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One-dimensional (1D) van der Waals (vdW) nanowires, formed from molecular chains bonded through 
weak interactions, represent a significant departure from traditional nanowires by offering the 
potential to miniaturize functional devices to the molecular scale while maintaining crystallinity, a 
feature attributable to their exfoliable nature and chemically inert surfaces. However, the lack of 
efficient synthesis methods has hindered the exploration of their intrinsic properties and potential 
applications. The production of vdW nanowires has predominantly relied on the exfoliation of bulk 
crystals, leaving their direct synthesis largely unexplored. In this work, we introduce a novel solid-state 
growth technique that facilitates the high-yield and scalable fabrication of single-crystal Ta2Ni3Se8 
(TNS) nanowires, achieving a consistent thickness of 100 nm and lengths extending to several 
millimeters. We further demonstrate a few centimeter scale alignments of as-grown nanowires and 
show that these nanowires can be easily dry exfoliated to produce several nanometer-thick, air-stable 
nanowires. Employing density functional theory, we investigate the bonding characteristics within 
these nanowires, identifying a highly anisotropic bonding density that significantly contributes to their 
facile exfoliation. Moreover, the development of Schottky device arrays on individual TNS nanowires 
and subsequent electrical transport measurements affirm the uniform Schottky contact properties 
along their entire length, characterized by a barrier height of approximately 0.39 eV. The successful 
synthesis of structurally and electronically uniform, ultralong TNS nanowires may open a new avenue 
in developing integrated molecular electronics and sensors using 1D vdW materials.
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Two dimensional (2D) van der Waals (vdW) materials uncovered novel electrical properties due to quantum 
confinement effect and reduced symmetry, allowing investigation of thickness dependent bandgaps1, topological 
phase transition2, excitons3, and valley polarization4,5, enabling their application in electronics and sensors. 
On the other hand, one-dimensional (1D) vdW materials, made of 1D molecular chains, extend dimensional 
confinement further. Within each chain, atoms are connected through covalent bonds, while in between chains, 
vdW-like weak bonding interaction holds chains together to form a single crystal. Such 1D vdW materials with 
strict 1D confinement, large surface-to-volume ratio, and strong electron-electron interaction bring new physics 
for fundamental research and technological applications. Examples include the highly anisotropic conductivity 
of TiS3

6,7 and the significant breakdown current density found in TaSe3
8 and ZrTe3 nanoribbons9 Ballistic 

heat transport has been discovered in Ta2Pd3Se8
10 High anisotropy in optical absorption/emission has been 

demonstrated in ZrS3
11 In addition, the applications of interconnects,12 field-effect transistors (FET),13 and 

photodetectors14 have been demonstrated. However, unlike the blooming number of 2D vdW materials, a very 
limited number of 1D vdW materials have been studied briefly, which include transition metal trichalcogenides 
MX3 (M = Ti, Nb, Ta, Zr; X = S, Se, Te),15–18 ternary transition metal chalcogenides M2X3Y8 (M = Ta, Nb; X = Ni, 
Pd, Pt; Y = S, Se),19–22 Nb2Se9,23 SnIP,24 Mo6S3I6,25 CrSbSe3,26,27 Sb2Se3,28 red phosphorous,29 and tellurium30.

The scarcity of methods for producing van der Waals (vdW) nanowires is a significant obstacle in advancing 
research in this domain. Currently, exfoliation is the primary technique for fabricating vdW nanowires, 
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involving the separation of bulk crystals through mechanical means such as tape20 or ultrasonic treatment 
in liquids31 While the tape method can produce high-quality nanowires, its drawbacks include low yield and 
shorter nanowire lengths. On the other hand, liquid exfoliation offers improved yields but tends to result in 
nanowire breakage and the introduction of defects32,33 To date, there have been no comprehensive reports of 
direct methods for synthesizing vdW nanowires, which is likely due to the complexities involved in the chemical 
reactions and growth processes. Therefore, developing a straightforward approach for the mass production of 
single-crystal vdW nanowires with high aspect ratios, uniform structural integrity, and dependable electrical 
properties is highly desirable. Such an advancement would greatly enhance the integration of these nanowires 
into a variety of functional devices, broadening their application potential.

In this study, we present a method for synthesizing semiconducting Ta2Ni3Se8 (TNS)34 vdW nanowires 
through a single-step solid-state reaction. The approach used in this work is both straightforward and cost-
effective, resulting in the production of large-scale, mm-long TNS nanowires with uniform morphology 
and aspect ratios exceeding 10,000. Following growth, mechanical exfoliation was demonstrated to produce 
nanowires with thicknesses down to a few nanometers. Transmission electron microscopy (TEM) revealed that 
the TNS nanowires are homogeneous single crystals that remain resistant to oxidation at room temperature. 
Additionally, TNS nanowire-based nanodevices were fabricated with nickel contacts, which exhibit Schottky 
diode properties with a barrier height of approximately 0.39 eV.

