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Transition metal dichalcogenide (TMD) nanotubes offer a unique platform
to explore the properties of TMD materials at the one-dimensional limit.

Despite considerable efforts thus far, the direct growth of TMD nanotubes
with controllable chirality remains challenging. Here we demonstrate

the direct and facile growth of high-quality WS, and WSe, nanotubes

on Sisubstrates using catalytic chemical vapour deposition with Au
nanoparticles. The Au nanoparticles provide unique accommodation
sites for the nucleation of WS, or WSe, shells on their surfaces and seed
the subsequent growth of nanotubes. We find that the growth mode of

nanotubes is sensitive to the temperature. With careful temperature control,
werealize -79% WS, nanotubes with single chiral angles, with a preference

of 30° (-37%) and 0° (-12%). Moreover, we demonstrate how the geometric,
electronic and optical properties of the synthesized WS, nanotubes can

be modulated by the chirality. We anticipate that this approach using Au
nanoparticles as catalysts will facilitate the growth of TMD nanotubes with
controllable chirality and promote the study of their interesting properties
and applications.

Quasi-one-dimensional (quasi-1D) van der Waals nanotubes, which can
beviewed ascylindersrolled up from sheets of their two-dimensional
(2D) counterparts, have opened new avenues for exploring physics
in one dimension and building devices with unique functionalities"’.
Asaprototypical example of 1D structure, TMD nanotubes (NTs) were
discovered as early as 1992 (ref. 3), and they have received consider-
able attention due to their interesting physical properties, such as
their enhanced intrinsic photovoltaic effect’, superconductivity?®,
diameter-dependent wetting®, high strength, flexibility” and other
emerging properties®'°. Up tonow, TMD NTs, such as those of tungsten
disulfide (WS,), tungsten diselenide (WSe,) and molybdenum disulfide

(MoS,), have been mainly synthesized viaa high-temperature solid-gas
synthetic approach using metal oxide nanowhiskers as templates" .
Despite itssuccessin the synthesis of TMD NTs, this approach still suf-
fers from poor controllability of the nucleation and growth process due
to the multistep transformation of phases throughout the sulfurization
of WO,_, (M00,_,) nanowhiskers. Moreover, while several studies on WS,
NTs have shown that the wetting, superconductivity, exciton-polariton
interactions and interlayer vibration modes strongly depend on their
diameters®'*'®, the effects of other geometric characteristics, such as
the chiralangle, handedness and chirality, have not yet beenreported.
This is attributed to the fact that it is still a challenge to synthesize
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Fig.1|Direct CVD growth of TMD NTs using Au NPs as catalysts. a, Schematic
illustration showing the preparation of the Au NP catalysts and the CVD growth
of TMD NTs. b, Proposed growth mechanisms of TMD NTs. The standard 2D
epitaxial growth of multilayer TMD crystals on the bare Si substrate follows
steps 1-2, whereas the growth of TMD NTs due to the presence of Au NPs follows
steps 3—-4. There are two growth modes of TMD NTs depending on the growth
temperature, thatis, direct growth of 1D TMD NTs with a single chiral angle at

Si substrate

TMD NT
(multiple chiral angles)

~835-840 °C (step 5) and with multiple chiral angles at ~-840-845 °C (step 6).
Theinsetsinsteps5and 6 are TEM images of TMD NTs with asingle chiral angle
and multiple chiral angles at their initial growth stages, exhibiting different
nucleation sites and growth modes. The scale bars for the TEM images are 50 nm.
The TMD NTs grown here are substantially different from the ones obtained

by the high-temperature solid-gas synthetic approach using metal oxide
nanowhiskers, which is presented in the dashed box.

TMD NTs with controllable chirality, which hinders further research
inthefield. Therefore, the synthesis of TMD NTs with high quality and
controllable chirality is highly desired.

Herein we report a direct growth of WS, NTs with controllable
chirality using gold nanoparticles (NPs) as catalysts in a chemical

vapour deposition (CVD) process (Fig. 1a). We have observed that the
Au NP catalyst provides unique accommodation sites for the reaction
of the WO, vapour, hydrogen and sulfur, as well as the subsequent
formation of WS, shells on the NPs’ surface, which then seeds the
growth of WS, NTs (Fig. 1b). This mechanismiis entirely different from
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the synthesis of WS, NTs by sulfurization of WO,_, nanowhiskers
(Fig.1b)™". Moreover, we reveal that the growth mode of NTs is sensi-
tivetothe temperature. Under the optimal growth temperature range,
we achieve ayield of ~79% for WS, NTs that possess single chiral angles.
This chiral-selective synthesis is also demonstrated in the WSe, NTs.
TMD NTswith single chiral angles enable the study of chirality-related
structural and physical properties, such as the geometrical character
(faceting and helicity) and structural parameters, as well as optical and
electronic properties.

