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Tellurium can form nanowires of helical atomic chains. With their unique one-dimensional van der Waals structure, these
nanowires are expected to show physical and electronic properties that are remarkably different from those of bulk tellurium.
Here, we show that few-chain and single-chain van der Waals tellurium nanowires can be isolated using carbon nanotube and
boron nitride nanotube encapsulation. With this approach, the number of atomic chains can be controlled by the inner diam-
eter of the nanotube. The Raman response of the structures suggests that the interaction between a single-atomic tellurium
chain and a carbon nanotube is weak, and that the inter-chain interaction becomes stronger as the number of chains increases.
Compared with bare tellurium nanowires on SiO,, nanowires encapsulated in boron nitride nanotubes exhibit a dramatically
enhanced current-carrying capacity, with a current density of 1.5 x 102 A cm~2 that exceeds that of most semiconducting nanow-
ires. We also use our tellurium nanowires encapsulated in boron nitride nanotubes to create field-effect transistors with a

diameter of only 2nm.

recently attracted interest because of its ability to form large-

area air-stable two-dimensional (2D) films with excellent
transport properties'’. Bulk Te has an indirect narrow bandgap of
0.35eV with high electron and hole mobilities of ~1,000cm? Vs~
at room temperature*”. The broken spatial inversion symmetry of
the Te atomic structure gives rise to a strong spin-orbit interaction®.
Weyl nodes have thus been predicted theoretically and observed
experimentally deep in the valence band of Te”*. Te also exhibits a
strong response in terms of photoconductivity”'’, piezoelectricity"!
and thermoelectricity'>".

Te has an anisotropic atomic structure, in which atoms are
strongly bonded to two nearest neighbours, forming helical chains
along the [0001] direction. These helical chains are stacked to form
the Te crystal through weak van der Waals (vdW) interactions'*'°.
This unique 1D vdW crystal structure allows Te crystals to be iso-
lated down to the single-atomic-chain limit'”~". Similar to layered
2D vdW materials, which usually show layer-dependent physical
properties and a superior immunity to short-channel effects®-*,
this vdW-bonded 1D Te crystal composed of a single-atomic chain
or few-atomic chains provides a potential scaling solution for
field-effect transistor (FET) applications. The structures are also
expected to exhibit intriguing physics, significantly different from
the bulk form.

It is, however, difficult to study the physical properties of 1D
free-standing Te atomic chains, because the atomic chains tend
to be curled and their large surface area makes them very sensi-
tive to the ambient environment. A practical route to stabilizing

| ellurium is a p-type elemental semiconductor that has

1D nanowires (NWs) is to use encapsulation by carbon nano-
tubes (CNTs) or boron nitride nanotubes (BNNTs); this has been
successfully demonstrated for a variety of organic molecules and
metals'~'**°, The chemical stability of CNTs or BNNTs provides
an effective chemical shielding for filling materials, and should
also allow structure characterization. Previously, a single Te chain
has been obtained successfully by means of single-walled carbon
nanotube (SWCNT) encapsulation'’, but the chain-dependent elec-
trical and optical properties of these NWs were not obtained. The
key issue with using CNTs is that their semiconducting or metallic
nature interferes with electrical measurements of the filled materi-
als. In contrast, electrically insulating BNNTs can provide an ideal
protecting layer for such materials.

In this Article, we report the synthesis of Te NWs down to a single
atomic chain and the few-chain limit by filling the cavities of CNTs
and BNNTs, respectively, using a physical vapour transport (PVT)
technique. By controlling the inner diameter (ID) of the CNTs,
few-chain and single-chain Te NWs can be isolated. We find that
the frequency of Raman peaks of the samples varies monotonically
with the number of Te atomic chains. Due to the excellent transport
properties of Te and the high thermal conductivity of BNNTS, the
current-carrying capacity of BNNT-shielded Te NWs exceeds that
of most semiconductor nanowires, reaching up to 1.5X10°Acm™,
which is only slightly smaller than the value for semiconducting
SWCNTs at 4.3 X 108 A cm™ (refs. **7). Due to the shielding and iso-
lation provided by the BNNTSs, Te NWs at the few-chain limit could
stably exist in ambient, and the short-channel Te NW FETs exhibit
decent electrical performance, even with a diameter of only 2 nm.
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Fig. 1| Characterization of Te NWs isolated down to the few-chain limit by CNT encapsulation. a, Atomic structure of hexagonal Te. b, Raman spectrum
obtained in bulk Te crystal. Inset: images showing the displacement pattern for vibration modes E,, A, and E,. ¢, HAADF-STEM image of a single Te chain
ina 0.8 nm SWCNT, where helical coils with clear three-fold symmetry are distinguished. Inset: corresponding schematic illustration. d-g, HRTEM images
of the single (d), double (e), triple (f) and 19 (g) chains of Te shielded by CNTs. Insets: schematic structure diagrams. h, Raman spectrum evolution of

