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ABSTRACT: Unusual behavior in solids emerges from the complex interplay between
crystalline order, composition, and dimensionality. In crystals comprising weakly bound one-
dimensional (1D) or quasi-1D (q-1D) chains, properties such as charge density waves,
topologically protected states, and indirect-to-direct band gap crossovers have been predicted to
arise. However, the experimental demonstration of many of these nascent physics in 1D or g-1D
van der Waals (vdW) crystals is obscured by the highly anisotropic bonding between the chains,
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stochasticity of top-down exfoliation, and the lack of synthetic strategies to control bottom-up

growth. Herein, we report the directed crystallization of a model q-1D vdW phase, Sb,S;, into dimensionally resolved nanostructures.
We demonstrate the uncatalyzed growth of highly crystalline Sb,S; nanowires, nanoribbons, and quasi-2D nanosheets with
thicknesses in the range of 10 to 100 nm from the bottom-up crystallization of [Sb,Ss], chains. We found that dimensionally
resolved nanostructures emerge from two distinct chemical vapor growth pathways defined by diverse covalent intrachain and
anisotropic vdW interchain interactions and controlled precursor ratios in the vapor phase. At sub-100 nm nanostructure thicknesses,
we observe the hardening of phonon modes, blue-shifting of optical band gaps, and the emergence of a new high-energy
photoluminescence peak. The directional growth of weakly bound 1D ribbons or chains into well-resolved nanocrystalline
morphologies provides opportunities to develop ordered nanostructures and hierarchical assemblies that are suitable for a wide range

of optoelectronic and quantum devices.

B INTRODUCTION

Physical properties of solids are inherently coupled to their
structure and dimensionality. As a consequence, the discovery
of complex and exotic phenomena in condensed phases has
incessantly relied upon the creation of well-defined structures
in low dimensions.'™"" The realization of monolayers from
two-dimensional (2D) subunits held together by weak van der
Waals (vdW) interactions, such as in graphene and transition
metal dichalcogenides, has redefined the way stable and well-
defined crystalline structures approaching the subnanometer
regime are created.”~>'>"® These monolayers, due to their size
and dimensionality, have enabled the demonstration of nascent
physical and quantum phenomena including room-temper-
ature quantum Hall effect in graphene,'*"® indirect-to-direct
gap crossover in MoS,,” unusual superconductivity in twisted
vdW bilayers,'® complex topological spin textures,'>"”
valleytronics,3’18 and single-photon emission.'” This foregoing
notion that extended lattices can be separated into
subnanometer monolayers that display drastically altered
physical properties has advanced the phase space exploration
toward new classes of 2D vdW materials with varying degrees
of anisotropies, electronic correlations, and levels of atomic-
scale structural complexity.

The conceptual understanding of weak vdW interactions in
2D materials has led to the discovery of unusual electronic
landscapes such as in moiré, hierarchical, and Eshelby twisted
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structures, as well as methodologies that allow for the direct
synthesis of substrate-scale 2D monolayers.'"**™>* More
recently, immense efforts have been made toward accessing
even lower dimensionalities—as one-dimensional (1D)
analogues of 2D vdW phases—via routes such as substrate
engineering,””*’ controlled catalyzed growth,”** and confined
syntheses.”* These methods have resulted in well-defined 1D
nanostructures that display emergent electronic states that
challenge the limits of solid-state confinement. Still, the
fundamental limit of covalent bonding in two dimensions
substantially hinders the realization of 1D structural confine-
ment in 2D vdW phases to lateral dimensions in the
nanometer regime. Inspired by how vdW interactions in 2D
materials enable the realization of ultrathin and confined
nanostructures, recent studies have shown that the same, weak,
vdW interactions can exist between atomically precise 1D or
quasi-1D (q-1D) chains with lateral dimensions approaching
the subnanoscale.”®” Because of the strong confinement in 1D,
stacking-dependent higher-order topological states,”~ high-
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Figure 1. Anisotropic interchain interactions in the model g-1D vdW crystal, Sb,S;. (a) Crystal structure representation of the g-1D vdW model
phase, Sb,S;. The unit cell is enclosed by a black box and select interchain Sb---S distances are depicted as red (shortest), green, and blue (longest)
dashed lines. Sb atoms are depicted in blue, while sulfur atoms are depicted in yellow. (b) Hypothetical elongation of the Sb---S distances in the
crystal structure models. (c) Histogram of intra- and interchain Sb—S bond distances derived from the Sb,S; unit cell. Intrachain distances
(covalent bonds) are depicted in gray bars, while interchain distances (vdW bonds) are depicted in red, green, and blue bars. The heights of these
bars correspond to the number of similar distances found within the unit cell. These interchain vdW interactions correspond to the distances (in
dashed lines with the same colors) in panel a. (d) Sizeable single crystals of Sb,S;. Scale bar: 1 mm. (e) Optical micrograph of micromechanically
exfoliated Sb,S; on Si/SiO,. The red box indicates the region probed in panel g. Scale bar: S ym. (f, g) AFM and the corresponding height profile
of the line cut taken from the Sb,S; nanoflake in panel e. The dotted red line in panel f indicates the z-height plotted in panel g. Scale bar: 200 nm.
Dashed lines were added as guides to emphasize the layer steps found in the micrograph.

fidelity electrical transport,28 unusual superconductivity,26 and
Dirac polarons™ have been experimentally demonstrated to
exist in these 1D or q-1D vdW phases.

