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For semiconductors, adding a degree of freedom beyond charge, e.g., spin and valley, will lead to alter-
native physics and device applications. Here, we demonstrate that another electronic degree of freedom,
the chirality of Weyl node, can be used in the Weyl semiconductor tellurium, a unique system harnessing
intriguing Weyl physics and high tunability of the semiconductor. By constructing a field-effect device
based on quasi-two-dimensional tellurium flakes, the Fermi level can be effectively tuned from the top of
valence bands, where the Weyl nodes locate at, into the bandgap via electrostatic gating. In addition to
a significant reduction of channel conductivity, a transition from chiral-anomaly-induced negative mag-
netoresistance to conventional positive magnetoresistance occurs at the same time, indicating complete
suppression of the chirality-related topological transport. The simultaneous switch of both conducting and
topological states is unprecedented in previous Weyl semimetals. Our findings pave the way for developing

new-principle semiconductor devices with fascinating functionalities.
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I. INTRODUCTION

For semiconductor devices serving as key elements for
the majority of electronic systems, the gradual coming
of the “end of Moore’s law” has renewed research and
industry efforts, from miniaturization of long-established
technologies to the exploration of innovative materials and
nanodevice architectures. A representative example is the
rise of semiconductor spintronics, where the spin degree
of freedom is further utilized to develop hybrid devices
that can perform various operations like logic, commu-
nications, and storage, with low power consumption and
fast operation [1,2]. Similarly, much effort has been made
to manipulate the electronic valley degree of freedom to
encode and process information, especially in recent two-
dimensional (2D) semiconductors like transition metal
dichalcogenides [3,4].

On the other hand, the emergent different categories of
topological materials have received considerable attention
for developing new-principle devices, mainly due to their
novel topological electronic properties with high robust-
ness against external perturbations. Among them, Weyl

*Corresponding author. lilin@ustc.edu.cn
fCorresponding author. cgzeng@ustc.edu.cn

2331-7019/22/17(5)/054044(8)

054044-1

semimetals hosting quasiparticles known as Weyl fermions
are of particular interest [5,6]. In Weyl systems, cross-
ings of nondegenerate linearly dispersive bands constitute
the Weyl nodes, which behave as the source (monopole)
or sink (antimonopole) of Berry curvature in momentum
space [7]. The chirality of the Weyl node, which is given
by the sign of the corresponding monopole charge, acts as
a brand-new electronic degree of freedom, and dominates
many exotic transport phenomena, such as chiral-anomaly-
induced unique magnetotransport behaviors [8—11] and
the giant photovoltaic effect originating from the optical
selection rules of Weyl nodes [12,13]. However, in these
semimetals, the lack of tunability greatly hinders effec-
tive manipulation of chirality-related topological transport
properties.

Fortunately, recent studies have demonstrated that Weyl
physics can also be achieved in an elemental semiconduc-
tor tellurium (Te) [14—18], endowing conventional semi-
conductors with chirality degree of freedom. For such a
type of Weyl material, referred to as a “Weyl semiconduc-
tor” [14], Weyl band crossing exists in the top of valence
bands and/or the bottom of conduction bands. Even though
a Weyl semiconductor is actually rooted in the same
nontrivial band topology as that in a Weyl semimetal
[Fig. 1(a)], the existence of a bandgap leads to the strong
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FIG. 1. Topological field-effect transistor based on the Weyl
semiconductor.(a) Schematic illustration of the tuning effect on a
Weyl semiconductor via electrostatic gating, in which the Weyl
node is marked by the black circle. Here a simplified schematic
of the band structure is shown, aiming to capture the key features
of a more general class of Weyl semiconductor, i.e., band cross-
ing with twofold degeneracy in the top of valence bands and/or
the bottom of conduction bands. Left panel: the Fermi level is
located in the valence bands (VBs) and near the Weyl node,
corresponding to the on state for both the channel conductivity
and chirality-related topological transport. Right panel: apply-
ing electrostatic gating shifts the Fermi level into the bandgap,
leading to the simultaneous switch off of the conducting and
topological states. (b) Schematic of the field-effect device based
on the Weyl semiconductor. Electrostatic tuning of the Fermi
level is achieved via applying a back-gate voltage (Vpg) using
SiO, as the dielectric layer.

coupling of charge transport and chirality-related topologi-
cal transport, making it a better platform to manipulate the
chirality degree of freedom in addition to the charge one.
This feature can be further utilized to realize novel topo-
logical devices, like the promising topological field-effect
transistor (TFET) in which the conducting and topologi-
cal states can be switched on and off simultaneously (as
conceptually presented in Fig. 1).