Results and discussion
The growth of TNS nanowires is achieved through a straightforward and reliable solid-state reaction, as 
illustrated in Fig.  1a (see methods for detail). Right after the growth, the product inside the sealed ampule 
(shown in Fig. 1b) seems to be composed of tightly packed nanowires resembling a turf of rolling grass. After 
gently cutting the ampule open, the turf roll was transferred out with its outer surface wrapped with Scotch tape. 
With this process, the original shape of the turf roll is preserved for further investigation. As shown in Fig. 1c, 
the as-grown nanowires extended from the inner wall of the ampule to the central region to form a single-piece 
turf roll. The growth mechanism will be discussed in detail in the following section. In order to conduct a 
comprehensive morphology analysis, the turf roll is then cut open along the longitudinal direction and unfolded 
on the substrate.

The TNS turf roll is first examined using a scanning electron microscope (SEM) by taking high-resolution 
micrographs of the nanowire at various locations. Figure 1d shows the unfolded turf roll lying flat on Scotch tape. 
The whole image is formed by stitching 64 SEM images, demonstrating the abundance of the growth. Figure 1e 
shows a side view of a flattened TNS turf, which exhibits an overall 2 mm thickness measured from the baseline. 
Most of the nanowires can be seen to extend from the bottom to the top, which suggests that each nanowire may 
be a few millimeters long on average. More SEM examinations of the nanowires on the bottom side surface of 
the turf (i.e., the outer surface of the turf roll) are shown in Figure  S1a, b. We observe brighter regions or spots 
scattered throughout the bottom surface, which are clusters of significantly shorter nanowires. However, the top 
side of the turf (i.e., the central region of the turf roll), as shown in Figure S1c, d, is free of cluster regions and 
fully covered with clean and long nanowires. Therefore, we speculate that cluster regions may serve as seed sites 
during the growth, mostly located on the inner sidewall of the ampule. Nanowires grow from the cluster regions 
toward the center of the ampule, eventually form a turf structure.

We further suspect that the source particles, initially attached to the inner wall, form the seeding area that 
leads to abundant nanowire growth. To verify this hypothesis, we prepared two ampoules, one with source 
powders covering only two ends of the ampule with an uncovered region in the center (Ampoule A) and the 
other with powder covering the entire inner wall (Ampoule B). This is realized by rubbing an O-ring on the 
outer surface of the ampule to induce electrostatic charges, which attract the source powder to the inner wall 
of the ampule. Then, the growth in both ampoules was conducted in the same conditions (see Figure S2a & d) 
simultaneously. The resulting ampoules showed distinctive growth yield, as illustrated in Figures S2b & e. After 
opening the ampule, it was clear that the ampule with seeds covering the entire wall resulted in a dense growth 
of nanowires (Figure S2c & f). Complementary to the earlier understanding, this result provides strong evidence 
of the direct correlation between seeding source particles and nanowire growth.

It is worth emphasizing, in contrast to the synthesis approach34 reported previously, which involves placing 
the elemental precursors (Ta, Ni, and Se powders) into a fixed location within the ampoule, our method disperses 
the powder mixture uniformly across the entire inner surface of the quartz ampoule. This is achieved through a 
simple yet effective electrostatic charging technique that promotes adhesion of the nano/micropowder onto the 
ampoule walls. As a result, the growth initiates from spatially separated precursor particles, facilitating individual 
nucleation and sustained one-dimensional growth of nanowires. This dispersed growth environment prevents 
the aggregation seen in conventional bulk growth. Therefore, we recognize that this distributed nucleation 
mechanism, made possible by the electrostatic-assisted powder dispersion, is the central factor enabling the 
abundant formation of long and thin nanowires.