Direct growth of TMD NTs

Thedirect growth process of WS, and WSe, NTs using gold NP catalysts
is schematically illustrated in Fig. 1a. The Au NPs are firstly obtained
by annealing an ~10 nm Au film deposited on a Si substrate at 750 °C
for 10 min (Supplementary Fig. 2a,b) and then placed in the middle of
furnacell. During the synthesis, WO, powders, as the source materials,
arelocatedinthe middle of furnaceland are evaporated by increasing
their temperature; the vapour is transported onto the Si substrate by
Argasflow. When the temperaturesin furnacesIand Il simultaneously
reach the required values (920 °C and ~835-845 °C, respectively, as
shownin Supplementary Fig.2c), hydrogen gasisinjected, and the S or
Se powders are quickly moved to furnace by moving theironrectangle
behind the boat by amagnet. Asaresult, the Sor Se powdersinthe boat
starttoevaporate and react with the WO, layer formed on the surface of
the AuNPs, ultimately transforming WO, into a WS, or WSe, monolayer.

The growth of the TMD nanocrystals on the Si substrate, with-
out or with Au NPs, is comparatively illustrated in Fig. 1b (steps1~> 2
and steps 3 ~> 4, respectively). In the absence of Au NPs, the nuclea-
tion of WO,_, (step 1, Fig. 1b) and growth of WS, (step 2, Fig. 1b) are
thermodynamically favourable on the bare Si substrate, resulting
in 2D epitaxial growth (Supplementary Fig. 3a,b) and island growth
(Supplementary Fig. 3c,d) dominated by the Frank-van der Merwe
growth mode and Stranski-Krastanov growth mode, respectively’*°.
By comparison, the presence of the AuNPs provides accommodation
sites for the WO, and S/Se vapours, and induces the nucleationofaWoO,
crystalline layer on the surface of the NPs (step 3, Fig. 1b), followed by
the formation of a TMD monolayer (step 4, Fig. 1b).

Ourstudies further reveal that the growth process of NTsis highly
sensitive to the temperature of the substrate (Supplementary Fig. 4).
The temperature influences the nucleation sites of NTs, either at the
edge contactbetweenthe NPs and Sisubstrate, or onthe surface of the
catalyst NPs (step Sor 6inFig.1b and Supplementary Fig. 4b,c), leading
tothe growth of NTs with a single chiral angle or multiple chiral angles,
respectively. Two types of growth modes will be discussed in detail in
the following. The influence of prematurely introducing the S vapours
intothe furnace are also studied (Supplementary Fig. 5). Additionally,
Supplementary Fig. 6 illustrates the feasibility of the step-by-step cata-
lytic CVD reactioninatubular furnace with asingle temperature zone.

The scanning electron microscopy (SEM) measurements confirm
that WS, NTs can be effectively obtained on the Si substrate (Fig. 2a).
The Au catalyst NPs on the growth substrate are located at the root of
the synthesized WS, NTs and assist the growth of the NTs. Figure 2b
displays the low-resolution transmission electron microscopy (TEM)
images of the WS, NTs grown at ~-835-840 °C, revealing representa-
tive tubular structures. The selected-area electron diffraction (SAED)
of WS, NTs (inset of Fig. 2b) consists of a single set of hexagonally
arranged diffraction patterns, indicating anidentical helical angle for
all concentric shells in the multi-walled NTs. For two special cases in
WS, NTs, the armchair-type or zigzag-type WS, NTs have chiral angles
of 0°and 30°, respectively, exhibiting only one set of hexagonal spots
inreciprocal space (Supplementary Section 1). It is clear that the WS,
NT is a zigzag-type WS, NT??2, Their high-resolution TEM images fur-
ther confirm high-quality multi-walled NT structures with interlayer
spacings of 0.634 nm (Fig. 2c) and a periodic honeycomb structurein
the middle of the NT.

The atomic structures and chemical compositions of the
as-synthesized WS, NTs are uncovered by aberration-corrected scan-
ning transmission electron microscopy-annular dark-field (STEM-ADF)
imaging and energy dispersive X-ray spectroscopy (EDS) studies.
The NTs grown at ~835-840 °C (Fig. 2d) present the atomic columns
of S-W-S chevrons along the [001] direction at the edge of the NTs,
matching therhombohedral symmetry (3R) phase of WS, (refs. 23,24),
asoverlaid and aligned with the atomic structure model. Further X-ray
diffraction studies and SAED patterns of the WS, NTs also confirm
the 3R phase?, which is distinct from the hexagonal (2H) phase of the
few layers of WS, (Supplementary Fig. 7) and the WS, NTs grown from
W,s0,, nanowhiskers™. The atomic arrangement in the middle of the
NTs displays a periodic honeycomb structure along the [001] direc-
tion. The atomically resolved STEM images and intensity profiles in
the middle of the NTs are consistent with simulated ones for multilayer
WS,. Theseresultsindicate thatall cylindrical layers in WS, NTs should
have the same chiral angle. EDS measurements are carried out for
the as-synthesized single-chiral-angle (S-CA) NTs (Supplementary
Figs.8and9).