II. RESULTS

Te is a narrow bandgap semiconductor with a unique
one-dimensional van der Waals structure [Fig. 2(a)]
[15,19]. Figure 2(a) also shows the calculated band struc-
tures along the L-H-K line, from which a Weyl node
located at about 0.2 eV below the top of valence bands

(VBs) is seen (for more details of calculated band struc-
tures of Te, see Fig. S1 of the Supplemental Material
[20]). As previously demonstrated, the naturally hole-
doping character of the Te bulk crystal prompts the Fermi
level to cross the Weyl bands, which guarantees rela-
tively large Berry curvature at the Fermi level and thus
the emergence of various magnetotransport signatures of
Weyl physics [14]. On the other hand, (quasi-)2D Te can
be prepared via different routes, like physical vapor depo-
sition [21] and hydrothermal methods [22,23]. Such an
easily obtained low-dimensional Weyl semiconductor is
thus an ideal candidate for realizing the aforementioned
TFET device.

In this study, the hydrothermal method is adopted to
grow Te with a quasi-2D structure. Figure 2(b) shows
the optical image of the grown Te flakes with character-
istic trapezoid shapes, and the typical thickness ranges
from 20 to 100 nm. High-resolution transmission electron
microscopy images and the selective area diffraction pat-
tern show that the Te flake is of high single-crystalline
quality, and the long axis is oriented along the [0001]
direction [see Figs. S2(c) and S2(d) of the Supplemen-
tal Material [20] ]. Figure 2(c) shows the temperature- (7)
dependent resistance (R) curve of Te flake device no. 1
(thickness about 27 nm) fabricated on the SiO,/Si sub-
strate, with the current applied along the [0001] direction.
As the temperature decreases, R decreases first and then
increases continuously, with a minimum occurring at 7'~
25 K, behavior typical of the R-T features of a doped
semiconductor. Hall measurements at varied temperatures
demonstrate that the Te flake is also naturally hole-doping
[see the Hall data in Fig. S3(a) of the Supplemental Mate-
rial [20]], and the extracted carrier density shows a steady
increase with increasing temperature [left upper inset of
Fig. 2(c)]. In contrast, the corresponding carrier mobility
gets significantly decreased with increasing temperature,
which can be attributed to enhanced electron-phonon scat-
tering [24]. Notably, the mobility at temperatures up to
300 K still remains above 400 cm?>V~!s~!, indicating the
superiority of the Te flake as the 2D channel material of
FETs.