Te NWs with CNTs of different ID. i, Dependence of the shifts in Raman peak frequency on CNT ID. j, Band structure of a single Te atomic chain. k, Band

structure of triple Te atomic chains.

Raman response of single-chain Te NWs in CNTs

Figure la shows the atomic structure of the trigonal Te lattice.
Each atom is covalently bonded periodically with its two nearest
neighbours along the ¢ axis to form into a helical chain, yielding an
equilateral triangle projection on the basal plane. Arrays of paral-
lel chains are stacked together by weak vdW forces and arranged
hexagonally. A variety of CNTs with different IDs were taken as
templates (Supplementary Fig. 1), and in a given batch more than
90% of the SWCNTs were successfully filled with Te atomic chains
(Supplementary Fig. 2). High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and high-reso-
lution TEM (HRTEM) images demonstrated that a single Te atomic
chain can exist in ambient with a 0.8nm SWCNT as a container,
and the individual Te atoms can be distinctively resolved with a
clear three-fold-symmetry helical structure (Fig. 1c,d). The suc-
cessful realization of a single atomic chain is ascribed to the unique
1D vdW nature of Te. Given that a single Te atom tends to bond
covalently only with its two neighbouring atoms in a chain, a single
atomic chain of Te can be isolated by spatial confinement using
a SWCNT. Using SWCNTs with IDs of 1.2 and 1.5nm increases
the number of confined Te atomic chains to 2 and 3, respectively,
and a larger-diameter multiwalled CNT (MWCNT) of 2.3nm
results in a wider Te NW with ~19 Te atomic chains (Fig. le-g

and Supplementary Fig. 3). The results suggest that, by carefully
selecting the CNT ID, controlled growth of ultranarrow Te NWs
with few atomic chains can be realized.

Raman spectroscopy, a powerful non-destructive characteriza-
tion tool, has been widely used to investigate material properties and
layer-to-layer interactions (here chain-to-chain) via lattice vibra-
tions*. Consistent with theoretical analysis'>'®, three first-order
Raman active modes, E,, A, and E,, located at 92cm™, 123cm™
and 140cm™, respectively, can be clearly detected in bulk trigonal
Te (Fig. 1b). The insets in Fig. 1b illustrate the vibration pattern
of the Raman modes. The A, mode is caused by chain expansion,
where each atom moves in the basal plane, whereas the E, and E,
modes represent bond-bending and bond-stretching with a larger
admixture, respectively’®. In 2D materials, the Raman frequency
is very sensitive to the number of layers, because the vdW inter-
action can strongly affect electron—-phonon coupling, resulting in
changed phonon modes®. The Raman technique can also therefore
be used to evaluate the vdW interaction in a Te NW crystal and
identify the number of atomic chains. For a single Te atomic chain
confined in a 0.8nm SWCNT, the A, mode exhibits a large shift
towards higher frequency at 196 cm™!, while the E, and E, modes
are too weak to be detected (Supplementary Fig. 5). This result
is in good agreement with our theoretical calculations for the
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Fig. 2 | Characterization of few-chain Te NWs shielded by BNNTs. a, Schematic of a Te-BNNT. b, TEM image of a 5nm Te NW in a BNNT. ¢, Enlarged
HRTEM image of the region outlined in red in b. d,e, HRTEM images of BNNTs filled with 5nm (d) and 2 nm (e) Te NWs. f, Raman spectrum comparison of
Te NWs in BNNTs with different diameters as indicated. g, HAADF-STEM image and EDS maps showing the chemical composition of the filling material.