However, as in 2D vdW materials, the discovery of emergent
properties of single chains or few-chain-thick bundles is
obscured by the stochastic nature of micromechanical or
solution-phase exfoliation of bulk crystals. As such, top-down
routes to access 1D or g-1D vdW nanostructures yield a broad
distribution of lengths and thicknesses that are observed in
nanowire bundles, nanoribbons, and quasi-2D nano-
sheets.’*™** Beyond the stochasticity of top-down exfoliation,
the strong influence of nonequivalent basal plane interchain
interactions perpendicular to the long axis further complicates
this process. As a result, it has been historically challenging to
produce uniform nanostructures from top-down exfoliation.”*"
While several strategies have been attempted to access
nanoscale 1D and g-1D phases from bottom-up,”~>* methods
of controlled synthesis of well-defined nanostructures derived
from 1D and g-1D vdW materials are still severely under-
developed.

In this report, we demonstrate that anisotropic intra- and
interchain interactions in a model g-1D vdW crystal, Sb,S;, can
be harnessed to direct the synthesis of dimensionally resolved
nanostructures. We show that well-defined and highly
crystalline nanowires, nanoribbons, and quasi-2D nanosheets
with thicknesses in the 10 to 100 nm range can be grown from
the bottom-up through an uncatalyzed vapor growth route.
The synthetic methodology that we developed enabled us to
obtain a panoramic view of diverse nanostructures under
discrete synthetic conditions, which relied on our ability to
tune outgoing vapor compositions using precursor preconcen-
tration and shuttling, and the application of a large temperature
gradient along the substrate. Photoluminescence (PL) studies
of individual nanocrystals show the systematic size-dependent
blue-shifting of the indirect gap peak and the emergence of a

distinct high-energy PL emission in sub-100 nm-thick
nanocrystals. This emergent feature is a result of confinement
along the crystallographic [001] direction and is consistent
with the size-dependent commencement of an indirect-to-
direct band gap transformation. Finally, we identified two
unique growth pathways based on the interplay of the covalent
and anisotropic interchain interactions in Sb,S;. We illustrated
how these two growth pathways are correlated with the
resulting crystal habits and facets along the low-index [010],
[100], and [—101] directions observed in the nanocrystals. We
believe that the synthetic strategy that we implemented herein
is one that could be generalized to access nanostructures based
on several emergent classes of 1D and q-1D vdW phases as
well as 2D vdW phases that display strong 1D in-plane motifs.
With the strategies that we presented, we gain a general
understanding of size- and dimension-dependent physics in a
unique class of 1D solids that could be leveraged toward
downstream applications in photonics and excitonics.

B RESULTS AND DISCUSSION

Interchain Bonding Anisotropy in the Sb,S; Crystal
Structure. Our ability to control the crystallization of 1D or g-
1D vdW nanostructures relies on a phase composed of weakly
bound chains with an anisotropic cross section and several
unique chemical identities along the chain surface. As such, we
focused on Sb,S;, a g-1D vdW phase that belongs to a family of
earth-abundant Pn,Ch; pnictochalcogenides (Pn = pnictogen,
e.g., Sb and Bi; and Ch = chalcogen, e.g,, S and Se) (Figure 1).
These phases have been heavily studied due to their optical
and electronic properties, which include visible-to-near-infra-
red band gaps reported in the 1.1 to 1.8 eV range and
substantial optical absorption coeflicient suitable for thin-film
solar energy conversion devices.""”** More recently, studies
have shown that the photovoltaic efficiencies of thin films
based on Sb,S; are strongly dependent on the crystallographic
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Figure 2. Synthesis and structure of dimensionally resolved nanocrystal structures of a model g-1D vdW phase, Sb,S;. (a, b) Panoramic synthesis of
Sb,S; nanostructures with (a) and without (b) sulfur shuttling. Substrate labels I-IV indicate the deposition behavior at different conditions. (c—g)
Representative SEM structures spatially mapped with 1 mm resolution with respect to the calibrated temperature in the deposition zone. The color
of the box that contains the SEM image corresponds to the morphology of the majority nanostructure deposited in each 1 X 1 mm? section of
substrates I-IV. Substrate boundaries are defined by the black lines, and areas in white correspond to empty regions with no noticeable material
deposition. Scale bar, 10 ym. Note that the structures in panel e originally grew vertically and were flattened using a PDMS stamp for better
visualization. (h) STEM image (top) of a Sb,S; nanowire with its corresponding S (middle) and Sb (bottom) elemental EDS maps. Scale bar: 1
um. (i) TEM image of a Sb,S; nanowire (Scale bar: 1 gm) with its corresponding SAED pattern (Scale bar: 2 nm™). (j) HAADF-STEM image of a
Sb,S; nanowire. Scale bar: 1 nm. (k) EELS map of the Sb M-edge (top, blue) and S L-edge (bottom, yellow) corresponding to the micrograph in
panel j. Scale bar: 1 nm. (], top) Crystal structure of Sb,S; along the crystallographic [100] zone axis. (I, bottom) EELS intensity line profile from a
section of the map (enclosed in a red rectangle). (m, n) TEM image of a Sb,S; quasi-2D nanoribbon cut in half and quasi-2D nanosheet (left; Scale
bar: 1 um) with their corresponding SAED pattern (right; Scale bar: 2 nm™"). (o) HAADF-STEM image of a representative Sb,S; nanosheet. Scale
bar: 1 ym. Zone axes indexed from the SAED patterns (m, n, right) correspond to the facets normal to the electron beam in the TEM images (m, n,
left). (p) EELS map of the Sb M-edge (top, blue) and S L-edge (bottom, yellow) corresponding to the micrograph in panel o. Scale bar: 1 nm. (q)
Crystal structure model of Sb,S; along the [—101] zone axis (top) and EELS intensity line profile from a section of the map. The atoms enclosed
by the red rectangle on the crystal structure models (], q, top) correspond to the red rectangle in the EELS map (k, p) and the EELS profile (], q,
bottom). For | and g, b corresponds to the crystallographic b-lattice parameter length.
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orientation of the polycrystalline domains, implying that the
physical properties of these pnictochalcogenides are inherently
tied to their morphologies and nanocrystalline structures.**~*°
Encouragingly, numerous computational studies have pre-
dicted the size- and orientation-dependent indirect-to-direct
band gap crossover in Sb,S; upon confinement due to the
small energy differences in the conduction band states along
and across the chains.”’ ™'