EDS and X-ray diffraction (XRD) characterizations were performed on the as-grown nanowires to assess 
their chemical composition and crystal structure. Figure S3a shows EDS data obtained from a collection of free-
standing nanowires. All the peaks belong to the expected Ta, Ni, and Se, except C and O, due to carbon tape as 
the sample mount. A quantitative EDS analysis shows that the atomic ratio of Ta/Ni/Se is about 2:3:8, consistent 
with the stoichiometric ratio of the TNS crystal. Further, the seed region exhibited the same stoichiometric ratio, 
as shown in Figure S3b–d. The crystal structure of as-grown samples was determined by comparing our XRD 
powder diffraction peaks to those from the database (PDF#86-0186) (Figure S4a). All the XRD peaks matched 
with orthorhombic Ta2Ni3Se8, as shown in Figure S4b–d, except for a few extra minor peaks, which correspond 
to monoclinic Ta2NiSe7. The two phases can be further estimated by comparing the weights of major peak 
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profiles (see supplementary Figure S4e for more details). The as-grown nanowires contain 84.3 wt% Ta2Ni3Se8 
crystals and 15.7 wt% Ta2NiSe7 crystals.

The as-grown TNS nanowires are long but entangled, making it difficult to align or isolate them for further 
characterization. Therefore, we adopted a soft-lock drawing method35 to align the nanowires from the turf roll. 
First, we cut and lay flat a piece of as-grown turf roll onto a silicon wafer. With a razor blade press hold still 
onto one side of the roll, another razor blade, wrapped with an ethanol-wetted nylon filter membrane, was press 
swept away from the fixed side, leaving behind a region with well-aligned nanowires, as shown in Fig. 2a. The 
ethanol acts as a lubricant to reduce the friction between the nanowire and the substrate. The razor blades were 
kept static for a few seconds after finishing the sweeping to prevent nanowires from retracting until the solvent 
evaporated.

After the alignment process, nanowires become untangled and straightened, ready to be picked up with 
tweezers and transferred onto other substrates for SEM examination. As shown in Fig.  2b, a typical single 
nanowire with a length reaching 2.1  mm can be easily placed onto carbon tape. The thickness is measured 
by taking high magnification images, as shown in Fig. 2c–g. By surveying multiple locations across the whole 
length, a highly uniform thickness of 260 nm with 5 nm variation is confirmed. In addition, we sampled about 
200 nanowires, with the longest nanowire reaching 4  mm. The statistical analysis of the nanowire thickness 

Fig. 1.  Synthesis of crystalline TNS nanowires using solid-state growth. (a) Schematic of TNS nanowire 
growth via the solid-state reaction. (b) Photograph of the ampoule containing TNS nanowires after synthesis. 
(c) SEM image of the TNS turf roll after removing from the ampule, showing a cross-section relative to the 
ampule’s longitudinal direction (Scotch tape is attached to the perimeter to maintain the shape of the turf roll). 
(d) SEM image of the unfolded TNS turf roll (obtained by stitching 64 SEM images) showing the overall size of 
grown TNS nanowire turf. (e) Side view of the turf roll section shown in (d).
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(shown in Figure S5) reveals that thicknesses distribute mostly between 100 and 400  nm with a frequently 
observed value of 170 nm.

Ultralong TNS nanowires have been successfully mass-produced through a straightforward solid-state 
reaction. To examine the crystallinity, structure integrity, and uniformity of the as-grown nanowires, TEM studies 
have been carried out. We prepared the TEM samples by gently rubbing the nanowire bundles directly onto 
TEM grids. A typical TNS nanowire obtained with this method shows a thickness of 30 nm, directly measured 
from the high-resolution TEM image, as illustrated in Fig. 3a. The high-resolution TEM image exhibits well-
resolved lattice fringes of the nanowire (highlighted in the lower left inset) resulting from the projection of the 
(2 1 0) lattice planes, which is determined from the selective area electron diffraction (SAED) (top right inset). 
A direct measurement of the spacing between (2 1 0) planes is about 0.62 nm, consistent with the XRD data (as 
mentioned in Figure S4). The lower left inset highlights that the atomic-level clarity of molecular chains is most 
pronounced on the edge of the nanowire. Additionally, neither the edge nor the surface revealed any amorphous 
layer associated with lattice degradation or defects, which suggests the environmental stability of the structure. 
This result is also supported by theoretical prediction36.

By comparing diffraction patterns taken from different incident angles of the electron beam, we found that 
the nanowire was grown along the [001] direction. In order to check the crystallinity of the nanowire, SAED 
was conducted on a 23 μm-long nanowire (shown in Fig. 3b). All five different locations along the nanowire 
were randomly selected for detailed investigation, as shown in Fig.  3c. They exhibit an identical diffraction 
pattern but with varying intensities, indicating a slight twist occurred when the nanowire was placed on the 
TEM grid, as shown in the insets of SAED pattern. Notably, a thorough investigation has been conducted on 
many nanowires, yielding consistent outcomes that suggest the predominance of single crystal structures in 
the TNS nanowires. In addition, we have assessed the ambient stability of the TNS nanowires and found them 
to exhibit strong resistance to degradation over time. Intermittent TEM measurements over one month were 
conducted, and no signs of amorphization or structural deterioration were observed. TEM images shown in 
Fig. 3 also represent our typical observation of the wire after long-term storage in an ambient environment. 
This observation is consistent with our previous DFT study on the isostructural compound Ta₂Pd₃Se₈ (Ref.21), 
where we calculated the adsorption energies of O₂ and H₂O molecules on the nanowire surface. The results 

