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ABSTRACT: The rediscovery of one-dimensional (1D) and quasi-1D (g-1D) van der Waals (vdW) crystals ushered the realization
of nascent physical properties in 1D that are suitable for applications in photonics, electronics, and sensing. However, despite
renewed interest in the creation and understanding of the physical properties of 1D and q-1D vdW crystals, the lack of accessible
synthetic pathways for growing well-defined nanostructures that extend across several length scales remains. Using the highly
anisotropic 1D vdW NbS;—I crystal as a model phase, we present a catalyst-free and bottom-up synthetic approach to access
ultralong nanowires, with lengths reaching up to 7.9 mm and with uniform thicknesses ranging from 13 to 160 nm between
individual nanowires. Control over the synthetic parameters enabled the modulation of intra- and interchain growth modalities to
selectively yield only 1D nanowires or quasi-2D nanoribbons. Comparative synthetic and density functional theory (DFT) studies
with a closely related nondimerized phase, ZrS;, show that the unusual preferential growth along 1D can be correlated to the strongly

anisotropic bonding and dimeric nature of NbS;—L

hysical properties of low-dimensional materials are
significantly influenced by their size, composition, and
crystal structure.'”® Low-dimensional materials, such as
graphene and transition metal dichalcogenides (TMDCs,
MChy; M = Mo, W, Nb, Ti, etc; Ch = S, Se, Te), have
gained widespread interest owing to inherently strong covalent
in-plane bonds that form confined 2D layers that are held
together by weak van der Waals (vdW) forces."” Due to their
anisotropic bonding nature at the monolayer limit, 2D vdW
materials display unique physical properties that are often
drastically altered upon exfoliation down to length scales that
approach the single-atom-thick regime.””~'" In lower
dimensionalities, recent efforts have demonstrated the
observation of nascent physical properties in one-dimensional
(1D) and guasi-one-dimensional (q-1D) analogues of 2D vdW
solids."*** Unlike nanosheet-forming 2D materials, 1D vdW
materials exfoliate into nanowires and nanoribbons, which
ofte? 7§£splay anisotropic electronic and optical proper-
ties.”” ™
Of these, the modular class of 1D vdW MCh; (M = Ti, Zr,
Hf, Nb, Ta; Ch = S, Se) crystals which exhibit strong
anisotropy due to covalent bonding along only one crystallo-
graphic axis has served as a reliable platform to understand the
properties of subnanometer-thick 1D chains held by vdW
forces.””> Like TMDCs, MCh; crystals exhibit unique
properties based on their subunit structure and packing.>**~**
The polymorph-rich NbS; phase, for example, shows electronic
properties that range from semiconducting (types I, IV, VI) to
metallic (types I, III, V).***° It also hosts unusual properties,
including near-room temperature charge density wave states
with exceptional coherence,” field-effect responsive sliding,30
and highly polarized optoelectronic properties.”> The more
stable NbS;—I polymorph has a triclinic structure (P-1 space
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group),”’ which arises from the in-chain dimerization of Nb
atoms (Figure 1A).”> NbS;—1 is an air-stable and mechanically
robust semiconducting material,”>*>*® which displays ultra-
broadband photodetection from UV (375 nm) to THz (118.8
um), making it ideal for use in optoelectronic nanodevices.”*
While heavily studied in the bulk,»*° efforts to understand
emergent properties and applications of NbS;—I and related
MCh; phases from quantum confinement are hampered by the
stochasticity of top-down exfoliation which result in a
distribution of nanowires, nanoribbons, and nanosheets
(Figure S1).