free-standing single Te chain (Supplementary Figs. 6 and 7). This
suggests that the vdW interaction between the single Te atomic chain
and the SWCNT inner wall is very weak and the Te chain could be
fully relaxed in the SWCNT and exist stably in the form of a three-
fold-symmetry helical coil, as shown in Fig. 1c. Figure 1h,i presents
the evolution of Raman peak frequency with Te NW diameter. As
the number of Te atomic chains increases from 2 towards bulk (the
ID of the CNT increases from 1.3 nm to >10nm), clear redshifts of
the A, and E, modes can be observed. For example, the A, peak is
significantly shifted from 148 cm™' for 1.3nm to 123.1 cm™ for bulk
(Supplementary Fig. 4). Similar to the previously reported results
for few-layer Te', the unique chiral structure of Te causes weaken-
ing of intra-chain covalent atomic bonding and enhancement of
inter-chain vdW interactions as the number of layers increases.
Therefore, Te atoms can more easily restore back into the bulk form,
resulting in Raman frequency reduction of the A, vibration mode.
By contrast, long-range Coulomb interactions dominate the vibra-
tion mode of individual Te atomic chains in few-chain samples and
lead to hardening of the intra-chain E vibration modes®. A greater
number of Te chains would split the E; mode, thus introducing too
much inaccuracy for the definition of peak positions; accordingly,
we only focus on the A, and E, modes in this study.

Density functional theory (DFT) calculations revealed that the
electronic structure of Te NWs is highly dependent on the num-
ber of chains. According to a previous study™, lone-pair and anti-
bonding orbitals lead to an indirect bandgap of 0.35eV in bulk Te.
As the number of chains decreases, the indirect bandgap becomes
more prominent. As shown in Fig. 1j.k, the bandgap is expected to
increase monotonically to 0.68eV for three Te chains, and even-
tually reach 1.51eV in the single-chain limit due to the quantum
confinement effect®’. Our theoretical results also show that adjacent
chains in Te are indeed strongly coupled with each other, with a
high cleavage energy of 400 meV per atom, far exceeding that of gra-
phene (60meV per atom). This explains the difficulty in isolating a
single atomic chain of Te using a conventional exfoliation technique.

Although few-chain Te NWs could be protected well from ambi-
ent degradation by CNT encapsulation, the dominant electrical
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conductivity of CNTs prevents direct electrical measurements of the
shielded Te NWs. BNNTSs are electrically insulating, with the same
hollow structure as CNTs, and are also promising 1D nanoscale
containers for guest species such as metals, metal halides and mol-
ecules**>*. Here, we demonstrate that BNNTs grown by chemical
vapour deposition (CVD) are an ideal template to encapsulate few-
chain Te NWs using the same PVT technique as used with CNTs
(Supplementary Figs. 8 and 9). Because BNNTSs are electrically insu-
lating, it is possible to perform direct electrical measurements on Te
NWs down to the few-chain limit**.

Raman response of few-chain Te NWs in BNNTs

Figure 2a presents a schematic of an ultranarrow Te NW shielded by
a BNNT (Te-BNNT). Before filling, the caps of the nanotubes were
first removed by ammonium hydroxide etching (see Methods).
Figure 2b shows a representative TEM image of an individual Te
NW inside a BNNT; the Te-filled section exhibits a clearly differ-
ent contrast in the BNNT cavity. Combined with the X-ray energy
dispersive spectroscopy (EDS) elemental mapping shown in
Fig. 2g, we confirmed that elemental Te NWs can be successfully
confined inside the cavity of a BNNT. HRTEM images show that Te
NWs confined in BNNTs crystallize homogeneously in the form of
a single crystal; distinctive lattice fringes belonging to the Te NW
can be observed clearly, suggesting that the Te NW is well crystal-
lized with high quality (Fig. 2c and Supplementary Fig. 10). Note
that the filling length of Te NWs in BNNTSs is usually less than
400 nm, which is much shorter than in CNTs. This is attributed to
the polarity of the interatomic B-N bonding and delocalization of
m electrons in BNNTs, which lead to strong interface interactions
between the inner BNNT surface and the filled Te atoms, restricting
high-aspect-ratio filling”’. In our experiments, the narrowest diam-
eter of Te NW achieved was 2 nm, corresponding to ~19 individual
Te atomic chains inside a BNNT cavity (Fig. 2d,e). As was previ-
ously done for CNTs, Raman frequency shifts were used to deter-
mine the diameters of Te NWs encapsulated by the BNNTs. The A,
mode of a Te-BNNT with 5nm ID exhibits a blueshift of 2.4cm™
compared with the bulk form (~121.2cm™"), and the vibration fre-
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Fig. 3 | Current-carrying capability of Te NWs encapsulated in BNNTSs. a, /-V curves up to breakdown of a Te-BNNT device with 100 nm channel length
and an empty (bare) BNNT device. b, Breakdown current (BC) versus D? with channel lengths of 100 nm. ¢, Mapping plot of in situ temperature-dependent
Raman spectra of a Te-BNNT. d,e, Logarithmic-scale (d) and linear-scale (e) plots of the I-V characteristics of Te-BNNT devices with different etching
times. f, Comparison of the ampacity of Te-BNNTs and other semiconductor NWs.