The crystal structure of Sb,S; can be described as an array of
g-1D chains of [Sb,Ss],. These chains have sub-nm cross
sections and are stacked together through weak interchain
interactions in an orthorhombic, Prma, unit cell (Figure 1a).>*
Projection of the structure along the crystallographic b-axis
(long axis) highlights the vdW-like nature of the chains, which
suggests that Sb,S; can be micromechanically exfoliated into
single chain structures, as is the case for typical 2D vdW
crystals. However, unlike 2D vdW crystals that possess
equivalent interlayer interactions across adjacent layers, close
inspection of the Sb,S; crystal structure reveals that the nearest
neighbor interchain Sb---S distances, which are typically
denoted as purely “vdW” interactions, are not equivalent.’*>’
From a top-down exfoliation perspective, this means that
crystallographic axes along interchain directions with weaker
interactions (i.e., longer interatomic or interchain distances)
will be easier to exfoliate compared to those with stronger
interactions.

We hypothetically elongated the Sb—S bonds in the crystal
structure model (Figure 1b) and extracted the interchain (vdW
or close to vdW) and intrachain (covalent) Sb---S distances
from the structure to visually demonstrate this concept (Figure
Ic). From this schematic, the elongation of the bonds
illustrates that the structure does not directly transform into
a hypothetical 3D network lattice. Instead, the hypothetical
model transitions first into quasi-2D sheets comprising chains
oriented along the [001] direction. This structural anisotropy
originates from the significantly shorter interchain distances
(3.17 A versus 3.37 and 3.67 A) along the crystallographic z- or
c-direction ([001] direction). This observation aligns with
several first-principles and crystallography studies that
described the propensity of the terminal stereochemically
active Sb Ss lone pairs at the ends of the chains to interact with
S 3p states of the adjacent chains along the [001]
direction.”>™>° Experimentally, we grew bulk single crystals
of Sb,S; and carried out micromechanical exfoliation using a
polydimethylsiloxane (PDMS) stamp to illustrate the influence
of the interchain bonding anisotropy on the resulting top-
down-derived nanostructures. The sizable bulk crystals grown
via melt synthesis showed long, needle-like morphologies,
consistent with the q-1D motif in the crystal structure (Figure
1d). Contrary to the expected exfoliation into nanowires, as
prescribed by the g-1D crystal structure and bulk crystalline
habit, micromechanical exfoliation of these needle-like bulk
crystals resulted in nanosheets (Figure le,f). These well-
defined quasi-2D sheets are reminiscent of exfoliated 2D vdW
crystals, with terrace z-heights approaching unit cell thick-
nesses (Figure lg). The exfoliation of Sb,S; appears to
consistently result only into quasi-2D sheets regardless of the
exfoliation method either micromechanically, as demonstrated,
or in the liquid phase.””****