Figure 2(d) shows the MR curves measured at 1.5 K.
When the magnetic field (B) is perpendicular to the cur-
rent (/), conventional positive MR behavior is obtained
throughout the measured field range, except for the small
negative MR around the zero field. As presented in the
inset, such a low-field correction can be well fit by the
Hikami-Larkin-Nagaoka (HLN) equation [25], indicating
the emergence of the weak localization effect (as detailed
in Sec. 2 of the Supplemental Material [20]). For the case
of BJ|I, nonsaturated negative MR is clearly seen, con-
sistent with the key signature of chiral anomaly that has
been widely observed in Weyl systems [9,26-29]. Here,
the chiral anomaly refers to the density imbalance of chi-
ral charges, which is induced by the pumping of Weyl
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FIG. 2. Basic transport characterizations. (a) Top: top and perspective views of the crystal structure of Te. Bottom: Brillouin zone
of trigonal Te and calculated energy dispersion of electronic bands along the L-H-K line with spin-orbit coupling. The Weyl node
located near the top of the VBs is marked by a black circle. (b) Optical image of Te flakes deposited on a SiO,/Si substrate. (c)
Temperature-dependent resistance of Te flake device no. 1. Left upper inset: temperature-dependent carrier density and mobility. Right
lower inset: optical image of the device. (d) Magnetoresistance (MR) at 1.5 K with magnetic field (B) perpendicular and parallel to the
current (/). Inset in the upper panel: low-field fitting of the magnetoconductivity for B_L using the HLN equation. Inset in the lower
panel: low-field fitting of the magnetoconductivity for B||/ using Eq. (1), from which the chiral coefficient Cj can be extracted. (e)
MR curves for B||I measured at varied temperatures up to 200 K. Inset: the extracted Cy as a function of temperature, which can be
well fit via Eq. (2). (f) In-plane angular-dependent planar Hall resistivity of device no. 3 measured at 2 K for various magnetic fields
and corresponding fittings using Eq. (S2) in the Supplemental Material [20].
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fermions from one Weyl node to another with opposite chi-
rality under the parallel electric and magnetic fields [27].
This pumping process leads to a net chiral current that is
nondissipative even in the presence of strong external per-
turbations [30,31], and contributes an extra conductivity
component in addition to the Ohmic one, manifested as
the negative longitudinal MR that is rare in nonferromag-
netic materials. For quantitatively validating this picture,
we then fit the B||/ data using the following equation of
chiral-anomaly-induced magnetoconductivity [9]:

o(B) = (1 + CyB*)owaL + on. (D

Here Cyy is the chiral coefficient representing the strength
of the chiral-anomaly effect, owar and oy are the con-
ductivities contributed by the weak antilocalization effect
and conventional nonlinear band around the Fermi sur-
face, respectively. Here, owaL = 09 + a~/B, oy I = po +
A x B?, and oy is zero-field conductivity. As demonstrated
in the inset of Fig. 2(d), the experimental data can be well
fit with Eq. (1). With increasing temperature, the negative
MR gradually degrades due to thermal effects and becomes
negligible at 7 = 200 K [see Fig. 2(e) and the correspond-
ing fitting results in Fig. S5 of the Supplemental Material
[20]]. The extracted values of Cy at different temperatures
can be further fit by the theoretically expected equation
depicting the evolution behavior of chiral coefficient [31]
[see the inset of Fig. 2(e)]:
vfprv

CWoc T2+/,L%V/7'[2 (2)
Here vp is the Fermi velocity, 7, is the chirality-changing
scattering time, and uy is the chemical potential relative
to the Weyl node. All these analyses point to the chiral-
anomaly origin of the observed negative MR under parallel
magnetic field in Te flakes. This result, together with the
observed planar Hall effect shown in Fig. 2(f) (see Sec. 4
of the Supplemental Material for the details [20]), demon-
strates that Te flakes also possess Weyl physics, identical
to the case of bulk crystals. After further ruling out other
possible origins (see more discussions in Sec. 3 of the Sup-
plemental Material [20]), such a negative longitudinal MR
behavior acts as a fingerprint signature for the existence
of chiral anomaly, and is thus indicative of the topological
state.

Below, we investigate the field-effect performance of
our Te flake device. Figure 3(a) shows the transfer curves
of device no. 1 measured under different source-drain
voltages (Vsp). Taking the 10 mV data as an example,
when sweeping the back-gate voltage (Vpg) from —60 to
50 V at 1.5 K, the measured Isp decreases from 2.3 to
7.0 x 1073 wA, corresponding to an on-off current ratio
of about 3 x 102. This switch characteristic demonstrates
the effective modulation of the Fermi level from the top of

VBs into the bandgap. When further increasing Vg from
50V, a slight increase of Igp is observed, indicating that
the Fermi level is further shifted towards the conduction
bands. The high tunability of the charge transport can be
further demonstrated from the evident change of carrier
density with varying Vgg measured at the hole side [see
the Hall data in Fig. S3(b) of the Supplemental Material
[20]]. As shown in Fig. 3(b), when Vg increases from
—60 to 40 V, the carrier density decreases monotonically
from 1.4 x 103 to 4 x 10'2 cm™2. Nevertheless, the corre-
sponding carrier mobility maintains a magnitude of about
1000 cm?>V~'s~! within a wide Vg range of —60 to 10 V.
A rapid decrease of mobility only occurs at Vg > 10 V,
which may result from the degraded screening effect on
charged impurity scattering due to reduced carrier density
[32,33].