Here, we sought to understand the role of anisotropic
bonding and intrachain dimerization in the growth of MCh,
crystals and investigate whether these can be leveraged to grow
ultralong nanowires with high aspect ratios. We present a
catalyst-free, bottom-up, and controllable vapor-phase ap-
proach to grow record-long nanowires of the MCh; model
phase NbS;—I, obviating the need for top-down exfoliation.
Using dark-field scattering, scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS), Raman
spectroscopy, atomic force microscopy (AFM), and trans-
mission electron microscopy (TEM), we confirmed the
polytype and dimensions of the resulting nanowires, which
reached unusually long lengths up to 7.9 mm. We rationalize
this growth behavior using a DFT-guided assessment of the
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Figure 1. (A) Crystal structure of NbS;—I and projection of parallel ([010] zone axis) and perpendicular ([001] zone axis) to the chain direction.>"
(B) Graphical representation (top) and actual ampule postreaction (bottom) used to synthesize NbS;—I nanowires. The two regions are labeled as
T, and T5. Scale bar, 3 cm. (C) Dark-field optical micrograph of NbS;—I nanowires on a Si/SiO, substrate. Scale bar, 245 ym. (D) Corresponding
CVT furnace temperature program in the high (T;) and low (T,) temperature regions used to grow nanowires in C. (E) TEM image of a NbS;—1I
nanowire from C with an overlaid [001]-oriented crystal model of NbS;—1. Scale bar, 2 nm. Corresponding FFT and zone axis assignment are inset.
Scale bar, 0.5 A™!. (F) Raman spectrum of an isolated NbS;—1 nanowire from C (532 nm excitation).
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Figure 2. (A) Dark-field optical micrographs of NbS;—I nanowires on a Si/SiO, substrate after a 3-day vapor-phase synthesis, divided into three
regions: I, II, and IIL. Scale bar, 490 ym. (B, C, D) High-magnification micrographs corresponding to regions I, II, and III in A, respectively.
Triangles point to the location where AFM and optical scattering spectroscopy measurements were taken; colors correspond to measurements in E
and F. (E) AFM height profiles of the NbS;—I nanowires from A. (F) Corresponding thickness-dependent dark-field optical scattering spectra of
NbS;—I nanowires in A. (G) Dark-field optical micrographs of nanowires of various thicknesses taken at S0X objective magnification.
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Figure 3. (A, top) DFT-calculated interchain bonding energies of NbS;—I within (red) and across (blue) the unit cell along the a axis. (A, bottom)
DFT-calculated bonding energies of the covalent intrachain interactions in NbS;—L There are two bonding energies (orange and green bonds)
corresponding to the nonequivalent intrachain interactions arising from Nb—Nb dimerization along the b axis. (B, top) DFT-calculated interchain
bonding energies of ZrS; within (red) and across (blue) the unit cell along the a axis. (B, bottom) DFT-calculated bonding energies corresponding

to the covalent intrachain interactions in ZrS; (orange).

anisotropic intra- and interchain bonding, which highlights the
pronounced role of phase stability and intrachain dimerization
in distinctly promoting in-chain growth.

NbS;—I nanowires were grown using a modified chemical
vapor transport (CVT) method previously reported by Hu et
al. for 2D vdW crystals, where the reaction ampule was
narrowed near the center to grow thin nanoscale structures on
a suitable substrate.”” Here, we significantly modified several
parameters, including reaction ampule dimensions, the
substrate, and the temperature profile, to precisely grow
NbS;—I nanostructures (Figure 1B,D). For all syntheses,
elemental Nb and S powder loadings followed an optimized
Nb/S ratio of 1:4, as we found that excess sulfur acts as a
transport agent and suppresses the growth of the competing
2D phase, NbS, (Figures S2, S3). Necking the center of the
ampule tuned the precursor flux to the substrate (Figure S4).
Reports on the CVT synthesis of bulk NbS;—I were able to use
close-to-stoichiometric ratios because of longer reaction times
of 5 days to 2 weeks,”>****** which facilitate complete
reaction and precursor mixing. However, when growing
nanostructures on shorter reaction time scales (30 min to 3
days), higher sulfur partial pressures are necessary to grow the
target sulfur-rich NbS;. Bulk, needle-like crystals with smooth
facets formed on the inner top surface of the quartz ampule,
whereas the targeted nanowires were deposited on the Si/SiO,
substrate (Figures S5—S7). Generally, we observed that thin
nanowires grew radially from localized nucleation spots and
along the substrate edges, resulting in comparable cross-
sections across the substrate (Figure 1C; Figure S7, Table S1).

TEM, EDS, and Raman spectroscopy demonstrated that
bulk crystals and nanowires belong to the NbS;—I polytype
(Figure 1E,F; Figures S6, S8). For all nanowires in Figure 1C,
EDS analysis confirmed the composition of single, isolated
nanowires composed of Nb and S elements with an Nb/S
average ratio of ~1:3 (Table S1). EDS mapping showed
uniform distribution of Nb and S across the nanowires (Figure
S8). Dark-field optical images of the substrate showed
nanowires with high aspect ratios emerging from few

nucleation spots (Figure 1C). TEM imaging shows the high
crystallinity of the nanowires with d-spacing matching that of
NbS;—I and their flexibility (Figure 1E; Figures S6, S9). The
fast Fourier transform (FFT) was indexed as the NbS;—I [001]
zone axis (Figure 1E). Peaks in the Raman spectrum of the
nanowires in Figure 1C (Figure 1F) are consistent with the
NbS;—I polytype.”®**> X-ray photoelectron spectroscopy
(XPS) of bulk crystals showed peaks corresponding to the
3d;/; and 3d;, states of Nb and the S’ 2p, 5, S" 2p;/, and the S
2p1/» S 2py,, states of S (Figure S10). Assignments of Raman
peaks I to VII are in the Supporting Information.

