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Topological phase change transistors based

on tellurium Weyl semiconductor

Jiewei Chen'?, Ting Zhang?, Jingli Wang'*, Lin Xu’, Ziyuan Lin', Jidong Liu®, Cong Wang'?,
Ning Zhang'?, Shu Ping Lau’?, Wenjing Zhang>, Manish Chhowalla® Yang Chai

Modern electronics demand transistors with extremely high performance and energy efficiency. Charge-based
transistors with conventional semiconductors experience substantial heat dissipation because of carrier scattering.
Here, we demonstrate low-loss topological phase change transistors (TPCTs) based on tellurium, a Weyl semicon-
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ductor. By modulating the energy separation between the Fermi level and the Weyl point of tellurium through
electrostatic gate modulation, the device exhibits topological phase change between Weyl (Chern number + 0)
and conventional (Chern number = 0) semiconductors. In the Weyl ON state, the device has low-loss transport
characteristics due to the global topology of gauge fields against external perturbations; the OFF state exhibits
trivial charge transport in the conventional phase by moving the Fermi level into the bandgap. The TPCTs show a
high ON/OFF ratio (10®) at low operation voltage (<2 volts) and high ON-state conductance (39 mS/um). Our studies
provide alternative strategies for realizing ultralow power electronics.

INTRODUCTION

Charge-based devices with conventional semiconductors greatly con-
strain computation energy efficiency because of unavoidable heat
dissipation. Modern electronic systems require high-performance
and low-power devices to meet the demands of sustainable develop-
ment. It has become quite necessary to adopt new device physics to
break the constraint of charge transport mechanism (1, 2). Researchers
have investigated spin and valley as the information carriers for dis-
sipationless transport (3, 4), which usually show a low ON/OFF ratio
of 10" to 10° and low drive current (4, 5), partly because of nonideal
polarizers and analyzers (6) and insufficient control of polarized
carriers (4). Low-energy and massless relativistic quasiparticles in
topological materials also show potential as the energy-efficient
information carriers, in which chiral anomaly current can exhibit
topologically protected low-loss characteristics over a long distance
due to the global topology of gauge fields (7, 8).

Weyl points usually arise when two bands of spin-polarized
bands cross in semimetals. The challenge of realizing practical de-
vices with topological semimetals is that their high carrier density
makes it difficult to modulate the position of their Fermi level (Eg)
and chiral anomaly current, which also results in high static power
consumption. Recent works reveal that tellurium (Te) is a Weyl
semiconductor (9, 10) that has a bandgap similar to conventional
semiconductor but has Weyl points in the vicinity of valence/
conduction bands (10). These characteristics allow efficient modu-
lation of the chiral anomaly current while retaining low-loss trans-
port characteristics of topologically protected states. When the Er of
Weyl semiconductor is near the Weyl points, it exhibits low-loss and
highly conductive characteristics of Weyl semimetals, while when
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the Eg is shifted into the bandgap, it shows high-resistance trivial
states without the conducting channel, similar to conventional insula-
tors. In addition, the chiral anomaly current in topological materials
can transport in the centimeter-level cyrstal (9), allowing the low-
loss information processing over a long distance.

In this work, we demonstrate topological phase change transistors
(TPCTs) with Te Weyl semiconductor. The states of TPCT's can be
switched between low-loss, highly conductive ON state and the trivial
charge transport OFF state by electrostatic modulation. We investigate
the chiral anomaly characteristics of ON state through magneto-
transport measurement. The high negative magnetoresistance (MR)
up to —90% indicates that the low-loss chiral anomaly current con-
tributes the majority part of the conductance. The Te TPCT shows
a high ON/OFF ratio of ~10° under <2-V operation voltage and high
ON-state conductance per width (39 mS/um), which exhibit higher
ON-state conductance per width than conventional charge-based
transistors and a much higher ON/OFF ratio than spin/valley tran-
sistors. This designed TPCT has the potential for substantially reduc-
ing power consumption and retaining high-drive current compared
with state-of-the-art charge-based field-effect transistors (FETs).

RESULTS

Chiral anomaly current in Weyl semiconductors

The switching mechanism of the TPCT with Weyl semiconductor
relies on the topological phase change between conventional semi-
conductor and Weyl semimetal through electrostatic modulation
(Fig. 1A). Correspondingly, the conduction can be switched between
high-resistance charge transport in conventional semiconductor
and low-loss chiral anomaly current in Weyl semimetal. In Weyl
materials, the nonzero Berry curvature allows charges with opposite
chiralities to be pumped into the two Weyl nodes by applying an
electric field that is parallel to the magnetic field (E // B). This chiral
anomaly current is dependent on the strength of nonzero Berry cur-
vature (11) [(R) (Q o< 1/Ae %], which can be influenced by tuning
the energy gap (Ae) between Er and the Weyl point by electrostatic
modulation of Eg. Thus, it is possible to tune the chiral anomaly
current by electrostatically modulating the strength of Berry curvature.
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Fig. 1. TPCTs. (A) Working mechanism of TPCTs OFF/ON states correspond to two topological phases: conventional semiconductor and Weyl semimetal, with distinctly
different Fermi arc projections on the surfaces in the real and momentum (z-ky-k,) space. There is only charge current for the high-resistance conventional semiconductor,
while for Weyl semimetal, chiral anomaly current can contribute to the whole conductivity. (B) Proposed switching between ON and OFF states in Te. Top shows Weyl
points in the valence band of Te. The Weyl points are marked by the pink circles (W; and W), existing in the L-H path. Inset is the Brillouin zone of bulk Te. Bottom shows
the density of Te. (C) Berry curvature strength and Chern number of Te under different positions of E¢. (D) Gate-tunable semiconductor-metal phase transition in Te. DOS,

density of states; a.u., arbitrary units.

