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ABSTRACT: The continuous downscaling of semiconducting channels
in transistors has driven the development of modern electronics.
However, with the component transistors becoming smaller and denser
on a single chip, the continued downscaling progress has touched the
physical limits. In this Perspective, we suggest that the emerging one-
dimensional (1D) material system involving inorganic atomic chains
(ACs) that are packed by van der Waals (vdW) interactions may tackle
this issue. Stemming from their 1D crystal structures and naturally
terminated surfaces, 1D ACs could potentially shrink transistors to
atomic-scale diameters. Also, we argue that 1D ACs with few-atom
widths allow us to revisit 1D materials and uncover physical properties
distinct from conventional materials. These ultrathin 1D AC materials
demand substantive attention. They may bring opportunities to develop
ultimate-scaled AC-based electronic, optoelectronic, thermoelectric,
spintronic, memory devices, etc.
KEYWORDS: one-dimensional, atomic chain, electronic, van der Waals interaction, downscaling

INTRODUCTION
Powered by the relentless device miniaturization, field-effect
transistors (FETs) have served as the primary building blocks
for nowadays information technology.1,2 In order to obtain a
smaller device size, better gate coupling, and lower power
consumption, silicon (Si) FET technology has been rapidly
developed in the past decades following Moore’s Law, with the
transistor density on a single chip doubling about every two
years.3,4 At the same time, the miniaturization of FETs
witnessed the structural evolutions from planar to fin-shaped
and all the way to gate-all-around (GAA) device geometries
(Figure 1a), with the corresponding feature sizes downscaling
from tens of nanometers to a few nanometers. Due to the
limitation of nanofabrication precision and short-channel
effects, it is now highly challenging to further shrink the size
of transistors approaching molecular or atomic levels (Figure
1b).5−7 On the other hand, with the continuous downscaling
of transistor size, the Si bandgap dramatically increases, and
the surface scattering becomes dominant,8 being detrimental to
the charge carrier transport. Consequently, to satisfy the device
miniaturization requirements of nanometer or even sub-
nanometer electronics, all of the critical factors governing the
downscaling device process must be carefully considered, such
as materials, architectures, and concepts.

The emerging nanomaterials with definite geometrical and
electronic structures can potentially fulfill the technological
demands on device miniaturization, multifunctionality, and
precise fabrication.9 The advent of van der Waals (vdW)
materials, such as the well-known two-dimensional (2D)
layered materials, has led to progress in their fundamental
research and practical applications.10,11 Taking one more step
down in dimensionality, from 2D monolayers to one-
dimensional (1D) atomic chains (ACs), it would touch the
ultimate limit in material downscaling and establish a research
field of 1D AC materials and associated applications.
Analogous to 2D layered materials, the inorganic 1D ACs
are also packed by vdW interactions and free of surface
dangling bonds (Figure 1c). At the same time, in each AC, the
covalent-bonded atoms are sequenced along the chain
direction. Also, inorganic 1D ACs with few-atom diameters,
corresponding to the smallest 1D structures with intrinsically
structural anisotropy and super material performance, may
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attract broad research interest in materials, physics, and
electronics.

STRUCTURAL ANALYSIS
The 1D ACs have diameters close to carbon nanotubes
(CNTs) but with diverse elemental components and crystal
structures, by which various material properties ranging from
insulator to semiconductor to conductor can be designed and
obtained. This versatile flexibility endows 1D AC blocks with
precise geometrical and electronic structures, which are highly
desirable for assembling functional electronics. Although
CNTs have ultrathin 1D morphology and good electrical
properties, they have been limited by the random chirality and
coexisting metallic/semiconductor characteristics.12 Besides,
traditional crystalline semiconductor (e.g., group III−V and
II−VI) nanowires (NWs), with the smallest diameters of a few
nanometers, would degrade in material properties induced by
surface dangling bonds.13−15 In contrast, the 1D ACs packed
by vdW interactions are promising for next-generation
ultimate-scaled devices due to their few-atom widths and
naturally terminated surfaces. Some inorganic 1D AC systems
have been experimentally synthesized, including elemental
chains, transition metal chalcogenides, and transition metal
halides. Impressively, hundreds of predicted cases are
uncovered by data mining of crystal structure databases and
waiting to be experimentally obtained.16−18