At-840-845 °C, the as-synthesized NTs exhibit distinct morpho-
logies and nucleation sites (Fig. 2e) compared with the NTs grown at
~835-840 °C, implying different growth modes. Figure 2f displays
the low-resolution TEM images of the synthesized WS,, revealing a
similar representative tubular structure. However, the SAED of the
NTsgrownat-840-845 °C (inset of Fig. 2f) have two groups (four sets)
of hexagonal diffraction spots, demonstrating multiple-chiral-angle
(M-CA) characteristics with helical angles of 8.5° and 20.5°. This char-
acteristic leads to a moiré superlattice atomic arrangement in the
multi-walled NTs, as shown in the inset of Fig. 2g. Our further analysis
based on the STEM-ADF imaging provides more details on the atomic
arrangement and chemical compositions of the NTs (Fig. 2h). The
characterization of the twist can be directly visualized by the stacking
order of the S-W-S chevrons at the edge of the NT. This is consistent
with the twisted atomic models depicted in Supplementary Fig. 10.
The STEM image in the middle of the NTs reveals a resolved moiré
superlattice. The red arrows indicate the smallest periodic repeating
cell, with a lattice constant of 1.51 nm. This mostly agrees with the
simulated atomic structure model of multilayer WS, with 12.1° twisted
angles, which displays a moiré superlattice withamoiré periodicity of
1.50 nm. The EDS elemental mappings of the M-CA NTs are shown in
Supplementary Figs.11and 12.

To verify the temperature-dependent chiral characteristics of
the synthesized WS, NTs, we randomly selected and characterized
approximately four hundred NTs grown at-835-840 °Cor ~840-845 °C.
At~-835-840 °C, nearly 79% of the as-grown NTs we synthesized possess
single chiral angles (Fig. 2i, Supplementary Fig.13 and Supplementary
Table 1). Notably, most of the S-CA WS, NTs have armchair or zigzag
configurations, consistent with the reported results of carbon NTs*
and other van der Waals NTs'. At -840-845 °C, 88% of the synthesized
WS, NTs have at least three chiral angles (Fig. 2j and Supplementary
Fig.14), and only a small percentage (5.6%) of the NTs have a single
helical angle. Our further investigations indicate a similar influence
of growth temperature on the chiral character of synthesized WSe,
NTs (Supplementary Figs. 15 and 16), with a similar selectivity for
chiral angles 30° and 0° (also Supplementary Table 2). Interest-
ingly, our results are consistent with the observation in multi-walled
carbon NTs, where the growth at a lower temperature typically leads
to S-CA multi-walled carbon NTs**%, suggesting a general effect of
the growth temperature on the growth of inorganic multi-walled NTs.

Growth mechanism and dynamics

Figure 3a shows a TEM image and EDS analysis of an Au NP, confirm-
ing that the Au NPs, with a pure chemical composition of Au, are not
perfect spheres. The high-resolution TEM image reveals lattice fringes
withanaverage spacing of 0.230 nm, matching well with the (111) plane
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Fig. 2| Structural characterizations of WS, NTs grown at different growth
temperatures. a-c, SEM (a), TEM (b) and high-resolution TEM (c) of the WS,
NTsgrownat~835-840 °C. Theinsetin b displays the corresponding SAED
pattern of the NT; c shows azoomed-in view of b; and the inset in cisazoomed-in
view at the middle region of the NT, with a scale bar of 20 nm. d, Experimental
(Exp.) and simulated (Sim.) STEM(-ADF) images and intensity profiles of a WS,
NT grown at-835-840 °C. The stacking order of the S-W-S chevrons at the NT
edge displays the characteristic arrangement of the rhombohedral symmetry
(3R) phase, as overlaid and aligned with the atomic structure model where the W
atomsare coloured turquoise, and the S atoms are yellow. Intensity profiles are
obtained along the red arrows marked in the experimental and simulated STEM
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images. e-g, SEM (e), TEM (f) and high-resolution TEM (g) of the WS, NTs grown
at-840-845°C.Theinsetin fdisplays the corresponding SAED pattern of the NT;
gshows azoomed-inview of f; and the inset in g is azoomed-in view at the middle
region of the NT, with ascale bar of 20 nm. h, STEM-ADF images at the edge and
middle ofa WS, NT grown at -840-845 °C, and the modelled atomic structure of
a WS, bilayer with atwist angle of 12°. The lattice vectors of the moiré superlattice
are highlighted by red arrows. The colours in the atomic structure model are the
sameasind.ij, Histograms of the distribution of the synthesized WS, NTs with
different chiral angles for growth temperatures of ~-835-840 °C and -840-845 °C,
respectively.

of the Au face-centred cubic (fcc) structure?®”, With the evaporation
of WO, powder, a WO, shell with a thickness of 2-3 nm is formed on
the surface of the AuNPs (Fig. 3b). Additionally, the measurements of
thelatticefringes, EDS mapping (insetof Fig.3b) and quantitativeanalysis
of the element ratios of the core-shell structures (Supplementary
Fig.17) are presented.