Fig. 2.  Alignment of millimeter-long TNS nanowires. (a) Low-magnification SEM image of TNS nanowires 
aligned using the soft-lock drawing method. (b) SEM image of an isolated nanowire obtained through 
alignment. (c)–(g) High magnification SEM images of nanowire segment marked by white crosses in (b). The 
scale bar in (c)–(g) is 200 nm.
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showed positive adsorption energies, indicating that stable adsorption of these ambient species is energetically 
unfavorable. This suggests that surface-driven degradation under ambient conditions is unlikely.

Based on the XRD and TEM analysis, it can be concluded that TNS belongs to the isostructural category 
of M2X3Se8 (M = Ta or Nb; X = Ni, Pd, or Pt), with the orthorhombic space group D2h

9- Pbam37 As depicted in 
Fig. 4a–b, its crystal structure resembles a framework of molecular ribbons extending along the c-axis. Each 
ribbon (Fig. 4c) consists of two edge-sharing Ta-centered trigonal Se prism chains. They are connected at the 
ribbon’s center and capped on both sides with Ni atoms. In order to form a bulk, TNS molecular ribbons are 
joined by interactions between the edge-terminating Ni atoms and the trans-Se atoms. Such interaction also 
slightly distorts the Se prisms. Overall, the bulk crystal can be viewed as composed of “windmill” units. Each unit 
includes four molecular ribbons rotated 90 degrees with a sizable channel in the center.

Fig. 3.  Transmission‑electron‑microscopy analysis of ultralong Ta₂Ni₃Se₈ nanowires. (a) High‑resolution TEM 
image of a representative nanowire. Lattice fringes with an interplanar spacing of 0.62 nm are clearly resolved 
perpendicular to the chain‑growth direction. Inset: selected‑area electron‑diffraction (SAED) pattern indexed 
to monoclinic Ta₂Ni₃Se₈ (scale bar = 2 nm−1). (b) The low-magnification survey TEM image displays a sparse 
network of nanowires. The nanowire outlined by the red dashed box was chosen for detailed crystallographic 
examination (scale bar = 2 μm). (c) Bright‑field TEM image of the selected nanowire. SAED patterns were 
recorded at five positions (boxes 1–5) along its length; the identical spot patterns (insets, scale bars = 2 nm−1 
demonstrate single‑crystallinity and a uniform crystal orientation throughout the entire wire.
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Due to the pronounced anisotropy of TNS crystal structure, it is hypothesized that a notable disparity in 
strength might exist between inter-molecular-chain and intra-molecular-chain bonds. Consequently, it is 
reasonable to anticipate that the TNS crystal may exhibit a propensity for facile cleavage along the directions 
of the molecular chains. Indeed, we demonstrate that thinner TNS nanowires can be further obtained from 
as-grown nanowires using mechanical exfoliation, which has been widely used in 2D materials38 The as-grown 
TNS nanowire was first transferred onto Scotch tape, and the tape was then folded and split repeatedly, resulting 
in areas on the tape covered with a high density of thinned nanowires. Subsequently, the tape was applied 
onto a silicon wafer and peeled off, leading to the deposition of nanowires onto the substrate. The exfoliated 
nanowire was initially examined using an optical microscope. It is worth mentioning that dark field illumination 
significantly improved the detectability of nanowires with smaller diameters. As depicted in Fig. 4d, nanowires 
as thin as 19  nm are still visible under the dark field. It is evident that the TNS nanowires exhibit distinct 
color variations that correlate to varying thicknesses. This phenomenon might potentially be attributed to the 
scattering of light, which is limited by the size of the nanowires. However, further examination is required to 
gain a comprehensive understanding of this phenomenon. The accurate thicknesses of exfoliated nanowires, first 
observed in the optical microscope, can be further identified by atomic force microscopy (AFM), as shown in 
Fig. 4e. A thorough analysis using AFM was conducted on the exfoliated nanowires, leading to the conclusion 
that achieving TNS nanowires with a thickness as low as 7 nm is feasible (see Fig. 4f).