Without any chemical complexity introduced by the
multicompositions, elemental materials are pure and intrinsi-
cally homogeneous, promising for denser device integration. It
is promising that elemental ACs composed of tellurium
(Te),19−21 selenium (Se),22 sulfur (S),23 phosphorus,24 and
carbon25,26 were experimentally reported. As a kind of “DNA-
like” spiral ACs from group 16, hexagonal-packed Te and Se

ACs demonstrated good environmental stability and high hole
mobility,19 whereas the 1D S ACs showed conducting
behavior.23 Especially, from first-principles simulations, ultra-
thin Te ACs with a 1.2 nm diameter have an energy bandgap
of ∼1.42 eV (Figure 1c),8 much lower than Si (∼4.02 eV) with
the same size, making Te ACs an ideal semiconducting channel
for high-mobility extremely scaled transistors. Carbon exists in
many different allotropes, including 3D diamond, 2D graphite,
and 1D carbyne, featuring sp3-, sp2-, and sp-hybrid orbitals,
respectively. Among them, carbyne is the one composed of
only 1D carbon ACs, where vdW interactions occur between
these kinked carbyne chains, endowing it with potential as a
1D vdW carbon material.25,26 Theoretically, 1D carbyne ACs
have higher strength (7.5 × 107 N·m/kg), elastic modulus
(32.7 TPa), and stiffness (95.56 eV/Å) than those of diamond
or graphene, allowing them to function as enhanced composite
materials or be used in ultraflexible electronics.27 More
importantly, the unexplored carbyne AC electronics with the
recorded narrow channel of one-carbon-atom size is waiting to
be achieved.28

Transition metal chalcogenides (TMCs) made for 1D ACs
have been configured with different stoichiometries and
structures. Also, the TMC family is a rich material library for
ACs, including M6X6 (e.g., W6Te6 and Mo6Se6),

29,30 M2X3
(e.g., Bi2S3 and Sb2Se3),

31,32 MX3 (e.g., TiS3 and NbTe3),
33,34

Nb2Se9,
35 and M2X3Y8 (M = Ta, Nb; X = Ni, Pd, Pt; Y = S, Se)

ACs.36,37 Taking the TMC ACs in the form of M6X6 (X = S,
Se, Te) as an example, they have 66 1D systems that have the
stable 1D crystal structure.38 These 1D M6X6 ACs, consisting
of the backbone chain of transition-metal atoms covered by
chalcogen atoms, generally exhibit metallic behaviors (except
for three semiconducting Cr6Te6, Mo6Te6, and W6Te6), which
is mainly because of the strong hybridization between

Figure 1. Structural evolutions of FET devices and their semiconducting channels. (a) Schematic illustration of device structure evolutions
from planar MOSFET to 3D FinFET to future GAA-AC FETs. (b) Cross-section TEM images of GAA InGaAs channels with different widths
from 36 to 3 nm. Image b was reproduced with permission from ref 7. Copyright 2019 ACS. (c) Structural and bandgap comparisons
between Si NWs (0.83 nm width) and Te ACs (1.2 nm width). Image c was reprinted with permission under a Creative Commons CC BY
License from ref 8. Copyright 2020 Springer Nature.
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transition-metal d orbitals and chalcogen p orbitals. In contrast,
the 2D layered TMC systems in the 2H phase are commonly
semiconductors. In this case, exploring the phase transition,
mechanical deformation, alloying, and doping effects on the
physical properties of TMC ACs, especially the possibility of
bandgap opening, is essential. To date, most successful
experimental studies focused only on the limited TMC ACs
with component elements analogous to their 2D layered
counterparts, i.e., Mo-based chalcogenides and W-based
chalcogenides. The question is whether the other transition
metal elements besides Mo and W can form useful 1D ACs.
What would be their geometrical structures and electronic
configurations if this is the case? Certainly, more kinds of
TMC 1D ACs with tunable physical properties are coming,
which is expected to cover a broader scope than their
monolayer 2D counterparts.
Besides, transition metal halides (TMHs) generally involve

nontoxic and earth-abundant elements, suitable for low-cost
and low-temperature synthesis. There exist some TMHs with
intrinsic 1D crystal structures in stoichiometries of MX2 (e.g.,
CrCl2, NiBr2, and CoI2)