Chemical Vapor Deposition Synthesis of Sb,S;
nanostructures. With the influence of interchain interactions
established, we used bottom-up chemical vapor deposition
(CVD) routes to ascertain synthetic parameters that could

leverage this intrinsic anisotropy to grow dimensionally
resolved g-1D vdW nanostructures (Figure 2, Figures S1 and
S2, and Table S1). Based on the binary Sb—S phase diagram,
Sb,S; is the only thermodynamically stable compound known
to form, which minimizes the risk of the formation of
unwanted and off-stoichiometric competing phases when
grown from the bottom-up.””*” We focused on investigating
the influence of the vapor Sb:S ratio and deposition
temperature on the growth of the resulting nanostructures.
In our syntheses, we employed longer (~3—5 cm) substrates,
which enabled us to map the deposition of nanostructures with
1 mm-scale spatial resolution across a wide ~100 °C calibrated
temperature window (Figure 2a—g and Figure S3). Noting the
significantly higher vapor pressures of sulfur compared to
antimony, we employed a preconcentration step that involves
reverse gas flow during the temperature ramp-up and
equilibration periods (described in the Supporting Informa-
tion, Section I). This step ensures a controllable and stable
composition ratio of Sb and § in the vapor phase and prevents
the premature deposition of any material during the induction
period.>® Upon inspection of the resulting substrates when
Sb,S; and S powders were simultaneously heated as precursors
(Figure 2a), we found from scanning electron microscopy
(SEM) that amorphous spherical particles with 2:3 Sb-to-S
ratios (Figure 2¢) and the bulk (>1 ym thick) single crystals of
Sb,S; (Figure 2d, substrate I) dominate the growth at high
temperatures and positions close to the precursor boat. At
lower temperatures and farther distances from the precursor
boat, we observed the formation of nanoribbons and
nanosheets (Figure 2e, substrate II) that closely resembled
the quasi-2D structures derived from micromechanical
exfoliation.

The modular nature of CVD growth allowed us to further
investigate the influence of the vapor-phase elemental ratios on
the resulting morphologies of the Sb,S; nanostructures. This
was done by shuttling the elemental sulfur into the already
heated Sb,S; precursors after the preconcentration period to
drastically lower the Sb:S ratio of the incoming vapor just
before its deposition to the substrate (Figure 2b). This
contrasts with the previous procedure (Figure 2a) wherein
both Sb,S; and elemental sulfur were heated simultaneously
during the preconcentration step. In conditions that involved
the shuttling of elemental sulfur, we still observed the
crystallization of bulk Sb,S; in the high-temperature regions
around 390—340 °C (Figure 2b, substrate III). Remarkably, at
lower temperatures and farther distances from the precursor
boat (Figure 2b, substrate IV), we noticed the formation of
thick (Figure 2f) and thin (Figure 2g) nanowires (Figure S4).
Based on SEM and atomic force microscopy (AFM) imaging,
we found that the thicknesses of these nanowires decreased
with decreasing temperature and increasing distance from the
precursors. These nanostructures are more consistent with the
g-1D nature of the [Sb,S¢], chains in Sb,S; and are in stark
contrast to the low-temperature growth of quasi-2D nano-
structures without additional sulfur shuttling (Figure 2a,
substrates I and II).

We performed electron microscopy and diffraction to
elucidate the structure and understand the crystallization
habit of the resulting 1D and quasi-2D nanocrystals (Figure
2h—q and Figure SS). Scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDS) mapping on the nanowires confirmed the large 1D
aspect ratios observed and the uniform elemental Sb and S
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region. The red dotted lines indicate the regions from which the heights were extracted from. Scale bar: 2 ym. (g—k) False color Raman intensity
map of the 280 cm™' mode (g), dark-field optical micrograph (h), false color PL map from the peak centered at 1.77 eV (i), false color PL map
from the peak centered at 1.95 €V (j), and overlay of panels i and j (k), taken in the same region as the micrograph in panel f. (1) Raman (left) and
PL (right) spectra of Sb,S; nanocrystals with nanowire morphologies with various thicknesses to demonstrate size-dependent effects. The
thicknesses, in nanometers, are indicated in the space between the two graphs. (m) Plot of the thickness-dependent PL peak energies extracted
from panel I. The corresponding phonon modes are indicated in the Raman plots in panels e and I. The red and blue dashed lines corresponding to

the low-energy and high-energy PL peaks were added to panels e, ], and m as guides for the eye.

distribution across the length of the nanowire (Figure 2h).
Notably, based on SEM, STEM-EDS, and STEM, the absence
of spherical, nanoparticle-like features or any distinct grain
boundaries at the end of the nanowires precludes a vapor—
liquid—solid growth mechanism (Figure S4b—d).>~¢! Bright-
field transmission electron microscopy (BF-TEM) and
selected-area electron diffraction (SAED) of the Sb,S;
nanowires showed that the nanowires are single-crystalline
and are indexable to the Pnma structure of Sb,S; (Figure 2h).
The SAED pattern also indicates that the dominant facets of
the nanowires are preferentially oriented along the [100]
crystallographic zone axis (Figure 2i), which corresponds to
the stacking direction of the quasi-2D sheets previously
described (Figure 1b, middle). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
of a representative Sb,S; nanowire demonstrates the high
crystalline quality of the resulting nanostructures, as evidenced
by the consistent ordering of the Sb and S atoms across the