Following the evaporation of S powder, the WO, crystalline layer
undergoes a reaction with the S atoms, resulting in the appearance
of a disordered structure on the surface of the WO, crystalline layer
(Supplementary Fig.18). This disordered state indicates a phase trans-
formation and the formation of the WO,_, suboxides, which plays a
crucial role in the initial formation of a WS, crystalline monolayer
(Supplementary Figs. 19 and 20). As a result, the WO, crystalline shell
eventually converts into WS,, forming a monolayer on the surface of
the AuNPs (Fig. 3c), which effectively seeds the subsequent growth of
two types of WS, NTs, depending on the growth temperature.

At the growth temperature of ~835-840 °C, the growth of WS,
NTsis dictated mainly by edge energetics®**'. With the rapid addition
oftheSand Watomsto the growth front, the few layers of WS, formed
onthe AuNPs extend and induce the formation of WS, layers on the Si

substrate (Fig. 3d(i) and Supplementary Figs.21and 22). The interface
between the WS, layer on the surface of the Au NPs and the one on
the Si substrate provides preferential nucleation sites for the further
As a WS, flake grows and extends further, the built-in strain (surface
tension) within each layer increases rapidly, inducing a spontaneous
rolling-up process®*** and leading to the formation of a WS, nanoscroll,
with a single or few walls (Fig. 3d(iv)). The nanoscroll becomes a base
structure for further layer-by-layer growth. Eventually, a multi-walled
WS, NT with a length of a few micrometres is formed, and the helical
angle of each layer remains the same (Fig. 3d(v) and Supplementary
Fig. 23). The TEM image of the resulting WS, NT, shown in Fig. 3d(vi),
confirms the interface growth mode.

By contrast, at ~-840-845 °C, the WS, monolayer formed on Au NPs
serves as a seed for continuous homoepitaxial layer-by-layer growth
(Fig. 3e(i,ii) and Supplementary Fig. 24)***. The formation of the
WS, layer shell results in a remarkable reconstruction of the Au NPs,
transforming them from an irregular sphere to a polyhedron with a
hexagonal cross-section, known as polyhedral faceting. Meanwhile, the
WS, layers stacked on Au NPs can extend outwards from the corner of
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Fig.3| Growth mechanism and dynamics of WS, NTs catalysed by AuNPs.

a, TEM image of Au NPs with EDS mapping in the inset (left). High-resolution
TEM image with corresponding fast Fourier transform patternin the inset (right).
b, TEMimage of structures at the initial stage of NT growth, where the WO,
crystalline shellis formed on the surface of Au NPs. Left inset shows the fast
Fourier transform pattern, and right inset shows the EDS mappings. d, the
average spacing of lattice fringes. ¢, TEM image and corresponding fast Fourier
transform (inset) of the Au NPs’ surface after the reaction with S atoms. The
previously formed WO, crystals are transformed into a WS, monolayer on

the surface of AuNPs. d, SEM images showing the growth process of WS,
nanostructures at~835-840 °C (i-v). The few layers of WS, formed on the
AuNPs extend and induce the formation of WS, layers on the Si substrate; thus,

() (002

-

Substrate temperature (°C)

theinterface between the WS, layer on the Si substrate and the WS, shell on the
surface of the AuNPs provides preferential nucleation sites for the growth of NTs.
The TEM image of the resulting WS, NT is shown (vi). e, TEM images of Au NP-WS,
shell heterostructures at -840-845 °C. The continuous homoepitaxial layer-by-
layer growth on the WS, monolayer leads to the polyhedral faceting of the Au NP
and the formation of a seamless multi-walled NT with different helicity. At the
bottom right is the EDS mapping. HAADF, high-angle ADF. f, A phase diagram
showinginfluences of the temperatures of the substrate, WO, and S/Se powders
on the growth of WS, nanostructures. The growth of WS, NTs based on the
formed WO,_, nanowires with considerable vapour pressure of WO, is shown (ii),
aswell as the development of the vertical WS, nanosheets with considerable
vapour pressure of S (iii).

the hexagonal cross-section, supporting the extension growth of the
WS, shells (Fig. 3e(iii,iv) and Supplementary Fig. 25). Considering the
three-dimensional (3D) character of the heterostructures composed by
the faceted AuNP core and WS, layered shells, there could be extensive
growth of WS, simultaneously along the tangential direction of the
corner and around the circumference (Fig. 3e(v)). Asaresult, aseamless
NT with multiple walls but different helicity is formed, as confirmed by
the SAED measurements (Supplementary Figs. 26 and 27).