39,40 and MX3 (e.g., TiCl3, RuBr3, and
MoBr3),

41,42 wherein each chain of transition metal atoms is
bridged by four and six halogen atoms, respectively. From the
calculated energetic view, TMH 1D ACs in the form of MX3
are generally more stable than MX2 ACs, while the F-based
TMHs are more stable than the other TMH ACs.43 As for
material properties, there is less understanding of TMH ACs
compared to TMC ACs. However, based on the existing
findings of TMH ACs, this 1D material family is still attractive
for applications, owing to their diverse electronic properties,
where they can be configured in semiconductors, ferromagnets,
antiferromagnets, and semimetals. In contrast to TMC ACs

that usually exhibit metallic behaviors, most TMH ACs are
semiconductors (e.g., 58 MX2 and 86 MX3) with bandgaps
widely manipulated from 0.10 to 6.71 eV,43 thereby promising
for electronic, optoelectronic, and light-harvesting devices. For
most of the 1D TMH semiconductors, their effective masses of
electron carriers are calculated to be below 0.3 m0,

43 suggesting
that the electron carriers are highly mobile, being useful for fast
electronics. Among them, some TMH ACs, such as MBr3 (M
= Sc, Y), IrX3, and RhX3 ACs with bandgaps of 1.55−2.99 eV,
show a strong light absorption intensity up to 105 cm−1,
covering the ultraviolet and visible regime, highlighting their
capability to capture solar energy.43 Nevertheless, the
comprehensive understanding between electronic configura-
tions and compositions in TMH 1D ACs has not been fully
achieved and thus requires detailed investigation, especially for
practical device utilizations like transistors.

FORMATION PATHWAY
The downscaling evolution of low-dimensional semiconduct-
ing materials, morphing from 3D to 2D to 1D, witnessed the
development of nanotechnology.9 The nanoscale materials
often reveal properties not seen in their bulk crystals, mainly
resulting from the confinement and surface effects.29,44,45 The
development of feasible and reliable methods for preparing 1D
AC materials is important to study their material properties
and device applications. The vdW interactions among 1D ACs
would potentially facilitate the synthesis, isolation, and
assembly of ACs, though the challenges remained. As shown
in Figure 2, extensive efforts have been devoted to exploring
different kinds of 1D AC synthetic strategies, including top-
down, bottom-up, and nanotemplate approaches.

Figure 2. Formation pathway and crystal structures of 1D AC materials. (a) Mechanical exfoliation of TiS3 ACs and the corresponding AFM
image and height profile after exfoliation. Image a was reproduced with permission from ref 33. Copyright 2018 ACS. (b) Liquid-phase
exfoliation of Ta2Pd3Se8 ACs and the corresponding STEM image after exfoliation. Image b was reproduced with permission from ref 50.
Copyright 2020 Springer Nature. (c) CVD-grown W6Te6 or Mo6Te6 ACs and the corresponding optical, SEM, and cross-sectional STEM
images. Image c (top and bottom left) was reproduced with permission from ref 51. Copyright 2020 ACS. Image c (bottom right) was
reproduced with permission from ref 52. Copyright 2020 ACS. (d) (left) STEM image and (middle) atomic structural model of Mo6Te6 ACs
encapsulated inside CNTs. Image d (left and middle) was reproduced with permission from ref 56. Copyright 2019 ACS. (right) HRTEM
images of Te ACs encapsulated inside CNTs with different chain numbers. Image d (right) was reproduced with permission from ref 19.
Copyright 2020 Springer Nature.