With the exfoliation of TNS nanowires demonstrated, the detailed mechanism still needs to be clarified. 
Conventional exfoliable materials, such as graphene, have been mostly known for processing a crystal structure 
with existing van der Waals bonds that are significantly weaker than chemical bonds. Such high anisotropy of 
bonding strengths enables mechanical exfoliation. Here, in TNS, exfoliation happens between the molecular 
chains. The inter-chain bonds, however, initially formed between nickel and selenium atoms, seem39,40 and 
later confirmed (see analysis in supplementary Figures S6 & 7) as typical chemical bonds. Despite the absence 
of vdW bonds, TNS nevertheless has exceptional exfoliation properties. To elucidate this intricate scenario, a 
new perspective is required. Consequently, we performed a thorough computational density functional theory 
(DFT) analysis to model the exfoliation mechanism. Four possible cleavage bonds (labeled E1 to E4) exist in a 

Fig. 4.  Crystal structure and exfoliation of nanowires. (a) Stereo-view of TNS bulk crystal structure projected 
along the c-axis. (b) The 4-blade “windmill” unit is highlighted from the bulk TNS structure. (c) Top view of 
a single ribbon extended along the c direction. (d) Optical image of exfoliated TNS nanowires under darkfield 
illumination (e) AFM image of the region marked by a dashed rectangle in (d) showing nanowires with 19 nm 
and 46 nm thickness. (f) AFM image of a thin nanowire with a thickness of approximately 7 nm.
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TNS crystal, as shown in Figure S7a. All bonds (E1–E4) possess comparable binding energy varying from 1.5 
to 1.9 eV, which falls in the range of conventional chemical bonds41 However, the possibility of a crystal being 
exfoliated along each specified surface should only be inversely proportional to the cleavage energy density, 
defined as the product of binding energy and bond density (i.e., bonds per unit surface area). Viewing from the 
TNS crystal structure, it is obvious that the bonding density on the surface intercepting with the chain is much 
higher than that along the chain. Further, on surfaces parallel to the chain, the inter or intra-chain bond density 
can vary significantly (see Figure S7b). The net cleavage energy from the surface only containing E1 bonds 
(i.e., the inter-chain bond) is the lowest (6.24 eV) in comparison with that from other surfaces containing E2 
(15.52 eV), E3 (26.72 eV), or E4 (12.32 eV) bonds (i.e., the intra-chain bonds). Therefore, if the external force 
is applied, we expect the nanowire incline to split along the surface, where E1 crosses through and breaks. This 
calculation agrees with the result of the exfoliation revealed from the TEM observation. Thus, it is important to 
note that bond density plays a vital role in enabling mechanical exfoliation in vdW-bonds-free crystals. The new 
exfoliation mechanism revealed here suggests that highly anisotropic exfoliation energy might be prevalent in 
many other 1D crystals with similar structures. Consequently, simple exfoliation could be utilized to produce 
1D physical systems easily.

Our experimental findings indicate that TNS nanowires can achieve lengths of several millimeters while 
exhibiting consistent crystalline structure. Moreover, the density of states of TNS was investigated using DFT 
calculations (Figure S8), which indicated the presence of a semiconducting gap with a magnitude of 0.24 eV. 
The findings collectively suggest that TNS can be utilized to develop electronic devices for various prospective 
applications. Hence, we demonstrate the feasibility of fabricating nanoelectronics directly onto a single nanowire 
using standard lithographic procedures. The typical protocol starts with transferring the nanowire onto a silicon 
wafer, followed by lithography, and finishes with metallization and lift-off to attain the ultimate device. AFM 
characterizations were conducted to examine the integrity and uniformity of device segments. As shown in 
Fig.  5b, the vertical patterns, 1.5  μm wide and 3  μm spaced, are one hundred microelectrodes designed to 
connect the nanowire to external instruments. Across all the one hundred microelectrodes, the 203 nm thick 
nanowire exhibits a minor thickness fluctuation of 2.5  nm over the entire length of 1.5  mm. This indicates 
that a high degree of uniformity is maintained after the series of fabrication processes. Moreover, the SEM 
examination shows no fractures or disconnections within the metal electrodes and nanowire, as seen in Fig. 5c. 
In addition, all contacts between microelectrodes and the nanowires were probed to be conductive. The details 
of the measurement of individual devices will be discussed in the following sections. Finally, as depicted in 
Fig. 5a, bonding pads extended from each microelectrode can be successfully realized, and the manufacturing of 
nanodevices at the chip level may be achieved. Our device fabrications underscore the remarkable potential for 
manufacturing an extensive array of functional devices on a single nanowire.