quency continues to shift up to 129.2cm™ as the diameter of the Te
NW is reduced to 2 nm (Fig. 2f and Supplementary Fig. 11). We thus
applied Raman spectroscopy to determine the diameter of Te NWs
in BNNTs and located the samples for device fabrication after being
transferred onto a SiO,/Si substrate.

Current-carrying capacity of few-chain Te-BNNT devices

To investigate the electrical properties of few-chain Te NWs, we
first fabricated two-terminal devices with an isolated Te-BNNT
as the channel material on a Si substrate, with 90nm SiO, as the
gate dielectric. Ni/Au (30/100nm) electrodes were patterned using
electron-beam lithography followed by electron-beam evaporation
of metals and a liftoff process. Short-channel (100 nm) devices were
fabricated to ensure the channel region was fully filled by the Te
NW. Empty BNNT devices were also tested for comparison. As the
I-V characteristics in Fig. 3a show, the current of a Te-BNNT device
with a diameter of 10 nm has about four orders of magnitude higher
current-carrying capacity than the empty BNNT device with the
same configuration, which confirms that the Te NW is responsible
for the channel conduction and not the BNNT. The device could
sustain a large V,,, and the current does not show any saturation
until device breakdown at V,, =3.6 V and I ,, = 1.2 pA. The diame-
ter-dependent breakdown current of ultranarrow Te NWs was also
measured based on devices with 100 nm channel lengths. Although
the encapsulated Te NWs have varying diameters, BNNTs with
different diameters usually have a similar thickness (>10nm), as
observed in HRTEM images, so the breakdown current is mainly
determined by the intrinsic properties of the inner Te NWs. For
devices with a D (inset of Fig. 3b) of 100 nm?, the average break-
down current was determined to be ~1.2 pA. Reduction of D* leads
to a scaling down of the current-carrying capacity of Te, and the
smallest average current measured was 62 nA for devices filled with
2nm Te NWs. The values of ampacity in different devices are fitted
linearly with D? in Fig. 3b. The realization of electrical measure-
ments of few-chain Te NWs is enabled by the efficient dissipation
of Joule heating by the BNNT encapsulation®. In situ temperature-
dependent Raman spectroscopy was conducted to explore the

temperature limit of this passivation, and the corresponding mapping
plot is presented in Fig. 3c. Te NWs shielded by BNNTs sustained
high temperatures up to 350°C, whereas the naked NWs prepared
by a solution process were easily damaged at 250 °C (Supplementary
Figs. 12 and 16). The Raman peaks of Te tend to shift towards low
frequency as the temperature increases; this is related to a non-crys-
tallized phase change induced by high temperature”.