We further measured the Isp-Vgp curves under differ-
ent Vgg, and the typical results are shown in Fig. 3(c). It
is clear that the Isp-Vsp curves remain linear when vary-
ing Vgg from —60 to 20 V, indicating good Ohmic contact
at the hole side. When applying a relatively high positive
VBG, €.g., in the range of 30-60 V, the Isp-Vsp curves
become nonlinear [inset of Fig. 3(c)], which should be
caused by the formation of a Schottky barrier at the inter-
face due to the work function mismatch between the Te
flake and metal electrodes.

As mentioned above, for Weyl materials like Te, the
negative MR under parallel B is actually rooted in the
generation of an extra chiral current in addition to the con-
ventional Ohmic one. Such a chiral current can be depicted
using the equation [31]

)

Jchlral - ﬁMSB’ (3)
where ps is the chemical potential difference between the
two kinds of Weyl nodes with opposite chiralities, which
can be described as

3vp & E xB

s = i e + ud /w2 @
That is, the chiral anomaly effect can also be manifested
as the increasing of Igp in response to B when using the
same two-probe configuration as that of the Isp-Vsp mea-
surements. This is indeed what we have observed when
Ve = 0 V [Fig. 3(d)], at which the Fermi level is located
near the Weyl node within the VBs. After increasing Vpg to
20 V, the magnitude of increment of Isp (Alsp) decreases
obviously. This is due to the fact that the positive Vpg
leads to an upshift of the Fermi level and thus the increased
distance between the Fermi level and the Weyl node, i.e.,
larger py in Eq. (4). When the applied Vg is high enough
to shift the Fermi level into the bandgap, e.g., above 50
V, Alsp becomes negligible or even negative with increas-
ing B, demonstrating complete suppression of the chiral
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Field-effect performance. (a) Semilog plot of the source-drain current (/sp) as a function of Vgg measured at three typical

source-drain voltages (Vsp) for Te flake device no. 1. Schematics of the position of the Fermi level for representative Vpg are also
shown in the inset. (b) The extracted carrier density and mobility at 1.5 K for different Vzg. (c) The source-drain current Isp as a
function of Vgp measured at 1.5 K. Linear behavior is observed for varied Vpg from —60 to 20 V. Inset: nonlinear Isp-Vsp curves
obtained at relatively high positive Vgg. (d) The increment of Isp as a function of B for B||I at several representative Vgg [marked by
black circles in (a)]. The source-drain voltage Vp is set to be 0.5 V during the measurements.

anomaly. Therefore, accompanying the switch of chan-
nel conductivity, the switch of chirality-related topological
transport can also be readily achieved in the present Te-
based field-effect device, both of which rely on the shift of
the Fermi level from the VBs into the bandgap.

To better demonstrate the dual-tuning effect of the
charge and chirality transport, more detailed measurements
of the field-effect performance are conducted using a four-
probe configuration. Figure 4(a) shows the resistance of
device no. 2 as a function of Vgg measured at 1.5 K.
When increasing Vg from —80 V, the resistance increases
first and then decreases, consistent with the am-bipolar
character observed in device no. 1 [see the Isp-Vpg data
shown in Fig. 3(a)]. The resistance peak occurs at Vg ~
60 V, with the corresponding value about three magni-
tudes larger than that at V'gg = —80 V, corresponding to
a significant change in channel conductivity. Meanwhile,