field of view (Figure 2j). In these micrographs, regions of high
and low contrasts correspond to Sb and S atoms, respectively.
The micrograph can be interpreted as having vertically
oriented dumbbell-like features comprised of Sb atoms
occupying the Sbl position (4c Wyckoff site), as well as
horizontal zigzag features, which correspond to Sb atoms in the
Sb2 position (4c Wyckoff site).”” Consistent with the indexed
SAED pattern, the direct matching of the real space crystal
structure (100) Miller plane and the indexing of the fast
Fourier transform (FFT) of the HAADF-STEM micrographs
both confirm that the exposed facet of the nanowires is
oriented along the [100] zone axis (Figure SSa).
High-resolution electron energy loss spectroscopy (EELS)
verified the uniform elemental composition of the resulting
Sb,S; nanowires (Figure 2kl and Figure S6). From EELS
measurements, the mapping of the Sb M-edge (Figure 2k, top)
and the S L-edge (Figure 2k, bottom) was found to directly
match the high- and low-contrast regions of the corresponding
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HAADF-STEM image (Figure SSa). Furthermore, we show
that the representative line cut (enclosed in a red rectangle) in
the crystal structure model oriented along the [100] direction
agrees very well with the height variation and peak distances of
the EELS intensity profile extracted from the map, which
corroborates the staggering of the Sb and S atoms along the
[100] zone axis (Figure 21). These results confirmed both the
compositional and structural uniformities of the Sb,S;
nanowires. The results from X-ray photoelectron spectroscopy,
grazing incidence XRD, and SEM-EDS of as-grown nanowire
ensembles indicated good surface stability and confirmed that
the structure and composition are consistent with bulk
(Figures S7—S10 and Tables S2—S4).

Similarly, we characterized the structure and elemental
composition of the quasi-2D nanoribbons and nanosheets
(Figure 2m—q, Figure S11, and Table SS). Through the
combination of TEM (Figure 2m,n, left), SAED (Figure 2m,n,
right), and HAADF-STEM (Figure 20 and Figure SSb), we
found that the surfaces of the quasi-2D nanoribbons and
nanosheets were oriented along the [—101] zone axis. The
linear cut profile (Figure 2q) shows the consistent alternating
pattern of the Sb and S atoms from the HAADF-STEM
(Figure 20) and EELS maps (Figure 2p,q), which corresponds
very well to the real space crystal structure oriented along the
[—101] direction. Intriguingly, this orientation in Sb,S,
nanostructures introduces an x- and z-axis component to the
stacking of the [Sb,S¢], chains, in contrast with the preferred
and commonly observed [100] orientation of the nanowires.
This orientation, however, could also be observed in nanowires
but was not as apparent because of the significantly smaller
facets compared to the [100]-oriented facets. We also noticed
the emergence of diffraction spots equidistant from the direct
beam and the (020) reflection in the SAED patterns of the
nanoribbons and nanosheets (Figure 2m,n, right). These spots,
which could be indexed as part of an odd-numbered (0k0)
plane, are expected to be systematically absent in the
orthorhombic Pnma unit cell of Sb,S;. These peaks were
observed because of double diffraction of strongly diffracting
spots adjacent to these peaks. Often occurring in the electron
diffraction of highly crystalline nanostructures, these double
diffraction peaks further substantiate the high degree of
crystallinity of the nanoribbons and nanosheets.®”

Spectroscopic Characterization of Sb,S; nanowires
and Quasi-2D Nanosheets. Beyond the demonstration of
the directional and anisotropic growth of a model q-1D vdW
phase, the synthesis of Sb,S; nanowires, nanoribbons, and
nanosheets with various thicknesses further enabled us to
understand the systematic size- and dimension-dependent
evolution of its photophysical properties (Figure 3). Based on
the on-substrate panoramic maps of the nanostructures grown
with and without sulfur shuttling (Figure 2), we characterized
representative thick and thin nanowires and quasi-2D nano-
ribbons (Figure 3a—d). Raman spectroscopy of these
nanostructures showed seven characteristic phonon modes of
Sb,S; in the 100 to 350 cm™" spectral region corresponding to
as-labeled A, B,, and B;, symmetry modes (Figure 3e, left).
The observed phonon modes in the nanoribbons and
nanosheets are consistent with the Raman-active modes of
bulk Sb,S; that we have grown via melt or CVD, as well as
those reported in the literature.”>** The observation of these
Raman-active peaks further confirms the persistence of the
orthorhombic Pnma structure in the nanowires and nanosheets

and complements the structural determination from electron
microscopy and diffraction.

The low-energy region of the Raman spectra systematically
revealed the dimension- and thickness-dependent evolution of
the room-temperature PL emission signature of the nanostruc-
tures (Figure 3e, right). Comparing the PL of the
nanostructures with the bulk, we observe the consistent blue-
shift of the low-energy PL peak (E,;) centered around 1.6 to
1.8 eV as the nanostructures become thinner and generally
confined. Surprisingly, as the nanosheets become thinner
(from 104 to 37 nm), a new high-energy PL peak (E,,)
emerges around 1.9 to 2.0 eV. In more confined and even
thinner structures such as the 58 and 26 nm-thick nanowires,
the intensity of the low-energy peak is consistently diminished,
and the high-energy PL peak drastically increases. Based on
several first-principles studies previously discussed,””*" we
attribute the emergence of the high-energy peak to the
population of the higher-energy I'-to-I" conduction band
minimum (CBM) state, which, from the literature, was
estimated to lie within 0.1 to 0.2 eV above the indirect gap
(T-to-Z) CBM state.””*"*>% This indirect gap CBM state
corresponds to the interchain interactions of the stereochemi-
cally active Sb Ss lone pairs oriented along the z-axis ([001])
direction. As both the cross-sectional areas and thicknesses of
the [—101]-oriented quasi-2D nanosheets and [100]-oriented
nanowires decrease, the interactions along the z-axis that
directly correspond to the indirect (I-to-Z) CBM state
become increasingly suppressed. The emergence of the high-
energy PL peak aligns well with the onset of suppression of the
bulk indirect gap states in the Z point and population of
higher-energy states along the I" point originating from such
confinement.

