2MA2Pb3I10 (n = 3). PL images (top), SEM
images (middle), and PL spectra (bottom) of each candidate are included. (F)

Longitudinal epitaxial heterostructures grown with the (BrCA3)2PbI4 core and
bromide shell. The SEM image (middle) shows negligible trace of core-shell
interfaces, in contrast to the easily distinguishable Br-I interface from the PL
images above. Scale bars, 2 mm in (A) and 10 mm in (B) to (F).
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The use of partially broken 1D H-bonded
chain was expanded by substituting bromide
groups in BrCA3with fluoride ormethyl groups.
These derivatives also enabled 1D growth of
layered perovskite nanowires (fig. S19). Opti-
cally, comparedwith (BrCA3)2PbBr4, the emis-
sionwas yellowish green for themethyl analog
but bluish white for the fluoride analog. Al-
though broadband emission reduced the color
purity, it also facilitated color tunability in lay-
ered perovskite nanowires with subtle varia-
tion of organic spacers.

Unusual optical properties

Morphologically restricting the growth of lay-
ered perovskites into 1D nanowires led to
distinctive optical properties along, perpendic-
ular, or both to the stacking direction of these
layered structures. Emission typically displayed
weak linear polarization [degree of polariza-
tion (DOP) < 3%] with propagation direction
approximately along their long axes (fig. S20),
which we attributed to the anisotropic con-

finement of electric field within high–aspect
ratio nanostructures (16). However, a 58% DOP
was observed from a representative candidate
of (BrCA3)2PbI4 (Fig. 4A), where the emission
propagated almost perpendicular to its long axis,
in contradiction with our previous observations.
Layered perovskites exhibited intrinsic emis-

sion polarization caused by the in-plane con-
finement of excitons (17). Such a phenomenon
is challenging to observe in 2D plates when
viewed along the stacking direction in a typical
epidetection setup, whereas nanowires offer
accessibility to their side facets. Therefore,when
viewing perpendicular to the stacking direc-
tion, strong linearly polarized PL was revealed
that propagated perpendicular to the long
axes, which could explain the observation in
Fig. 4A.
We examined a piece of twisted (BrCA3)2PbI4

nanowire to resolve the origin of its polariza-
tion dependence (Fig. 4B). Twisting allowed
the observation of both in-plane and out-of-
plane optical properties within a single nano-

wire. As illustrated subsequently, inorganic
slabs were originally stacked parallel to the
substrate on the top of the image, and then
crystal gradually twisted to allow the view per-
pendicular to its stacking direction. The twist-
ing action allowed the observation of diverse
polarization profile within the same crystal,
which was further quantified and spatially re-
solved. Emission polarization was negligible
at the top, but the crystal gradually exhibited
linearly polarized emission with slowly ro-
tated polarization direction along the twisting
action, resulting in a DOP of 40% at the bot-
tom. This demonstration of twist-dependent
tunable emission polarization from a single
semiconductor nanowire arose from the com-
bination of layered crystal structure, 1D growth
kinetics, and the twisted morphology.
Nanowires of layered perovskites are can-

didates for active waveguides given their tail-
orable length, emission tunability, and flexibility.
Waveguide losses were assessed from several
~100-mm-long wires of (BrCA3)2PbBr4 accord-
ing to their propagation distance–dependent
relative tip emission intensity collected and
analyzed with far-field PL images (materials
and methods). Nanowires of (BrCA3)2PbBr4
exhibited intrinsic loss coefficients as low as
2.7 dB/mm, as observed in straight samples
(Fig. 5A). Best-performing contemporary in-
organic (18, 19) and organic (20) semiconduc-
tor waveguides typically exhibit losses within
10 dB/mm.Narrowandbent nanowires (Fig. 5B),
or even strongly twisted ones (Fig. 5C), had
similar losses to those of wide and straight
waveguides as they remained crystalline after
bending or twisting.
Waveguides could be coupled to transport

light to adjacent crystals and create a complex
optical network (18). A few coupled nanowires
were examined through tip-tip interactions
or cross-intersections (Fig. 5D and fig. S21),
demonstrating proof-of-concept potentials
to construct more-complex optical networks.
Directional propagation of light within 1D
nanowires was necessary to ensure efficient
coupling of waveguides. Figure 5D shows a
perpendicular pair of cross-coupled wave-
guides that formed multiple scattering sites.
Because of the 1D propagation of light, only
the right end of the intersection could be il-
luminated when excitation light was injected
from the left side of the intersection, and vice
versa. Minimal outcoupled light was detected
from the vertical nanowire when the horizon-
tal crystal was excited.
Building on previous studies of semicon-

ductor nanowire lasers (21) and lasing in 3D
halide perovskites (22, 23), we investigated the
light amplification behavior of BrCA3-based
nanowires. In lead-based layered perovskites,
the lasing threshold is often constrained by the
strong exciton-phonon interaction or Auger re-
combination (7). Enhanced lasing performances