Our observations suggest that at temperatures of ~-835-840 °C,
thegrowthis dominated by the interface energetics, and the develop-
ment of WS, NTs follows an interface growth mode. By contrast, at
temperatures of ~840-845 °C, it is energetically more favourable to
lower the surface energy by forming a thicker shell on the Au NP, lead-
ing to a surface growth mode. Our further studies show that a similar
mechanismappearsinthe growth of WSe, NTs, where theinterface and

surface growthmodes are dominant at ~-835-840 °C and ~840-845 °C,
respectively (Supplementary Figs. 28 and 29). We conduct further
analysis to study the effect of the vapour pressure of WO, and Son the
formation of WS, NTs (Supplementary Fig. 30-33) and summarize
these results as a growth phase diagram, which is plotted in Fig. 3f. In
addition, the non-uniform distribution of Au NPs and uncontrolled
nucleation of WO, or WO,_, crystals onthe growth modes are discussed
(Supplementary Fig.33).

Structural correlation, helicity and faceting
analysis

For multi-walled WS, NTs with a single chiral angle, the interlayer spac-
ing shrinks approximately linearly whenincreasing the layer number,
with the rate of shrinkage dependent on the chiral angle (Fig. 4a and
Supplementary Figs. 34 and 35a). When increasing the outermost
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17 £ 0.5°. ¢, The interlayer spacing as a function of layer number in S-CA WS, NTs
with chiral angles of 17 + 0.5°, compared with M-CA WS, NTs including similar
chiralangles (17 + 0.5°). d, SEM images of multi-walled WS, NTs with a vertical
growth direction. e, TEM image of aM-CA WS, multi-walled NT with chiral angles
distributed within 0.5 £ 0.5°. The insets show the corresponding SAED pattern
and lattice fringes of (111) planes in regioni. The arrow indicates the growth
direction of the NT. f, The nanobeam electron diffraction patterns in regionsi-vi
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marked by the dashed rectanglesin e. Indices [hk{] denote the zone axis of the NT,
starting near [121] and showing a progressive twist of the lattice along the NT. The
dashed triangles consist of the three diffraction points with the same spatial
relationship in the diffraction pattern, highlighting the rotation of the (101) and
(012) planes from 1-6. g, A schematic displaying the rotation of the NT along the
growth direction; the insets present the crystal structures in three different
zonesalongtheNT.d, L, and O, represent the diameter, length, and chiral angle
ofthe WS2 NT, respectively. h, Scatter plot of the twist per unit length in WS, NTs
with different chiral angles. Error bars represent one standard deviation from
calculating rotation angles using the diffraction data.

diameter, the interlayer spacing displays alinear decrease in the arm-
chairand zigzag WS, NTs (Fig. 4b). However, this linear relationship is
notobservedinthe chiral WS, NTs with helical angles of 17 + 0.5°, likely
due to the handedness of the chiral WS, NTs. Furthermore, there is
alsono simple relationin the M-CA WS, NTs (Fig. 4c).

Faceting and helicity are two typical characteristics of multi-walled
NTs that have been observed and theoretically modelled in boron
nitride NTs and carbon NTs**"*, In our analysis, we find remark-
able circumferential faceting and helicity along the vertical-grown
multi-walled WS, NTs. The circumferential faceting, which results
in the polygonal cross-sections of multi-walled WS, NTs (Fig. 4d and
Supplementary Fig. 36a-d), exists if the tube diameter is larger than

a critical value (Supplementary Fig. 36e-g)***"*2, The surface struc-
tures of the faceted TMD NTs are uncovered by aberration-corrected
high-angle ADF-STEMimaging, in which the distribution of the vertices
with abright contrastisidentified along the tube (Supplementary Figs.
37-40). A comparison of the STEM images (Supplementary Figs. 37,38
and 41a,b) clearly shows that the axial facets appear only in the chiral
multi-walled WS, NTs, notin the achiral ones. This isin agreement with
previoustheoretical studiesindouble-walled carbonand boronnitride
nanotubes’®. For multi-chiral WS, NTs, the STEM studies reveal that a
cross-sectional polygonalization occurs when the shells with different
chirality have special helical angles matching*®**. For example, the
faceting characteristics of multi-walled bichiral WS, NTs with amixture
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Fig. 5| Optical and electronic characterizations of WS, multi-walled NTs.