We performed AFM, micro-Raman, dark-field microscopy,
and PL mapping to visualize the thickness-dependent
emergence of the PL peak centered at around 1.95 eV (Figure
3f—k). Upon establishing the thicknesses and morphological
uniformity of the representative nanowires using AFM and
dark-field scattering microscopy (Figure 3£h), we show that
the nanowires remain crystalline through the persistence of the
sharp A, phonon mode centered at 280 cm™ in the micro-
Raman map (Figure 3g). Directly comparing and overlaying
the PL maps derived from the 1.77 eV (yellow map; Figure 3i)
and 1.95 eV (blue map; Figure 3j) peaks, we can see a clear
distinction between the PL map profiles of the nanowires of
various thicknesses (Figure 3i—k). Thicker nanowires dis-
played a brighter PL profile in the 1.77 eV spectral region,
while thinner wires showed a more intense PL profile in the
1.95 eV spectral region, consistent with the emergence of a
high-energy PL peak upon confinement. The Y + B overlay
plot further highlights this distinction, with the pronounced
blue signals corresponding to the peak centered at 1.95 eV
becoming evident in thinner nanowires (Figure 3k).

To assess the size-dependent evolution of the phonon
modes and PL of the Sb,S; nanowires, we collected the Raman
and PL spectra of isolated nanowires with various cross-
sectional areas and thicknesses from 498 to 13 nm (Figure 31).
The thicknesses were measured using AFM, and the lateral
dimensions were approximated using SEM imaging (Table
S6). We show that the nanowires retain their crystalline order
down to a 13 nm-thick nanowire based on the persistence of
Raman-active Sb,S; phonon modes (Figure 3], left). We also
observe a distinct blue-shift of the symmetric A, Sb—S
stretching mode from 307.5 to 311.5 cm™" as the nanowires
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Figure 4. Experimental support for the proposed crystallization pathways of Sb,S; nanocrystals. (a) Crystal structure schematic showing the two
distinct Sb,S; crystallographic growth directions and faceting observed in the as-grown nanostructures. The arrows indicate the crystallographic
growth direction during bottom-up crystallization for both modes. The red and yellow boxes correspond to the two nuclei structures depicted in
schematic in panel b. (b) 3D rendering of the two growth pathways observed in the bottom-up vapor-phase synthesis of Sb,S; in the lower-
temperature substrate regions. The solid arrows indicate growth along the covalent direction, while the dashed arrows indicate growth along the
vdW direction. (c—f) Representative SEM images of a nanowire highlighting the covalent growth direction (c), a dense region of nanowires
growing in the covalent region (d), and nanoribbons showing the growth along multiple crystallographic axes and bonding directions (e, f). Scale

bars: 1 pum for panels ¢, e, and f and 5 pm for panel d.

become thinner, indicative of phonon confinement effects
along the length of the chain. Owing to the strong bonding
anisotropy in the lattice,”” the intensities of the Raman-active
peaks were strongly dependent on the orientation of the
nanowires with respect to the polarization of the laser source
(Figure 31, left, and Figure S8b).

Confinement effects were also observed in the thickness-
dependent PL spectra of the Sb,S; nanowires (Figure 3], right).
The PL spectroscopy of the wires showed two important
features that demonstrate confinement-induced evolution of
the optical properties (Figure 3m). First, the lower-energy