Given the nascent research stage on TNS, understanding the TNS/metal interface (i.e., the contact) is crucial 
for its potential applications. Typically, the interface can be an ohmic contact that easily allows carrier transport 
across the interface, making it ideal for field effect transistor applications. Conversely, a Schottky barrier 
interface rectifies the charge transport. It has the potential to be designed and utilized as functional building 
blocks in various applications, including rectifiers, logic gates, solar cells, photodetectors, and biosensors42–49 A 

Fig. 5.  One‑dimensional device array on a single ultralong Ta₂Ni₃Se₈ nanowire. (a) Optical micrograph of 
100 lithographically defined Au contacts distributed radially on a single nanowire. (b) Right: An enlarged 
optical view of the central segment is highlighted in (a). Left: representative AFM height map from the boxed 
region, showing a uniform nanowire thickness of ≈ 204 nm beneath consecutive electrodes and confirming 
the consistency of the contact fabrication. Additional AFM scans taken at other positions along the wire give 
comparable profiles, indicating that the uniformity is maintained along the entire device array. (c) SEM image 
of the complete device string, illustrating the regular spacing and geometry of all 100 contacts.
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wide range of metallic materials can be employed to examine the interface’s electrical properties. However, in the 
context of device manufacturing, forming a robust contact interface is of utmost importance. To realize this goal, 
we chose nickel as our primary focus. This is inspired by the study50 of Ni clusters, wherein the emerging strong 
adhesion between Ni atoms is attributed to the orbital overlap of their active 3d electrons. Consequently, it is 
anticipated that a robust connection will be established between the Ni metal and the Ni edge of TNS nanowires.

To directly study the TNS/Ni interface, we adopted a simple two-terminal (2T) device structure composed 
of only three serially connected components, a central TNS nanowire, and two ends of the TNS/Ni interface 
for electrical characterization. Following the fabrication procedure mentioned above, a representative multi-
segment 2T device on a single nanowire can be realized, as shown in the optical micrograph of Fig. 6a. The 
individual nanowire was contacted with 2 μm wide metal contacts with variable spacing ranging from 1 to 4 μm. 
The fabrication quality is further checked with SEM imaging, as shown in Fig. 6b. The single crystal nanowire 
and Ni contacts remained uniform and clean after fabrication, consistent with the result mentioned above from 
the chip-level device fabrication.

To characterize the contact properties, we performed conventional I–V measurements on each 2T device 
by sweeping the voltage while recording the corresponding current between two adjacent metal contacts. The 
typical I–V characteristics from 2T devices with different channel lengths residing on a single TNS nanowire 
were obtained, as shown in Fig.  6c. It is evident that all the I–V curves exhibit a superlinear characteristic, 
in which the current increases slowly until the voltage passes a certain threshold. This behavior indicates a 
barrier formation, which could result from various factors, including an insulating layer between TNS and 
Ni, the interfacial disorder and surface states, the Schottky barrier, and the semiconductor nanowire itself51,52 
Nevertheless, the complication at the TNS/Ni device can be simplified using an effective device model, in 
which the Metal-Semiconductor-Metal (M-S-M) device structure is represented by two back-to-back aligned 
effective Schottky diodes connected in series to one semiconductor, as illustrated in the inset of Fig. 6b. Here, the 
effective Schottky diode is needed because the metal-to-semiconductor (M-S) barrier height generally deviates 
from an ideal Schottky barrier due to the interfacial insulating layer, the image force, the thermal activation, 
and other possible factors. Therefore, it is further defined as a parallel shunt resistance parallelly connected 

Fig. 6.  Electrical characterization of Schottky devices made on TNS nanowire. (a) Optical image of TNS 
2T devices fabricated from a single TNS nanowire. (b) SEM image of the M-S-M device marked in the 
green dashed box in (a) with a channel length of 1.5 μm. The inset shows the schematic of an M-S-M device 
structure. (c) Experimental I–V characteristics of TNS nanowire devices with different channel lengths (empty 
squares) and the fitting with the M-S-M model (solid lines). (d) Extracted Schottky barrier heights for devices 
with different TNS nanowires.
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with an effective Schottky barrier, in which an ideality factor is used to count for the deviation from an ideal 
Schottky barrier. Furthermore, it is worth noting that the device’s I–V characteristics may reflect not only the 
interface barrier properties but also the intrinsic properties of the nanowire itself, such as resistivity, doping 
concentration, mobility, defects, and electron-electron interactions. Additionally, quantum confinement effects 
should be ruled out since the typical thickness of nanowires is above 22 nm, much larger than the de Broglie 
wavelength. Other quantum effects, such as Luttinger liquid and single electron tunneling, should also be 
excluded because the characterization is performed at room temperature. By taking into account these factors, 
the utilization of thermionic field emission (TFE) theory in analyzing a Metal-Semiconductor-Metal (M-S-M) 
device structure effectively captures its essential attributes and provides a comprehensive explanation for a range 
of I–V characteristics. These characteristics encompass near-linear, near-symmetric, asymmetric, and rectifying 
behaviors, as demonstrated in previous studies involving M-S-M devices51–57 Hence, employing the M-S-M 
model (See Methods for more details) to investigate the TNS/Ni interface will be suitable.