The BN encapsulation protects the few-chain Te NWs from
damage during measurements, but it also introduces a large elec-
trical contact resistance, resulting in reduced channel current.
Taking this into consideration, an accurate and selective BN etch-
ing process was developed to directly control the thinning of the
BNNT insulator layer. Figure 3d,e shows the I-V curves of typi-
cal devices as a function of etching time. Notably, the breakdown
current is greatly enhanced up to 29pA after 20s of etching,
almost 100 times larger than in the un-etched reference devices.
The total resistance of the device after 20s of etching is calcu-
lated to be 1.6k pm, which is one order of magnitude smaller
than that of devices without etching (~21kQ um). It is worth not-
ing that over-etching the BN layer deteriorates the performance
of Te-BNNT devices (Supplementary Fig. 17). This result can be
ascribed to a high Schottky barrier at the Ni/Te contact interface.
The value of current capacity for the Te-BNNT devices reaches
up to 1.5x10°Acm™2, almost two orders of magnitude larger
than in bare Te NW devices (7.4%10°Acm™ Supplementary
Fig. 14). This value exceeds those for most reported semiconductor
NWs*~ (Fig. 3f and Supplementary Table 1), and it is also higher
than those from the high-ampacity TaSe, and ZrTe, quasi-1D
metallic nanowires*>*. Indeed, it is only slightly smaller than
semiconducting SWCNTs with a similar configuration (~3.0-
8.8 X 108 A cm™2)**¥. Such dramatic enhancement of ampacity can
be attributed to the high mobility of Te NWs, the extremely high
thermal conductivity of BN (~360 Wm™K™) and the low electri-
cal and thermal resistance at the BN/Te interface. The excellent
current-carrying capacity of Te-BNNT strongly suggests that this
nanomaterial system has potential for future electronics applica-
tions, especially high-performance FETs with ultrashort channels.
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Fig. 4 | Electrical measurements of transistors based on few-chain Te NWs. a, Schematic of an individual Te-BNNT FET. b,¢, False-coloured SEM image

(b) and AFM height profile (¢) of a representative FET device before Al,O, capping. d, Output characteristics of a typical p-type Te NW transistor with a
diameter of ~13nm. e, Corresponding transfer curves of the same device. f, Output characteristics of an n-type Te-BNNT transistor with a diameter of ~2nm
after 15nm AL, O; film capping. g, Corresponding transfer curve, exhibiting typical n-type transport behaviour with an on/off ratio of 450 at V,,.=0.6 V.

h-j, On/off ratio (h), current density at V,;=1V (i) and carrier mobility (j) of Te-BNNTs and Te NWs short-channel FETs. Filled symbols represent Te-BNNT

NW devices and open symbols represent bare Te NW devices.

Transport properties of Te-BNNT FETs

The electrical characteristics of FETs based on Te NWs were also
systematically studied. Note that the diameters of ultranarrow Te
NWs shielded by BNNTSs are restricted to less than 10 nm due to the
ID limitation of BNNTs, whereas Te NWs with larger diameters can
be obtained effectively using a substrate-free solution process (for
details see Methods). Thus, two types of Te NW were systemati-
cally investigated: ultranarrow Te NWs in BNNTs with diameters of
2-10nm and solution-grown Te NWs with diameters of 6-40nm.
Figure 4a presents a typical schematic of a FET device based on a
Te-BNNT, in which an AL O, capping layer grown by low-temper-
ature atomic-layer deposition can dope the channel and change
the FET characteristics from p-type to n-type. Figure 4b shows a
false-coloured scanning electron microscopy (SEM) image of some
short-channel devices, where the outer diameter of the Te-BNNT
was measured to be 24nm by atomic force microscopy (AFM)
(Fig. 4c). Figure 4d,e presents the electrical performance of a Te NW
FET with a diameter of 13 nm measured at room temperature. The
device exhibits typical p-type characteristics with an on/off ratio on
the order of ~1x 10* at a small V,, of 0.05V, with an on-state drain
current of up to 700mAmm™ at V,=—40V, normalized by the
diameter. Short-channel (100nm) devices were also fabricated for
comparison (Supplementary Fig. 13). The diameter dependence of
the on/off ratio and maximum drain current based on long-channel
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devices was also systematically studied, with data taken from more
than 30 devices (Supplementary Fig. 15). Due to the enhanced gate
electrostatic control in narrow NWs, the on/off ratio increases
sharply from ~1X10? to ~1x10° as the diameter decreases from
40 to 6 nm. However, the current density exhibits the opposite trend
in narrower samples because they are more susceptible to surface
oxidization and defects. Indeed, FETs on ultranarrow bare Te NWs
less than 6 nm in diameter start to lose electrical conductance and
gate control, because the crystalline structure of Te at this scale
cannot be well preserved in ambient for a long time during device
fabrication and measurement.