indirect band gap PL peak (E,;, 1.6 to 1.8 eV) 0135
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undergoes a consistent blue-shift with decreasing thickness.
Second, a new high-energy peak (E,) centered around 1.9—
2.0 eV, similar to what was observed in Figure 3e, emerges in
nanowires thinner than 100 nm. As the nanowires became
thinner, this peak also exhibited a blue-shift. Strikingly, the
energy differences between these two peaks agree very well
with the calculated energy differences between the indirect and
direct transitions.”>>" Furthermore, the intensity of the high-
energy peak with respect to the indirect gap peak systemati-
cally increases as the cross-sectional area and thickness of the
nanowires decrease. This trend becomes more apparent by
looking at the intensity ratios of the E,, and E,; peaks (Table
S6). We found that the E.,/E,, peak intensity ratios
consistently increase as the thicknesses and cross-sectional
areas of the nanowires decrease, indicating that the higher-
energy PL peak corresponding to the I'-to-I" transition
becomes more apparent in thinner nanowires. We explain
this trend by considering the consequences of suppressing
growth along the a/c-plane (basal plane). The reduction in the
cross-sectional area of the nanowires leads to an upshift of
indirect gap states (Eg’l low ~1.6—1.8 €V) at the CBM at the Z-
point, which is mainly induced by c-axis ([001] direction)
quantum confinement. This confinement leads to a redis-
tribution of excitable carriers to a higher-energy state at the I'-
point CBM, resulting in an observable, blue-shifted energy gap
(Egz high ~1.9-2.0 eV). These results are suggestive of the
beginning of a confinement-induced indirect-to-direct band
gap crossover in ultrathin Sb,S; nanowires. Noting the
comparable intensities of the low- and high-energy PL peaks,
we consider the emergence of a high-energy PL peak (E,,) and
the systematic thickness-dependent evolution to lower values
of the Eg,/E,, intensity ratios as an onset feature, since it
involves the systematic evolution of the low-energy and high-
energy PL peaks in all samples. The lack of a precipitous
increase in the intensity of E,, and the observation of both PL
peaks imply that the crossover from the indirect gap to the
direct gap state is incomplete. Nonetheless, we note that the
observed Eg,/E,, intensity ratios of the smallest nanowires are
consistent with few-layer to bilayer transition metal dichalco-
genides that exhibit the coexistence of indirect and direct &P
PL peak features with comparable peak-to-peak intensities.’”"**

Growth Pathways Leading to Dimensionally Re-
solved Sb,S; nanostructures. With the size- and morphol-
ogy-dependent properties of Sb,S; nanocrystals established, we
next focused on elucidating the growth pathways of these
nanostructures. We took an instructive approach to understand
the bonding nature and crystal faceting in the bulk
orthorhombic Sb,S; structure and how they translate to the
resulting structure of the nanocrystals. Herein, we sought to
reconcile the concept of anisotropic vdW interactions across
[Sb,Ss], chains in the a/c-plane (basal plane) in the context of
the directional CVD growth of anisotropic Sb,S; nanostruc-
tures (Figure 4 and Figure S12). To this end, we determined
the relative propensity for crystal growth across different lattice
planes in Sb,S; by analyzing the bonding interactions involved
during growth along a specific crystalline facet. In our analysis,
we focused on the experimentally observed low-index
directions: along the observed covalent [010] growth direction
(Figure 4a, left, and Figure S13), the observed vdW [100]
growth direction (Figure 4a, right, and Figure S13), and the
observed vdW [—101] facet direction (Figure S13). For this
approach, we projected the conventional unit cell onto the
respective lattice planes such that the vector of the growth

direction of interest lies along one of the axes of this modified
unit cell. These modified unit cells retained the stoichiometry
of the conventional unit cell. Then, we qualitatively accounted
for the number of covalent or vdW bonds involved in the
formation of another unit cell or a quasi-2D layer of Sb,S;
(Figure S13 and Table S7). We assessed the propensity of
different growth directions based on the strength of covalent
bonds and vdW bonds formed along the growing terminal
facet. Since growth along the [010] direction (Figure S13d)
involves the formation of more reactive covalent bonds, we
anticipate that this process will be the most favorable. In
contrast, when considering the growth along the vdW-bound
interchain direction, we accounted for the tendency of the
facet to harbor growth similar to vdW epitaxy observed in 2D
vdW crystals.”~"> Among these interchain directions, the
growth along the [100] direction (Figure S13a) involves the
least number and weakest vdW interactions to grow the next
layer of the material. This suggests that minimal energy is
required to initiate growth, making this growth mode more
favorable than along directions ([001] or [—101]), which
require stronger vdW interactions to grow the next layer
(Figure S13b,c). We qualitatively analyzed the crystal faceting
of the resulting Sb,S; nanostructures and found a good
agreement with the crystal shape models that we systematically
constructed based on different growth scenarios (Supplemen-
tary Section III: Additional discussion of results; Figure S12—
14; Tables S7 and S8).

We applied our analysis of the hypothetical bonding- and
facet-dependent progression of nanocrystal growth to ration-
alize the depicted deposition regions (Figure 2a,b, Figures S13
and S14, and Tables S7 and S8). The high-temperature region
(>330 °C), which is also closest to the precursor region, is
characterized by the abundant growth of bulk crystals (>1
um). The growth of bulk crystals in this region is a result of
uncontrolled covalent and vdW growth (Figure 2d; crystal
shape B in Figure S14). High temperatures initiate and
promote covalent and vdW growth modes without any
preference for either growth modality. Consequently, crystal
morphologies similar to naturally occurring bulk Sb,S;
(Stibnite) mineral were observed. In the highest-temperature
region, we observed amorphous nanoparticles (Figure 2c,
substrate I), suggesting that the temperature was too high to
maintain ordered interactions. In contrast, the lower-temper-
ature regions (<330 °C) of the substrates presented more
distinctive growth patterns. This provided a means to resolve
the morphologies of the nanocrystals based on the intrinsic
anisotropy in the structure and vapor-phase precursor ratios of
Sb and S (Figure 2e—g).