Due to the situation in which two Schottky diodes are connected in a back-to-back order, the I–V characteristic 
mainly reflects the reverse-biased Schottky barrier. The I–V relationship can be largely understood from the well-
established Schottky barrier theory58 While the large shunt resistance limits the transport current at a small bias, 
the current increases significantly at a moderate reverse bias due to the tunneling of the Schottky barrier. When 
the bias becomes large enough to overcome the barrier height, the charge carriers increase rapidly but are limited 
by the nanowire’s resistance. We have conducted the M-S-M model fitting to all the I–Vs of our devices (about 32 
devices with various lengths and thicknesses). Nearly all experimental I–V data can find a converging fitting. The 
details of data fitting of the devices from each nanowire are shown in Figures S9, S10, and S11. Figure 6c (empty 
squares in the plot) exhibits an example where the fitting result (solid line) agrees well with the experiment, 
confirming that the TFE-based M-S-M model accurately described the TNS/Ni device. Moreover, the Schottky 
barrier height of each device can be extracted from the fitting, as shown in Fig. 6d. Overall, the extracted Schottky 
barrier heights of thirty-two devices made on three nanowires exhibit an average value of 0.39 eV with a small 
fluctuation of ± 7%. Notably, the obtained effective Schottky barrier height values remain consistent for the 
devices with different channel lengths and nanowires, suggesting that Ni and TNS nanowires form a stable and 
uniform physical interface. This result also indicates that the synthesized TNS nanowire exhibits solid electrical 
properties due to the high crystallinity, structure integrity, and uniformity, as revealed by the TEM study. The 
uniformity of the Schottky barrier height may also be attributed to the homogeneity of the barrier interface 
between the single crystal nanowire and the nickel metal59 While the intricate mechanism remains a subject for 
future investigation, the present findings provide insight into the potential utility of incorporating TNS Schottky 
devices in potential applications, such as photodetectors, solar cells, and chemical sensors.

Conclusion
In this study, we have achieved high yield growth of millimeter-long TNS nanowires via a straightforward solid-
state reaction. The TNS nanowires were confirmed to be single crystals with uniform crystallinity throughout 
their entire length. Additionally, we demonstrated that scalable alignment of as-grown nanowires can be 
implemented, and mechanical exfoliation of individual as-grown nanowires can further produce nanowires 
with a few nanometers of thickness. DFT investigation reveals that the significant exfoliating capability of TNS 
nanowires originates from the considerable anisotropy in cleavage energy. Moreover, the electrical transport 
study of TNS nanodevices reveals that the electrical contact between Ni and TNS is of Schottky type, with a 
consistent barrier height of 0.39 eV. These findings open new avenues for the exploration of one-dimensional van 
der Waals materials and their potential utilization in advanced technologies.

Experimental section
Synthesis of TNS nanowires
TNS nanowires were synthesized using the solid-state reaction, as illustrated in Fig. 1a. Stoichiometric elemental 
powders of tantalum (157  mg, Alfa Aesar, 99.97% purity), nickel (76.4  mg, Alfa Aesar, 99.99% purity), and 
selenium (274 mg, Alfa Aesar, 99.99% purity) were mixed and placed in a quartz ampule (14 × 1.6 cm). The 
ampule was evacuated and sealed at a pressure of around 5 × 10− 5 torr. Then, the ampule was placed in a tube 
furnace (Lindberg Mini Blue) with the powder source end positioned in the middle of the furnace. The furnace 
was then heated to 400 °C at a rate of 20 °C hr− 1 and kept at this temperature for 10 h. Then, the furnace was 
ramped to 725 °C with a rate of 10 °C hr− 1 and maintained at 725 °C for one week. Finally, the furnace was 
cooled to room temperature at ~ 12 °C hr− 1. Figure 1b shows the ampule after growth, in which a wool-like dark 
product can be seen.