a, Raman spectra of multilayer WS, NTs grown at ~835-840 °C, compared with
those of the monolayer and few-layer WS, crystals. b, Lorentz fitting of the Raman
spectrum of the WS, multi-walled NTs. The energy of the B,, mode is lower than
the A,, mode. ¢, Raman shift of the B,, mode and the intensity ratio of the B,, and
A, modes (/(B,,)/I(A,,)) for different NT samples. d, PL spectra of multilayer WS,
NTs grown at -835-840 °C. The left axis is for the coloured, numbered spectra,
whereas the right axis is for the dashed line. e,f, The Lorentz fitting of the PL

spectrum of samples 2 (e) and 5 (f). Inf, the left axis is for the coloured points
and lines, whereas the right axis is for the dashed line. g, Output characteristics
oftheS-CANT and M-CANT FETs at V,, =0 V; the inset is the optical image

of WS, NTFETs, and the gold region represents the Cr/Au contact pads. h, Transfer
characteristics of theS-CANT and M-CANT FETs at V,, =1V. 1, Statistical
distribution of the output currentat V,=1Vand V,, = 0V, highlighting that the
S-CANT FETs show considerably higher conductance than the M-CANT FETs.

of armchair and zigzag shells are in Supplementary Fig. 39, and those
withsimilar (but not the same) chiral angles near 30°are in Supplemen-
tary Fig. 40. However, the facet formation is suppressed in the M-CA
WS, NTs with different helical angles between the shells, resulting ina
corrugated NT surface (Supplementary Figs.41and 42). Furthermore,
the vertices cansignificantly enlarge the interlayer spacing andlead to
anasymmetric lattice fringe around the tube and a non-uniformlattice
fringe along the tube® (Supplementary Fig. 40).

The helicity characteristics are confirmed in the high-resolution
images obtained by TEM and high-angle ADF-STEM, as well as nano-
beam electron diffraction (Fig. 4e,f). For example, a WS, NT with
multiple helical angles of 0.5 + 0.5° shows lattice fringes with an
in-plane lattice constant of 0.272 + 0.002 nm in (101) planes that are

perpendicular to the axis of the tube. Figure 4f shows that the diffrac-
tion patterns rotate systematically away from the crystal orientation
of [121] when the beam is displaced along the tube. The (111) planes
remain perpendicular to the axis of the tube, but the (101) and (012)
planes progressively rotate with a fixed helicity along the tube. A sche-
matic diagram of the crystal structure along the tubeis shownin Fig.4g.
Detailed measurements demonstrate that the NT rotates by approxi-
mately 31.0° over a distance of 125 nm along the tube, and the helicity
results in an obvious screw dislocation of the lattice fringes (Supple-
mentary Fig.43). Similarly, the diffraction datafor various S-CA (chiral
orachiral) and M-CA NTs (Fig. 4h) show the following: (1) the S-CANTs
have nearly axial symmetry without helicity; and (2) the M-CAWS,NTs
have multiple chiral angles distributed in a small range (for example,
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within 0.5+ 0.5° or 29.5 + 0.5°), and display an apparent rotation of
helicity; while (3) the multi-walled bichiral WS, NTs with mixed armchair
and zigzag shells have axial symmetry without helicity.

Vibrational, optical and electronic
characterizations

Micro-Raman spectra of the WS, multi-walled NTs grown at ~-835-840 °C
reveal distinct features in comparison to monolayer and few-layer WS,
crystals (Fig. 5aand Supplementary Fig. 44a,b). Notably, the vibration
modesin WS, multi-walled NTs areindependent of their layer numbers,
in contrast to the monolayer and few-layer WS, crystals. Additionally,
the B,, mode resulting from the curvature and structural disorder
inherentin a NT®is observed with an energy lower than the A;, mode
(Fig.5b). The decrease of diameters of the NTs among the samples from
1to 5 (the structural analysis is in Supplementary Fig. 44c) results in
alinear-like dependence of the intensity ratio /(B,,)//(A,,) for samples
(Fig. 5¢). However, the Raman shift of the B, mode is independent of
the diameters (Fig. 5¢), indicating that the B,, mode is not solely deter-
mined by the curvaturebut also by other structural properties, such as
the strong mechanical coupling between the van der Waals-coupled
single-walled NTs**.