Two uncatalyzed growth pathways are involved in the
crystallization of Sb,S; nanostructures based on the assembly
of [Sb,Se], chains along the [010] and [100] directions
(Figure 4a,b). The crystallization of Sb,S; nanostructures
originates from short and thin nanowire-like nuclei structures
based on SEM micrographs and EDS elemental analyses of
regions close to the substrate—nanostructure interface (Figure
4c—f, Figure S10—S12, and Table S4) as well as the known
indexed facets in the nanostructures (Figure 2i,m,n and Figure
SS). These structures, which serve as sites for subsequent
crystal growth, were found to have a ~2:3 Sb-to-S composition
(Figure S10 and Table S4) and are projected slightly upward
away from the substrate. In the presence of a continuous high
S flux (Figure 2b, substrate IV), these nuclei elongate because
of the growth along the covalent axis ([010] direction) to form
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high-aspect-ratio nanowires (up to 10—1S pm in length)
(Figure 4c,d, Figure S4, and crystal shape C in Figure S14).
Conversely, when S was not shuttled and the vapor
composition had a lower Sb-to-S ratio (Figure 2a, substrate
III), these nuclei grew simultaneously in the covalent and vdW
directions to form nanosheets, albeit at different rates.
Subsequent [100] vdW growth begins at one of the (100)
facets of the nanowire and progresses orthogonally with
respect to the nanowire axis. These steps result in a vertically
oriented nanosheet with [—101] facets that we observed in the
form of quasi-2D nanosheets and nanoribbons (Figure 4ef,
Figure S11, and crystal shape E in Figure S14). These quasi-2D
nanostructures can also be described as vertical stacks of
[100]-oriented nanowires. The growth modes proposed here
illustrate that the formation of anisotropic nanostructures is
strongly dependent on the balance between the growth rates
along the covalent and vdW directions.

The difference between the covalent and vdW growth
modes can be rationalized by examining the relative amounts
of Sb and S required in the vapor phase to extend the growing
facet.”>”* Comparing these two perpendicular growth
directions, the growth along the chain direction requires
more sulfur atoms than antimony atoms, which is consistent
with the 2:3 bulk stoichiometry (Figure S13 and Table S7).
When additional sulfur was shuttled during synthesis, there was
a higher sulfur concentration in the vapor phase. Under these
conditions, thin nanowires with several microns in length are
formed since the high S vapor promotes covalent chain growth
more than vdW growth (Figure 4b—d and Figures S4, S9, and
S14). In contrast, growth along the vdW [100] direction,
which requires fewer S atoms, was favored when sulfur was not
shuttled. This resulted in the formation of short (~1 to 2 ym-
long) nanowire-like nuclei (Figure 4b,e,f and Figures S11, S12,
and S14), which served as sites for vertical growth along the
[100] direction, yielding quasi-2D nanoribbons and nano-
sheets with large exposed [—101] facets. Altogether, we
determined herein that the growth of bulk and nanoscale
structures derived from q-1D vdW phases is strongly
influenced by the highly anisotropic bonding nature of Sb,S;
and is reliant on growth temperatures and ratios of the Sb and
S species in the vapor phase prior to deposition.”"

B CONCLUSIONS

Overall, we established that the interplay between the strong
intrachain covalency and the highly anisotropic interchain vdW
interactions across 1D and q-1D vdW structures can be
harnessed for the directional growth of nanowires, nanorib-
bons, and nanosheets at various length scales. The ability to
access these diverse nanostructures has enabled the discovery
of emergent size- and dimensionality-dependent photophysical
properties. We anticipate that the synthetic pathways presented
here are translatable to a library of solids composed of weakly
bound chains. Our results highlight strategies that could
advance practical use of 1D and q-1D vdW phases in
polarization- and anisotropy-driven optoelectronic technolo-
gies that approach subnanometer length scales.
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SEM-EDS; (Figure S11) elemental mapping of quasi-
2D nanostructures using SEM-EDS; (Figure S12)
orthorhombic crystal facets of quasi-2D Sb,S; nanorib-
bons and nanoplates; (Figure S13) bonding interactions
and stoichiometries of Sb and § in various growth modes
across high symmetry crystalline axes in Sb,Ss; (Figure
S14) qualitative visualization of the different combina-
tions of crystal facet growth propensities guided by the
hypothetical crystal shape models of Sb,S;; (Table S1)
list of components of the chemical vapor deposition
system in Figure S1; (Table S2) summary of Sb,S; XPS
peak parameters fitted using the CasaXPS software;
(Table S3) atomic composition of Sb,S; nanowire
ensembles in Figure S9; (Table S$4) atomic composition
of the nanowire nucleation sites in Figure S10; (Table
SS) atomic composition of the Sb,S; quasi-2D nanorib-
bons and nanosheets in Figure S11; (Table S6) height,
width, and cross-sectional analysis of isolated Sb,S;
nanowires used in single nanowire studies (Figure 31);
(Table S7) qualitative account of the bonding
interactions formed during each growth mode; (Table
S8) structural parameters of the hypothetical crystal
shape models from Figure S14 (PDF)
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