Material characterization
The crystallinity of the sample was examined using a Rigaku DMAX 2200 powder diffractometer, configured 
with Cu Kα radiation operating at 40 kV and 40 mA with a scan rate of 1o min[-1. The chemical composition 
was confirmed with EDS (Oxford Instruments) attached to SEM (Hitachi S-3400) operating at an accelerating 
voltage of 30 kV. The morphology and nanostructure of the samples were characterized by SEM (Hitachi S4800) 
working at an acceleration voltage of 10 kV and TEM (Tecnai G2-F30). All TEM images and SAED patterns 
were taken at an accelerating voltage of 300 kV. The thickness of nanowires was determined using AFM (Bruker 
Dimension ICON).

First-principles calculations
DFT calculations are performed within the projector augmented wave method60 as implemented in the Vienna 
Ab-initio Simulation Package61,62 The generalized gradient approximation (GGA) functional with the Perdew-
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Burke-Ernzerhof parametrization63 is used. A plane-wave energy cut-off is set to 400 eV. Structural relaxation is 
done until the forces acting on each atom become less than 10− 3 eV/Å. An accurate computational description 
of the M2X3Y8 nanoribbons system is conjugated with a proper choice of vdW dispersion functional. Here, we 
test 4 possible cases, including (i) vdW is switched off, (ii) DFT-D3 semi-empirical method,64 (iii) non-local 
VDW-DF1 method,65 and (iv) fractional ionic atoms (FIA) method66 The latter is currently proposed to be one 
of the best nowadays,67 especially in the presence of pronounced atomic polarizability that should take place in 
nanoribbon systems. Inter-chain Ebind is intrinsically found as the normalized energy difference between the 
bulk system and two single ribbons that form a bulk unit cell.

	
Ebind = −Ebulk − 2× Esingle

4
� (1)

Results from different approacheS in Table S119,20,34 and we can see that the absence of vdW functional 
significantly underestimates binding energy. At the same time, all three compared vdW methods provide a 
consistent range of Ebind (1 − 1.4 eV/bond) and bond length (2.4–2.7 Å). Also, our data reveals relatively close 
Ebind and dinter values for FIA and DFT-D3 methods. Since vdW corrections do not explicitly influence electronic 
properties, we used a less time-consuming DFT-D3 approach.

Finally, DFT-D364 functional is applied to describe weak interactions in the nanoribbons system adequately. 
The intra-bond E2–E4 (as well as E1 for comparison) is evaluated through surface cleavage with necessary bonds 
following the equation:

	
Ecleavage = Eslab − Ebulk

Nbonds
� (2)

where Eslab is the total energy of the cleaved TNS slab, Ebulk is bulk TNS energy, and Nbonds is the number of 
broken bonds relevant to exfoliation. To be noted, in Figure S7(f) cleavage path includes both E4 and E1 bonds. 
Therefore, subtraction of extra-E1 bonds is applied to find E4 cleavage energy solely.

The Brillouin zone is sampled according to the Monkhorst–Pack scheme68 with a k-point spacing of 0.15 
Å−1 and 0.07 Å−1 in the periodic directions for structural relaxation and DOS calculations, respectively. To 
avoid spurious interactions between the neighboring unit cells, we set the vacuum size along the non-periodic 
direction more than 20 Å while calculating single ribbons and TNS slabs. Found results are checked to be not 
influenced by spin-polarized calculations. More details on the theoretical approaches used are presented in the 
Supporting Information.

Device fabrication and electrical characterization
To fabricate the TNS nanodevice, we first created a multi-terminal contact pattern over an exfoliated thin 
nanowire by standard electron beam lithography (Raith Voyager 100). Then, a metal deposition of 75 nm nickel 
and 25 nm gold as the contact metal was conducted with an electron beam evaporator (Angstrom Engineering 
Nexdep) with a deposition rate of 0.5 Å s−1. Before metal deposition, samples were ion-milled (AJA ion 
miller) using argon gas for 7s to remove residual PMMA layers and surface contaminants. We loaded samples 
immediately (within 1–2 min) into an e-beam evaporation system for metal deposition, followed by a lift-off 
process. Transport measurements were conducted in the ambient environment using a semiconductor parameter 
analyzer (HP 4155 A). Current-voltage characteristics were fitted using MATLAB-based software PKUMSM.
m69,70, to determine the Schottky barrier heights. The PKUMSM software inputs are the TNS nanowire’s physical 
dimensions and E0 (obtained by fitting the linear region in ln(Ids) vs. V).

Data availability
All data generated or analyzed during this study are included in this published article. Additional raw data files 
are available from the corresponding author upon reasonable request.
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