For Te-BNNT devices with typical metal-semiconductor (MS)
or metal-insulator-semiconductor (MIS) contacts, the current
of the channel is mainly limited by the contact resistance, which
is determined by two factors: the Schottky barrier height/width
and the tunnelling resistance of the inserted ultrathin insulator®.
Although Ni has a relatively high work function that is close to the
Fermi level of unintentionally p-doped bulk Te, direct contact at an
MS interface results in a high Schottky barrier height for ultranar-
row Te NWs due to an enhanced bandgap (a result of the quantum
confinement effect; Fig. 1j,k)*. A large Schottky barrier height leads
to a large contact resistance at the Ni/Te contact. Few-layer BNNT
in the contact region, after selective dry etching, could provide
a perfect insulating layer for the inner Te NW (avoiding process
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damage); the thickness of the BN layer thus needs to be optimized
to realize the maximum current-carrying capacity in devices. The
shielding of the BNNT enables Te-BNNT devices to be electri-
cally functionalized with Te NWs with diameters as small as 2nm
(Supplementary Fig. 18). More interestingly, the transport char-
acteristics of Te-BNNT FETs show n-type behaviour after Al,O,
capping, indicating that the classical Fermi-level pinning issue
does not exist in Te-BNNTs’'. The 2nm device possesses a large
on-state current of up to 50mAmm~™" at V;;=1V (Fig. 4f). Such a
high current is comparable to that in monolayer MoS, transistors
with the same short-channel length (I,,,=42mAmm™, V;;=0.8V,
L, =100nm)>. Note that the output curves showing non-ideal char-
acteristics at low V  are due to the insulating BN layer sandwiched
at the Ni/Te interface. Figure 4g presents the transfer characteristics
of the same device at V;,;=0.6V and 0.8V and shows a decent on/
off current ratio (>10%), comparable to that of black phosphorus
transistors with 100 nm channel length®. Low-temperature atomic-
layer-deposited Al,O, has a large number of positive fixed charges
in the dielectric and can be used as an n-type dielectric doping layer
for a p-type 2D Te film™*". The situation here is even more interest-
ing: the Al,O, capping layer serves as a low-work-function material
that lifts up the Fermi level in the Te NW and makes it an n-type
FET. The large drain current obtained on the n-type Te-BNNT FET
reflects the fact that the electron mobility of Te is as high as the
hole mobility in Te".

Figure 4h,i shows that encapsulated Te-BNNT devices continue
to demonstrate electrical performance with Te NWs down to 2 nm
diameter, while in bare Te NW devices the diameter is limited to
6 nm. As summarized in Fig. 4j, Te NWs exhibit excellent carrier
mobility, larger than ~600cm?V~'s™! for a diameter of 25nm. The
reduction of mobility in narrower samples can be ascribed to sur-
face oxidation and defects, with a significant increase in surface-to-
volume ratio. The carrier mobility decreases with smaller-diameter
Te NWs and the average carrier mobility for the smallest 2nm Te
NW is ~1.85cm? V~'s™! (Supplementary Fig. 19).

Conclusions

We have reported the isolation of 1D vdW Te NWs at the few-chain
and single-chain limit using CNTs as a growth template. The lat-
tice vibrations of the structures exhibit a clear dependence on the
number of Te atomic chains, which can be observed as peak shifts
in the Raman frequency. By encapsulation within BNNTs, we were
able to measure the electrical transport properties for few-chain
Te NWs (down to ~19 atomic chains), and both p-type and n-type
Te FETs with few atomic chains as channels were demonstrated.
The current-carrying ability of semiconducting Te NWs exceeds the
values measured in conventional semiconductor NWs after BNNT
encapsulation and contact engineering.