the effective switch of chirality transport is also achieved
when the applied Vg is high enough to move the Fermi
level into the bandgap, as shown in Fig. 4(b) and Fig. S7
of the Supplemental Material [20]. Taking the 1.5 K data as
an example, for pristine Te flakes without electrostatic gat-
ing, a clear chiral-anomaly-induced negative MR behavior
under parallel B is seen. This effect is significantly sup-
pressed when a positive Vg like 40 V is applied. If Vg
is increased further, conventional positive MR instead of
negative MR 1is obtained, indicating the breakdown of the
chiral anomaly effect. Figures 4(c) and 4(d) further show
the mappings of resistance and MR as functions of Vg
and B. It is clear that the remarkable increase of resis-
tance is accompanied by the transition from negative to
positive MR, well demonstrating the simultaneous switch
of conducting and topological states in our Te device (see
Fig. S8 of the Supplemental Material [20] for similar
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FIG. 4. Dual-switch of charge and chirality transport. (a)
Semilog plot of R versus Vpg for Te flake device no. 2. (b) MR
curves for B||I at several representative Vg [marked by circles
in (a)] measured at 1.5 K. (c¢) The resistance R versus (Vgg, B)
obtained at 1.5 K. (d) MR versus (Vpg, B) obtained at 1.5 K.

results for device no. 4). Within the range of measurement
parameters, the resistance change is more than 3 orders of
magnitude and the MR change is higher than 70%, exhibit-
ing high tunability for both of them. Further optimizing the
device, e.g., using a thinner Te flake sample and/or a high-
Kk dielectric layer, is expected to achieve a more prominent
field-effect performance.

It is well known that in conventional FETs, only the
charge degree of freedom is fully utilized, and the mod-
ulation of channel conductivity is realized by injecting or
depleting free carriers via electrostatic gating. The concept
of “TFET” has actually been previously proposed accom-
panying the deep understanding of topological electronic
properties of emerging topological materials [34—37]. One
typical example is based on the quantum spin Hall insula-
tor [35], where the presence or absence of dissipationless
edge channels determines the on or off state of channel
conductivity. Such a proposal relies on the phase transition
from topological insulator to ordinary insulator by apply-
ing an ultralarge vertical electric field, which, however, is
not accessible when using a conventional FET configura-
tion. Therefore, only spectroscopic evidence obtained by
scanning tunneling microscopy has been presented up to
now [38].

In sharp contrast, for the present TFET based on Te
flakes, chirality-related topological transport can be effec-
tively modified at the same time as the charge-based
channel conductivity. Such a combined functionality is
readily achieved by applying a moderate back-gate volt-
age in a standard FET configuration, without complicated
fabrication or operation processes. Note that here the on
(off ) state for the Te-based TFET refers to the strongly

coupled high (low) channel conductivity and negative
(positive) longitudinal MR. The as-revealed high sensi-
tivity of channel current to both electric and magnetic
fields makes Te a promising candidate for building hybrid
devices with multifield control. The simultaneous switch
of both conducting and topological states, to the best of
our knowledge, is unprecedented in widely studied Weyl
semimetals. Note that the induced chiral current under par-
allel magnetic field arises from the unique chiral anomaly
effect of Weyl systems, and is theoretically predicted to
be topologically protected against perturbations like back
scattering and disorder [39]. The successful achievement
of its high tunability in a semiconductor system sheds light
on developing low-consumption devices compatible with
the modern electronic industry.

ITI. CONCLUSIONS

In summary, based on the Weyl semiconductor Te, we
successfully developed a type of TFET in which channel
conductivity and chirality-related topological transport can
be simultaneously switched via electrostatic control. This
achievement benefits from the introduction of a unique
chirality degree of freedom into the semiconductor sys-
tem that possesses high electronic tunability. Note that,
in addition to the chiral-anomaly-induced magnetotrans-
port features that we focus on in the present study, many
other intriguing chirality-related electronic properties have
also been revealed in Weyl systems, such as the circular
photogalvanic effect [12,13], the discrete scale invariance
[14,40], and the anomalous Hall effect [29,41,42]. Fur-
ther exploiting and manipulating these properties will be
quite promising in a Weyl semiconductor, providing alter-
native avenues for the exploration of topological electronic
devices with fascinating functionalities.
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