We systematically varied the duration of the reactions from
30 min to 3 days at a fixed temperature gradient (T; = 750 °C
to T, = 650 °C) to further understand the effect of time on the
growth of NbS;—I. Generally, the growth of NbS;—I nanowires
was observed at all reaction times used in this study. If the
reaction is quenched using an ice bath, the nanowires would be
shorter than the naturally cooled analogues. Nanowires from a
quenched 30 min reaction reached lengths of up to ~1 mm,
with most nanowires having lengths between 30 and 249 ym
and heights ranging from 13 nm to ~100 nm (Figure 1C). In
contrast, a 30 min reaction with natural cooling yielded
nanowires with lengths up to ~2.5 mm, with most lengths
between 69 and 728 ym and with comparable heights from 24
nm to ~100 nm (Figure S7, S17). Intriguingly, a three-day
reaction time with natural cooling yielded ultralong nanowires
of up to ~7.9 mm in length, with most lengths ranging from
251 ym to 2.2 mm and heights of 40 to 160 nm (Figure 2A—E,
S17). Our ability to grow well-defined NbS;—I nanowires
enabled us to measure their thickness-dependent optical
scattering properties (Figure 2F,G). From dark-field hyper-
spectral imaging and spectroscopy, we found thickness-
dependent spectral features in nanowires that are ~40- to
120-nm-thick, illustrating that the frequency distribution of
scattered light can be systematically modulated by controlling
the nanowire thickness (Figure 2F). Generally, nanowires that
were sub-100-nm-thick appeared green-blue, whereas thicker
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nanowires (>100 nm) appeared yellow-white in the dark-field
micrographs (Figure 2G).

We found that the morphology of the NbS;—I nanostruc-
tures could also be modulated by adjusting the temperature
and duration of the synthetic steps to promote a sulfur-rich
environment (Figures S11, S12; Supplementary Text). We
observed that this program promoted lateral growth of the
chains along the a axis (vdW direction), which uniquely
yielded wide nanoribbon analogues of NbS;—I (Figures S13,
S14). Peaks in the Raman spectra of the nanoribbons, like the
nanowires, agreed well with NbS;—I phonon modes (Figure
S$15). Nanoribbons crystallized into long and thin structures
with dimensions ranging from 88 nm X 10 ym X 640 um to 91
nm X 37 pgm X 1200 ym (Figures S13, S14, S16, and S17).
Nanoribbons display shorter lengths compared to nanowires
(Figure S17). EDS analysis confirmed a Nb/S ratio of ~1:3,
and like the nanowires, mapping showed an even distribution
of Nb and S throughout the crystal (Figure S18). The
distinction between nanowire and nanoribbon growths is
discussed in the Supplementary Text.

To understand the unusual growth behavior of NbS;—I, we
directly applied methods used to grow NbS;—I to a closely
related MCh; phase, ZrS;. ZrS; displays the same trigonal
prismatic coordination environment along the chain and strong
covalent bonding along the b axis, but without the in-chain
metal—metal dimerization (Figure S19). Crystals found on the
substrate were nanoribbons significantly shorter than NbS;—1.
The nanoribbons had thicknesses ranging from ~6 to 200 nm
and lengths ranging from 0.056 to 1.8 um, which are at least 3
orders of magnitude shorter than NbS;—I nanowires (Figure
$20). Raman spectroscopy (Figure S21) and TEM (Figure
S22) confirmed that the crystal structure of the nanocrystals is
consistent with that of ZrS;.

We performed density functional theory (DFT) calculations
to analytically compare bond strengths of NbS;—I and ZrS;
across multiple crystallographic directions and rationalize the
disparity between the growth of ultralong NbS;—I nanowires
versus the significantly shorter ZrS; nanoribbons (Figure 3;
Figures $S23—S30; Table S2). Partial filling of the d-orbital
bands in NbS, (d'), as opposed to ZrS; (d°), leads to in-chain
Nb—Nb interactions, which split the band and decrease the
overall energy (Figures $29, $30).*° This is evidenced by the
overall stronger bonding in NbS;—I (Figure 3). For NbS;—I,
calculated intrachain bonding strengths of 1.927 eV (orange;
Figure 3A) and 2.152 eV (green; Figure 3A) were significantly
higher than the calculated intrachain bonding strength of 1.753
eV in ZrS, (orange; Figure 3B). Enhancement of the intrachain
bonding strength reaches 0.4 eV and is significantly higher than
the enhancement along other directions (<0.2 eV; Table S2).
This increase in covalent intrachain bonding strength is
primarily attributable to in-chain dimerization of Nb atoms.
Calculations were also performed to understand the origin of
the dimerization and stability of NbS;—I. We constructed the
NbS;—V polytype,”** a metastable P2,/m polymorph with a
nondimerized structure like ZrS; (Figure S29B). The addi-
tional electron in Nb, compared to Zr, introduces two extra
electrons per unit cell. This lifts the Fermi level, leading to a
metallic state in NbS;—V (Figure S29D,E). Comparing NbS;—
I to NbS;—V, we found that (1) dimerization in NbS;—I
lowers the total energy (E) of the system by 0.18 eV, calculated
as 2E(NbS;-V) — E(NbS;-1), and (2) dimerization, reminis-
cent of Peierls-induced transition,” opens an indirect band gap
in NbS;—1 (Figure S29F).”**” We posit that the stable in-chain

dimerization likely influences the preferential bottom-up
growth of NbS;—I nanocrystals along the chain direction.
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