Methods

Encapsulating Te NWs in CNTs and BNNTs. A variety of CNTs with different IDs
were purchased from Sigma-Aldrich. Detailed characterizations of the CNTs are
provided in the Supplementary Information. Before filling, 26 mg of CNTs were
heated at 420 °C for 1 h in ambient to open the ends of tubes. BNN'Ts were obtained
by a growth vapour trapping (GVT) approach (for details see Supplementary
Information). The caps of the BNNTs were removed by ultrasonicating in 10%
ammonium hydroxide solution for 4 h, followed by thermal treatment at 800°C

in air for 1 h. Cap-opened CNTs/BNNTs and 70 mg of Te (Sigma-Aldrich, 99.8%
trace metals) were sealed under vacuum (10~°mbar) in a quartz tube and heated

at 439 °C for four days. As-prepared Te-CNTs or Te-BNNTs were dispersed
ultrasonically into methanol for subsequent characterization.

Preparation of Te NWs by a substrate-free solution process. Analytical-

grade Na,TeO; (0.0015 mol, Sigma-Aldrich, 99.9% trace metals) and
polyvinylpyrrolidone (1 g, Sigma-Aldrich, 99.9% trace metals) were dissolved in
distilled water (100 ml) to form a homogeneous solution, which was sealed into a
Teflon-lined stainless-steel autoclave together with an aqueous ammonia solution
(25%, wt/wt%) and hydrazine hydrate (80%, wt/wt%). The reaction was conducted
at 180°C for 3h, and then cooled to room temperature naturally. Finally, the

products were precipitated by centrifugation at 5,000 r.p.m. for 5min and washed
with distilled water to remove residuals.

HRTEM and Raman characterization. A dispersion of Te-CNTs or Te-BNNTs
was drop cast onto a Si substrate with 90 nm SiO, as gate dielectric for Raman
analysis. To eliminate the influence of CNT radial breathing modes (ranging from
150cm™ to 180cm™"), AFM was used to locate the testing area where CNTs were
sparsely distributed on the substrate”. Raman measurements were performed
using a HORIBA LabRAM HR800 Raman spectrometer. This system was equipped
with a He-Ne excitation laser (633 nm wavelength). Before measurements, the
system was calibrated with the Raman peak of Si at 521 cm™. In situ temperature-
dependent Raman spectroscopy was conducted by heating samples on a hot

plate from room temperature to 400 °C in steps of 50 °C. Spectra were only
collected after the temperature remained stable for 5min in ambient. For TEM
characterization, a powder sample of CNTs was first dissolved in methanol,
followed by 10 min of ultrasonic treatment. Three drops of the solution were then
dropped onto a 3mm TEM grid supported by lacey carbon film. HRTEM was
performed with a FEI Talos F200x system equipped with a probe corrector. This
microscope was operated with an acceleration voltage of 200kV. STEM imaging
was carried out using a JEM-ARM200F microscope equipped with a CEOS probe
aberration corrector. To reduce beam damage of the CNTs and encapsulated Te,
the microscope was operated at 80kV. The convergence semi-angle and the current
of the electron probe were 25 mrad and 23 pA, respectively. HAADF imaging was
performed using a JEOL dark-field detector, with the collection semi-angle ranging
from 40 to 150 mrad.

Device fabrication and electrical measurements. After determining the

diameter of Te NWs encapsulated in BNNT by Raman spectroscopy, source/drain
regions were patterned by electron-beam lithography, followed by electron-beam
evaporation of 30 nm Ni and 100 nm Au as metal contacts. The devices were
measured with a probe station connected to a semiconductor characterization
system (4200SCS, Keithley) at room temperature. For thinning of BN at the contact
areas, Ar/SF; plasma with power of 75 W and pressure of 50 Pa was used with
different irradiation times at room temperature.

DFT calculations. The band structure and phonon energy were obtained from
DFT calculations using the Quantum ESPRESSO package. The norm-conserving
pseudopotential within the generalized gradient approximation of Perdew—Burke—
Ernzerhof (GGA-PBE) was used. The plane-wave basis was set to an energy

cutoff of 60 Ry. The k-point sampling of the Brillouin zone was 1 1x 12 for the
single chain and three-chain bundle, and 8 x 8 X 6 for bulk Te. The structure was
relaxed until the total energy converged to within 1x10~°Ry. The 1D chains were
separated with a vacuum region over 15 A with its periodic images. The band
structures were calculated including the spin-orbit interaction.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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