ACS Nano www.acsnano.org Perspective

https://doi.org/10.1021/acsnano.2c06359
ACS Nano 2022, 16, 13314−13322

13316

https://pubs.acs.org/doi/10.1021/acsnano.2c06359?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06359?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06359?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06359?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The top-down approach relies on isolating bulk crystals into
few-chain or even single-chain ACs, in which different driving
forces are utilized to break the weak vdW interactions among
the stacked chains. The simulation results indicate that the out-
of-plane cleavage energy of 1D vdW crystals is close to or even
lower than that of layered graphene.46 Taking 1D MX3 (M =
Ti, Zr; X = S, Se, Te) as an example, the cleavage energy
between chains is 0.2−0.7 J m−2, which is much lower than
that along the chains of 2.9−3.1 J m−2.33,47 In this regard, it is
practical to identify the appropriate experimental parameters
for the mechanical or chemical exfoliations of individual ACs
from their bulk counterparts. Following this idea, mechanical
or liquid-phase exfoliations of Te,48 TiS3 (Figure 2a),33

Nb2Se9,
35 Ta2Ni3Se8,

36 Ta2Pt3Se8,
49 and Ta2Pd3Se8 (Figure

2b)50 few-chain ACs were realized with diameters down to ∼1
nm. These exfoliated 1D ACs exhibit good electrical switching
performance and thickness-dependent properties, e.g., bandgap
opening and indirect-to-direct bandgap transition. Unlike the
liquid-phase or ion-intercalation exfoliation, there are no
chemical reactions or organic ligand additions that occurred
during the mechanical exfoliation process. The mechanically
exfoliated 1D AC materials would remain in the same crystal
structures as their bulk counterparts and keep good quality
with few defects. Thus, the mechanical exfoliation is ideal for
easy accessibility to 1D ACs with different thicknesses, being
facile and convenient to screen suitable active channels for
functional utilization and study their intrinsic properties.
Nonetheless, the mechanical exfoliation in its current form
still has limitations in the production yield and morphology

control (e.g., thickness, size, and shape), restricting their large-
area practical applications.

Compared to the top-down approach, the on-demand
bottom-up method allows better control of AC growth with
preserved structural integrity and good homogeneity. The
bottom-up process directly synthesizes ultrathin 1D ACs on
target substrates under certain experimental conditions. For
instance, the wafer-scale fabrication of highly crystalline
ultrathin W6Te6 (or Mo6Te6) NWs, composed of individual
ACs, has been demonstrated by chemical vapor deposition
(CVD) on SiO2 substrates (Figure 2c).51,52 Ultrahigh vacuum
molecular beam epitaxy (UV-MBE) was also employed to
fabricate the isolated single W6Te6 ACs on the bilayer
graphene (BLG) substrate, featuring an opening bandgap of
∼60 meV.29 In addition, conducting M6X6 (M = Mo or W; X =
S or Se) and its alloying ACs, with a thickness down to 1 nm,
were also produced by selected-area ionization reaction of
semiconducting MX2 monolayer counterparts using a focused
low-energy electron beam (60 kV).30,53 Bottom-up methods
are demonstrated to be generic and effective for fabricating
numerous nanomaterials, where high growth temperature and
high vacuum are commonly needed for good material
qualities.14,54,55 Bearing this in mind, the low-temperature
bottom-up growth of ultrathin 1D ACs on arbitrary substrates
is the key to solving the cost-effectiveness issue of devices.

In any case, isolating 1D ACs with atomic preciseness is
more complicated than manipulating 2D monolayers. More-
over, atomically thin samples are highly air-sensitive and easy
to decompose. In order to tackle the stability problems, few-
chain or even single-chain ACs were directly encapsulated into

Figure 3. Electronics based on various 1D ACs. (a) (left) Device structure and transfer characteristics of few-chain Te AC transistors
(middle) before and (right) after Al2O3 film capping. Image a was reproduced with permission from ref 19. Copyright 2020 Springer Nature.
(b) (top) Crystal structure and (bottom) calculated electronic structure of fibrous RP. Image b was reproduced with permission from ref 24.
Copyright 2021 ACS. (c) The logic NOT gate built with p-type Ta2Pt3Se8 FET and n-type Ta2Pd3Se8 FET. Image c was reproduced with
permission from ref 72. Copyright 2016 ACS.
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CNTs, boron nitride nanotubes (BNNTs), or zeolite pores,22

and the related techniques have been applied to various 1D
ACs, including carbyne,25 Te,19 Se,22 CoI2,