Photoluminescence (PL) spectra of the WS, multi-walled NTs
(Fig.5d) show adramatically decreased quantum efficiency compared
to the WS, monolayer (also Supplementary Fig. 43d). The PL spectra
of four samples (1-4) can be fitted by Lorentzian functions (Fig. 5e and
Supplementary Fig. 45), with the prominent symmetric peak around
1.86-1.91 eV originating fromthe A exciton®*¢. However, the PL spectrum
of sample 5 (Fig. 5e) displays different features. First, the PL intensity
isnotably lower; second, the PL curve is composed of multiple transi-
tion peakslocatedat1.87 and 2.11 eV (Fig. 5f), identified asthe Aand B
excitons, respectively**¢. Third, the peak located at1.94 eV has alower
intensity compared to the A and B excitons, and intriguingly displays
similarities to aninterlayer exciton transitionin twisted WS, bilayers®.
Supplementary Figs. 46 and 47 indeed demonstrate that the relative
orientations of the shells in the synthesized WS, multi-walled NTs
wouldresultinalD moiré pattern. These special PL featuresin sample
5 are more common in WS, multi-walled NTs grown at ~840-845 °C
(Supplementary Fig. 48). The S-CA and M-CA multi-walled NTs, cor-
responding to the ‘roll-up’ of untwisted and twisted WS, multilayers,
respectively, display distinct optical properties of ID TMD structures,
as confirmed by the further measurements of their reflection spectra
(Supplementary Fig. 49). Similarly, the Raman and PL properties of
the synthesized WSe, NTs are studied in Supplementary Fig. 50.

First-principles calculations using density functional theory were
performed to investigate the electronic band structures of the S-CA
and M-CA WS, multi-walled NTs (Supplementary Section 5). The results
indicate that the energy gap in the WS, NTs is significantly smaller
compared to their 2D counterparts due to the increased curvature
and stronger interlayer interactions (Supplementary Fig. 52 and Sup-
plementary Table 3)**~°. This sheds light on the shrinkage of the A- and
B-exciton transitions that appeared in the S-CA and M-CA WS, NTs.
Notably, the reduction in the energy gap is more prominent in M-CA
rather thanin S-CA WS, NTs (Supplementary Figs. 53 and 54 and Sup-
plementary Table 4), highlighting the stronger interlayer interactions
induced by the twist. Moreover, we theoretically reveal that the band-
gapisindirectinarmchair NTs, but directinzigzag NTs (Supplementary
Fig.53), whichis consistent with previous calculationsin MoS, NTs*¢,

To investigate the electrical transport properties of the synthe-
sized NTs, we fabricated field-effect transistors (FETs) on the SiO,/
Si substrate using the WS, multi-walled NTs grown at ~835-840 °C
and ~840-845 °C (inset of Fig. 5g and Supplementary Fig. 55a). At
zero gate voltage, the output characteristics of the FETs, which depict
drain-source current /; versus drain-source voltage V,,, reveal that
the multi-walled M-CA NT-based device exhibits little conduction,
while that of the S-CA NT shows considerably higher conductance

with a current on the order of 10 nA at 1V bias (Fig. 5g). The output
characteristics under different gate-source voltages (V) demon-
strate n-type doping of the devices (Supplementary Fig. 56a), due
to the electron concentration of the ‘intrinsic’ WS, NTs. The transfer
characteristics (/4s— V) of the NT FETs (Fig. 5h) indicate a relatively
small tunability, which is systematically studied in Supplementary
Figs. 57-60. The electrical transport property can be improved by an
annealing process, as demonstrated in Supplementary Figs. 61and 62
and Supplementary Table 5.

Measurements of nearly 40 WS, NT FET devices confirm that the
overall current of a S-CA NT device is approximately 2-4 orders of
magnitude larger than that of a M-CA NT device at zero gate voltage
(Fig.5iand Supplementary Fig. 56b). Furthermore, the S-CANT device
exhibits a FET electron mobility that is approximately 1-3 orders of
magnitude higher than that of the M-CA NT device (Supplementary
Figs.55band 56c¢), highlighting the significantly higher conductivity in
the multi-walled S-CA WS, NT. The ratio of the FET devices with higher
output current and mobility is consistent with the percentage of NTs
of single chiral angles grown at low and high growth temperatures,
indicating differencesinelectrical performancein the S-CAand M-CA
NTs because of their different chiral structures.

In conclusion, we have demonstrated a catalytic CVD method for
preparing WS, and WSe, NTs using Au NPs as catalysts. The growth
mechanisms and the role of Au NPs during the formation of TMD NTs
at different temperatures are elucidated. The ability to synthesize
TMD NTs with controllable chiral angles offers exciting possibilities
to investigate the effect of chirality on their structural and physical
properties, such as faceting and helicity vibrational modes, electronic
band structures and carrier transport. Our approach has broad appli-
cability for growing other TMD NTs with specific, customizable struc-
tures, enabling the rational tuning of their electronic band structures,
light-matter interactions, spintronics, many-body excitons, carrier
confinement or carrier separation. In addition, this strategy offers a
potential strategy to further carefully control the chirality of TMD NTs,
whichis critical for both exploring single-chirality physics and realizing
specific device functions. Our study thus greatly expandsthe TMD NT
platform for both fundamental studies and technological applications.