Fig. 4. Anisotropic emission polarization. (A) Linearly polarized PL detected from a nanowire of
(BrCA3)2PbI4 with a high DOP of 58% and PL propagated almost perpendicular to the long axis. (B) The
mechanism was revealed from a twisted nanowire showing strong emission polarization only when viewed
perpendicular to its stacking direction (bottom). This twisted crystal is modeled on the right, where the blue
circle and the red and yellow peanut shapes are exact extracts from the polar graph (left), showing the
varying polarization profile along the twisting action with a DOP of 28% (red, section ii) and 40% (yellow,
section iii). Scale bars, 10 mm.
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have been pursued in quasi-2D systems (24, 25).
Tin-based 2D perovskites may exhibit lasing
performances surpassing those of their lead
counterparts, as has been shown in recent
studies (26). However, their lasing thresholds
are still in the ~100-mJ/cm2 regime with sub-
stantial sample-to-sample variation; both limi-
tations arise from the lack of a well-established
cavity. Temperature-dependent and time-resolved
PL studies comparing (BrCA3)2SnI4 and (BrCA3)

2PbI4 revealed higher exciton-phonon coupling
and contribution from self-trapped excitons or
defect states in the lead counterpart (figs. S22
and S23), both of which are not conducive to
efficient lasing.
Emission from the two end facets in nano-

wires of (BrCA3)2SnI4 gradually became dom-
inant with increasing pump fluence (fig. S24)

andwas accompanied by the appearance of spa-
tial interferencepatterns (Fig. 5E) andmultimode
lasing at the lower-energy side of the sponta-
neous emission band (Fig. 5F). We monitored
the integrated emission intensity across the
threshold to determine a lasing threshold of
17 mJ/cm2 (Fig. 5G) versus that of ~100 mJ/cm2

observed in contemporary tin-based layered
perovskites. The bright localized emission
from the tips andmultimode lasing from this
~16.0-mm-long nanowire were both consistent
from the strong waveguiding behavior under
Fabry-Perotmodes. Mode spacing (DE) from a
series of nanowires with varying lengths (L)
decreased with L and followed a linear trend
with the reciprocal nanowire length (1/L), con-
firming the Fabry-Perot cavity characteristics
(Fig. 5H and fig. S25).

Discussion
The method to manipulate the morphology
of layered perovskites by introducing robust
intermolecular interactions between organic
spacers is distinctive to the special crystal
structures of organic-inorganic hybrid mate-
rials and requires more comprehensive inves-
tigations. In our implementation, the COOH
dimer was originally exploited to enforce 1D
connectivity within the organic layer. Unex-
pectedly, this directionality was transferred to
the assembled system. Through a thorough ex-
amination, themolecular templating effect was
elucidated as aligning spacers using in-plane
directional H bonds, which further drove the
anisotropic surface termination of dangling
COOH that protected these facets through ro-
bust H bonds with aqueous solvent molecules.

Fig. 5. Waveguiding and lasing. (A) Intrinsic loss coefficients measured from a
straight nanowire of (BrCA3)2PbBr4 and extracted from the plot (bottom) of
propagation distance–dependent relative tip emission intensity. (B and C) Bent
(B) and twisted (C) nanowires were examined, showing low loss coefficients as
well. (D) A pair of cross-coupled nanowires (NWs) excited at the horizontal
waveguide from left or right of the intersection. (E) A representative nanowire of
(BrCA3)2SnI4 pumped above the threshold at 88 K, showing majority emission

from the two end facets with coherent interference patterns. (Inset) Grayscale
brightfield image. (F) Emission spectra of the stimulated lasing (red) versus
the spontaneous emission (gray). a.u., arbitrary units. (G) Threshold response
examined from integrated outcoupled emission plotted against the pump
fluence. (H) Mode distance against the reciprocal nanowire length examined from
a series of lasing nanowires, which was fitted according to Fabry-Perot modes.
Scale bars, 20 mm.
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Subsequently, balanced growth conditions and
high-quality nanowires were achieved through
subtle yet crucial manipulation over the align-
ment of H bonds with respect to growth direc-
tion. 2D perovskite nanowires based on BrCA3
incited a range of unusual optical properties.
The intrinsic excitonic nature of layered halide
perovskites enabled facile observation and con-
trol of polarized emission. These nanowires
also revealed exceptional cavity qualities, which
could be used as active waveguides with low
propagation loss coefficients and to facilitate
light amplification with low thresholds com-
pared with other systems.
Morphological control with directional supra-

molecular synthons proves to be a generally ap-
plicable strategy for various layered perovskite
structures and diverse organic spacers. How-
ever, itsmerit extends toabroadrangeoforganic-
inorganic hybrid materials. Particularly, the
selection of functional groups and intermolec-
ular interactions to be incorporated within
the organic layer transcends far beyondCOOH
dimers and theH-bonding network. For exam-
ple, p interactions (p-p, p-p, or s-p), electrostatic
forces, and even chirality could also be readily
implemented (8). Further explorations in this
regard will introduce enhanced versatility in
these hybrid layered materials as the next-
generation semiconductors, where the collective
benefits of conventional organic and inorganic
counterparts readily converge.
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