39 TiTe3,
34 and

Mo6Te6.
56 Using this method, the AC numbers can be tuned

by the inner diameter of the nanotemplate (Figure 2d). In
particular, the nanoscale spatial confinement stabilizes the
NbSe3 AC growth to triple, double, and even single chains,
subsequently contributing to the 1D electron and phonon
transport.57 Besides, the single SnSe ACs encapsulated inside
single-walled CNTs generate different crystalline forms as
designed, including linear, zigzag, and helical (2 × 1) ACs.58

The nanotemplate approaches also allow us to explore the
fundamental physics and chemistry based on 1D ACs, such as
strain-mediated chain distortion,59 supermodulation of ordered
defects,60 and selective phase transition.61 On the other hand,
nanotemplate encapsulation blocks the 1D ACs from environ-
mental-factor-induced degradations, enabled by the chemically
inert nature of the nanotemplate shell. However, the
passivation shell layer also possibly restricts using these buried
ACs directly. To bypass this issue, employing growth nanotube
shells as functional layers is feasible, e.g., using BN nanotube
shells as dielectric layers of GAA-AC transistors.

ELECTRONICS OF ATOMIC CHAINS
Because of the good immunity to short-channel effects and
dangling-bond-free surfaces, 1D AC materials would provide
opportunities for achieving the ultimate-scaled transistors.
Besides, the ultrathin 1D ACs are highly sensitive to external
stimuli, such as strain, light, thermal, magnetic, electric, and
electrostatic effects, allowing us to regulate their electronic
properties in the desired manner. As a result, the 1D ACs
would support promising utilization in not only electronic but
also photonic, optoelectronic, thermoelectric, spintronic, and
memory devices.
Most inorganic semiconductors are n-type, while most

organic semiconductors are p-type. As complementary
electronics require both types of semiconductors, the
researchers have intensively strived to fill the technology gap
of exploring high-performance inorganic p-type semiconduc-
tors. Interestingly, many inorganic 1D ACs are p-type
semiconductors with good hole mobility. For example, a p-
type GAA-NW FET was demonstrated using a Te NW as the
semiconducting channel and BN as the insulating dielectric.62

With reasonable electrostatic control, a field-effect hole
mobility of 1390 cm2 V−1 s−1 was obtained, which surpasses
the state-of-the-art hole mobility of strained Si. Few-chain Te
ACs could also be isolated in BN nanotubes for electronic
applications with a diameter of only 2 nm,19 by which a
current-carrying capacity of 1.5 × 108 A cm−2 was obtained
that exceeds most semiconducting NWs. In the same work, it
was shown that the atomic-layer-deposited Al2O3 capping layer
can modulate the transistor behaviors from p-type to n-type
(Figure 3a), enabled by the surface charge transfer doping
process. These findings have intriguing prospects for next-
generation electronics with alternate channel materials. It is
also noted that the theoretical hole mobilities of Te materials
are up to ∼105 cm2 V−1 s−1,63 owing to the low effective mass
and narrow bandgap. Thus, it is promising to further improve
the mobility of 1D Te AC materials in the future with various
strategies, such as surface doping,19,44 composition design,64

and dielectric engineering.65

At the same time, elemental phosphorus is abundant, readily
available, and environmentally friendly. Among many of their

allotropes, including white phosphorus, red phosphorus (RP),
and black phosphorus, RP is the major form and kinetically
most stable one.66,67 More importantly, the RP crystal is a 1D
chain-like material packed by vdW interactions (Figure 3b).
Semiconducting RP materials have been successfully fabricated
using chemical vapor transport,24 thermal evaporation,68 or
spin coating.69 It is impressive that the FET devices based on
exfoliated 1D RP nanoribbons exhibit p-type behavior with a
field-effect hole mobility of 236.7 cm2 V−1 s−1 and an on/off
current ratio of 1.6 × 103.24 These results lay a solid
foundation to further study their intrinsic electronic properties,
highlighting that elemental RP may serve as an ideal channel
material for high-performance FETs. On the other hand,
elemental RP possesses a bandgap of 1.69 eV, close to iodine-
based perovskites, which has the potential for achieving low-
cost light absorption components (Figure 3b). Lately, 1D RP
ACs were encapsulated within conductive and robust single-
walled CNTs, by which their applications in ion batteries,
supercapacitors, and photocatalysis were highlighted.70