Online content
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Methods

Sample preparation

The TMD NTs were grownin a one-zone tube furnace. The WO, powder
(99.99%; Alfa Aesar) was placed in a quartz boat at the central heat-
ing area of the high-temperature furnace, while the S or Se powder
(99.999%; Alfa Aesar) in a quartz boat was located 40 cm away from
the furnace, to ensure the negligible evaporation of S or Se powder
during the evaporation of WO, powder. A Si substrate rinsed with
acetone, alcohol and deionized water was predeposited by an~10 nm
Au catalyst layer by radio frequency magnetron sputtering. Then, the
Au catalyst layer was annealed at 750 °C for 10 min to form 3D catalyst
islands. The Sisubstrate with AuNPs was placed downstream (-30 cm)
ofthe high-temperature furnace to trigger the nucleation of TMD NTs
in a thermal CVD process. A vacuum pump can suck the gas into the
reaction chamber and create alow-pressure environment. Each of the
quartztube sides was equipped withagasinlet or outlet. The inlet gas
flow of argon and hydrogen and the outlet gas flow were controlled by
the angle-style valves at the two ends of the quartz tube to keep the
pressure at a required value. Before heating, the system was purged
with 1,215 standard cubic centimetres per minute (sccm) Ar (-99.999%)
for 5 min to eliminate oxygen and moisture in the furnace. Then, the
pressure in the tube was decreased and maintained at 850-950 mbar
during the reaction process.

With the temperatureincrease in the furnace, the source material
WO, powder was evaporated first and transformed by Ar gas on the
surface of the Au catalyst NPs under low-pressure conditions. When
thefurnace temperaturereached 800 °C, hydrogen gaswas introduced
intothereactionsystem. As the temperature of the furnace increased
further totherequiredreaction value (980 °C), the S or Se powder was
moved quickly towards the furnace by moving a magnet to attractan
ironrectangle beside the boat containing the S or Se powder. The S or
Se powder thenstarted to evaporate and participate in the nucleation
on the surface of the Au NPs. During this CVD reaction, the Ar gas at
200 sccm transported the precursors’ vapour to the downstream
growth substrate. When the growth was completed, a 500 sccm flow
of Arwasintroduced into the furnace to remove the residual reactants.
The growth samples were obtained after the furnace was naturally
cooled to ambient temperature.

Device fabrication and characterization

The synthesized WS, NTs were redispersed and uniformly dispersed
in ethanol by an ultrasonic treatment for further processing. Then,
ethanolic WS, NTs were dispersed onto the SiO,/Si substrate,
spin-coated with polymethyl methacrylate and fabricated by electron-
beam lithography, followed by deposition of Cr/Au (10 nm Cr/
50 nmAu), Ti/Au (5 nm Cr/50 nm Au) or Ni/Au (10 nm Cr/50 nm Au) for
the electrical contacts. The electrical performance of the fabricated
FETs was measured with aLake Shore TTPX probe stationand an Agilent
B1500A semiconductor parameter analyser. The carrier mobility
of the synthesized WS, NT and WS, nanosheet was calculated as
i = dlgs dlg

L . .
—% and u,p = —& respectively, where L is the channel
VasCip dVgs W¥gsCop dVee

length (indicated in Fig. 3a)”’; Wis the channel width of the nanosheet;
and Cp and C,;, are the capacitances of 1D NTs and 2D nanosheets,

which were calculated as C;p = —2%%__ and G, = Z°, where s
cosh™ [(r+tox)/r] fox

the dielectric constant of SiO,, &, is the vacuum permittivity, ¢, is the
thickness of SiO, and ris the radius of the synthesized NT. The carrier
concentration of the WS, NT and WS, nanosheet was calculated as
n=_C/qx(V,—V,),where V,isthe gatevoltage, V;is the threshold voltage,
Cisthe capacitance of ID NT (C1D) and gis the charge of an electron.

STEM simulation

STEM image simulations were performed using the package QSTEM
(http://www.qstem.org), which is based on the multi-slice algorithm.
The simulation parameters were roughly the same for all crystals,

including the thermal diffuse scattering within the frozen phonon
approximation. An80 x 80 pixel areaand aprobe array of a400 x 400
pixel areawere employed. Box mode with asize of 60 A x 60 A x 100 A
(x x y x z) was used, and the zone axes were reached by the sample tilt
function. In total, there were 100 slices along the zone axes, and each
was one angstrom thick (50 slices with each being two angstroms
thick for WS,). The defocus, astigmatism and spherical aberration C3
were allsetto zeroin orderto get the closest representation of the real
structure. The inner and outer angles were 42° and 180° (for detector
1) and 7.8° and 16° (for detector 2), respectively, consistent with the
experimental parameters.

Image processing
Raw STEM images were filtered using the winner filter and ABSF filter
realized by Digital Micrograph (https://www.gatan.com/).
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