In complementary technologies, extrinsic doping processes,
such as ion implantation and thermal diffusion, are generally
used to obtain p-type or n-type unipolar semiconductors.
Besides, some exceptional cases of CNTs, layered 2D
materials, and organic semiconductors could show ambipolar
characteristics, as the concentrations of the electron and hole
carriers are comparable. Notably, the exfoliated 1D Ta2Ni3Se8
ACs demonstrated the ambipolar semiconducting behavior,36

whereas the Ta2Pd3Se8 and Ta2Pt3Se8 ACs were found to
exhibit n-type and p-type semiconducting characteristics,
respectively.49,71 It is unusual to observe different transport
polarities in one isostructural material system, which can be
conveniently integrated into complementary electronics
(Figure 3c).72 Also, the ambipolar semiconducting Ta2Ni3Se8
ACs, featured with the differential transconductance under
positive/negative gate bias, can enable the higher data
processing capability in a single device, thus significantly
simplifying the circuit design. Based on the same concept,
nanoscale ambipolar or anti-ambipolar optoelectronic devices
with multifunctionality have been demonstrated most
recently.73,74

1D TiS3 is broadly classified as an n-type semiconductor
with a direct bandgap of ∼1 eV.75 The predicted mobility of
TiS3 is close to ∼104 cm2 along the chain direction, more than
an order of magnitude higher than that in the perpendicular
direction, featuring an anisotropic carrier transport.76 The
narrow bandgap, high mobility, and large current carrying
ability of 1D TiS3 show its promise as a high-performance
semiconducting channel. The observations on TiS3 about
charge density wave,77 filamentary superconductivity, and field-
induced metal−insulator transition (MIT)78,79 have also
received considerable attention. Significantly, the combination
of high-mobility semiconductors and near-room-temperature
MIT would generate a different type of transistor, known as a
phase-change transistor (PCT). The fundamentally different
mechanism for PCT switching can bypass the static and
dynamic power consumption issues in conventional FETs.80

Also, the PCT may transform the conventional computation
architectures because the power, speed, and volatility
considerations no longer exist.

Apart from charge carrier transport (i.e., electron and hole),
fascinating phenomena are also observed when energy carriers
(i.e., phonon) are confined in one dimension. Recently,
experimental evidence of the transition from 3D to 1D phonon
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transport was discovered in NbSe3 ACs.57 The unusual
superdiffusive along-chain thermal transport was experimen-
tally observed, including a divergent thermal conductivity (κ)
∼ L1/3 and a 25-fold κ enhancement to 109 Wm−1 k−1. The
dominated 1D phonon transport is believed to result from the
drastic elastic stiffening along the chain direction. In addition
to the enhanced 1D thermal conductivity, it is found that the
ballistic phonon transport can persist over 13 μm at room
temperature and 17 μm at 55 K along the chain direction of
1D Ta2Pd3Se8.

37 This value has outperformed the conventional
materials, e.g., SiGe NWs of 8.3 μm81 and single-wall CNT of
∼10 μm,82 corresponding to one of the longest experimentally
observed ballistic phonon transport distances. Theoretical
calculations propose that the ultralong ballistic phonon
transport comes from the strongly focused longitudinal
phonons propagating along the chain direction without being
scattered.37 The drastically enhanced thermal conductivity
along 1D ACs would facilitate the phonon transport
manipulation for “smart” thermoelectrics and efficient heat
dissipation.
Spintronics fundamentally differ from traditional electronics,

in which the electron spins and the associated magnetic
moments in ferromagnets are utilized.83 It is noted that many
AC materials, such as TMC ACs in the stoichiometry of M6X6
(including Co6S6, Co6Se6, Co6Te6, Fe6S6, and Fe6Se6), are
suggested to be 1D ferromagnets with a Curie temperature up
to 700 K, being promising for room-temperature spintronic
devices.38 The enhanced efficiency of data storage and transfer
in room-temperature ACs spintronics are of particular interest
for quantum computing and neuromorphic computing. Most
recently, the all-electrical generation, manipulation, and
detection of spin polarization have been demonstrated in
chiral single-crystalline 1D Te NWs, inspiring us to exploit
chiral spintronic devices.21 In addition to the electrostatic
control, the strain effect can also be used to induce the
reversible topological phase transition as observed in 1D
superconducting TaSe3 ACs, thus allowing for an on/off
switching of spin current.84 The interplay of topological phase
transition with superconductivity in TaSe3 ACs would promote
the basic and technological research for engineering
topological spintronics.

CONCLUSIONS AND PROSPECTS
Until now, many kinds of 1D AC material systems have been
synthesized or predicted, including elemental chains (e.g., Te
and Se), transition metal chalcogenides (e.g., Ta2Pt3Se8 and
Mo6Te6), transition metal halides (e.g., CoI2 and MoBr3), etc.
The variable structural and compositional characteristics
fundamentally determine the material properties of 1D ACs,
by which it is possible to design and fabricate 1D ACs with
desired band structures for target device applications.
Importantly, these dangling-bond-free 1D ACs are expected
to outperform the competitive channel materials for the
ultimate-downscaled nanometer or even sub-nanometer
electronics. Also, the ultrathin atomic-scale features of ACs
make their electronic properties delicately regulated by
different external stimuli, such as strain, light, thermal,
magnetic, electric, or electrostatic effects. This versatility
endows 1D ACs with application potential in not only
electronic but also photonic, optoelectronic, thermoelectric,
spintronic, and memory devices.
Currently, the investigation of inorganic 1D ACs is still in its

infancy stage, especially the shortness of study on few-chain or

single-chain materials; thus, many research opportunities exist.
From a material viewpoint, rational design and fabrication of
1D ACs with desired material properties are needed to satisfy
the specific applications. Particularly, the high-mobility
transistors need a channel with a narrow bandgap <1 e V,
while the optoelectronics require their light absorption
component with sufficient thickness and appropriate bandgap.
Also, solid-state chemistry methods are easily employed to
alter the 1D AC properties, including compositions, doping,
phases, and structures. The confinement and surface effect
associated with the downscaling process can be considered to
engineer the physical and electronic properties of 1D ACs
deeply.

From a device viewpoint, exploring ultrathin 1D ACs for
cutting-edge applications is meaningful. For instance, we may
build the smallest memory device based on 1D ACs and, more
importantly, identify the corresponding filamentary conduc-
tance quanta. Recently, the elemental Te-based resistive
switching devices have attracted wide attention, while the
operating mechanisms are generally explained from a macro
perspective, e.g., Joule heat-induced phase transition.85,86 If
one can design 1D ACs as an individual filamentary resistive
switch, the physical nature of filamentary conductance quanta
may be uncovered to show more insights. The ACs filamentary
switches would shrink the memory devices downscaling to the
atomic scale, by which the data processing and memorizing will
be more precise and fault-tolerant.

Based on the 1D vdW crystal structures with naturally
terminated surfaces, AC systems have become a powerful
platform for studying pure 1D physics, such as exotic quantum
states, quantized conductance, ballistic phonon transport,
Tomonaga−Luttinger liquid behavior, and charge-induced
torsional instability. For example, with the help of angle-
resolved photoemission spectroscopy, 1D metallic TaSe3 ACs
were observed to have various excitonic bound states,
including intrachain and interchain excitons, and possibly
trions, being useful as efficient transmitters of information.87 In
addition, the charge-induced torsional motion was recently
discovered in NbSe3 ACs88 and MoTe ACs,56 leading to
distinctive optical and electron transport properties when
torsional motion existed. Overall, the vdW bonding among
ACs involves many-body physics dispersion interactions,
whereas covalent bonding along a single chain involves strong
electronic correlations and electron−phonon coupling.

Apart from the fabrication and utilization of 1D ACs, the
capabilities to characterize their structures and properties are
also urgently needed. While 2D materials with few-layer
thickness located on a suitable substrate could be identified
with optical microscopy, identifying 1D ACs using this method
is likely not feasible. In some cases, the 1D ACs with different
chain numbers are distinguishable by micro-Raman spectros-
copy,19 enabled by their highly anisotropic vdW-bonded 1D
structure, which may partly address the challenge of identifying
ACs after isolation. On the other hand, advanced computa-
tional techniques are also needed to fully understand the
relationships among material compositions, geometrical
structures, and electronic configurations in 1D ACs as well
as to realize 1D AC predictions.
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