o-Phase Te comprises parallel-aligned helical chains with three
Te atoms as the building blocks and is a semiconductor with a
bandgap of approximately 0.32 eV (12). Along the high-symmetry
L-H path in the valence band (Fig. 1B, top), Te has Weyl points with
opposite chirality (+1 for W; and -1 for W;). W} is only ~0.2 eV
below the Ep, making it possible to efficiently modulate Ae and chiral
anomaly current by electrostatic modulation (Fig. 1B, bottom).
When the Ep is in the bandgap (away from W), Te shows the char-
acteristics of the conventional semiconductor (trivial insulator)
with Chern number = 0, corresponding to the OFF state (Fig. 1C,
top). When the Ep is close to the Weyl point (W) in Te, it exhibits
strong nontrivial Berry curvature (Fig. 1C, bottom) at the W posi-
tion in momentum space, corresponding to the ON state dominated
by chiral anomaly current. It shows the electronic properties of the
Weyl semimetal with Chern number # 0. Figure 1D shows the
temperature-dependent resistance of Te under different gate voltage
(Vy), exhibiting the transition from the semiconducting phase (V= 0)
to the metallic phase (Vg = —1 V). This transition is also accompa-
nied by the topological phase change from Chern number = 0 to
Chern number # 0 (see Supplementary Text) by electrical gating,
similar to the Lifshitz transition in Dirac semimetal Cds;As, through
shifting the Er by applying gate voltages (13).
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We conducted systematic experiments to identify the chiral
anomaly current in Te samples. There are three widely used magneto-
transport signatures of chiral anomaly: angle-dependent negative
longitudinal MR, planar Hall effect, and nonlocal transport (14).
Angle-dependent negative MR is a representative signature of the
chiral anomaly in Dirac/Weyl materials because the presence of chiral
anomaly results in observable negative MR in the case of B-E # 0
(15). The as-grown Te is usually unintentionally hole-doped because
of Te vacancies (9, 10, 16). Our density functional theory (DFT)
calculation results confirm that the vacancy in the Te crystal leads
to strong hole doping (fig. S1), which makes the E of Te close to the
Weyl point (W), consistent with reported Te work (9). Thus, we
can observe negative MR resulting from chiral anomaly current in
hole-doped Te flakes without applying gate voltage. We adopted the
Te flakes with different thicknesses (fig. S2) and conducted the
angle-dependent MR tests from 0° (B // E) to 90° (B L E) on a sample
with a thickness of ~30 nm (Fig. 2A). The largest negative MR at 0°
reaches —15.8%. Figure S3A shows the MR under precise rotation
angles from 0° to 10°, exhibiting the monotonic decrease of negative
MR with increase in the angle. This angle-dependent negative MR
characteristic is reproducible in another sample with similar thicknesses
(fig. S4). As the temperature gradually increases from 2 to 100 K
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Fig. 2. Angle-dependent and carrier-density-dependent chiral anomaly current.
(A) Angle-dependent longitudinal MR in the prepared Te device. MR = RB)~RO) »« 100%,

R(0)
where R(0) is the resistance at zero magnetic field, and R (B) is the resistance under

B. Inset is the scanning electron microscope image of the prepared Te device. Scale
bar, 10 um. (B) The temperature-dependent MR of 32-nm-thick sample under B //
E. The hole carrier density is 3.39 x 10" em™2at2K. (C) The temperature-dependent
MR of 12-nm-thick sample under B // E. The hole carrier density is 2.25x 10> cm™
at 2K. (D) Carrier density-dependent MR in different samples. The insets are the
corresponding optical images of the prepared Hall bar structures based on 32-nm-thick
and 12-nm-thick samples.

(fig. S3B), the negative MR becomes weaker because of thermal per-
turbations. More than 10 Te samples show reproducible negative
MR characteristics under B // E (fig. S5). Furthermore, we rule out
other possibilities that may cause negative MR, such as doping from
magnetic elements (fig. S6) and current jetting (fig. S7).

Another important signature of Weyl physics is the planar Hall
effect, which exhibits angle-dependent in-plane transverse voltage
(17, 18). We study the planar Hall effect under different rotation
angles to further corroborate the observed chiral anomaly (fig. S8A).
The planar Hall resistance (Ry,) (fig. S8B) and in-plane resistance
(Ry) (fig. S8C) display a periodic angular dependence of 180°. R,
reaches its maximum and minimum values at ~135° and ~45°, re-
spectively. Meanwhile, the maximum and minimum values of R, are
at 90° and 0°, respectively. The values of tested Ry, and Ry fit well
with the equation of the planar Hall effect (inset of fig. S8, B and C).
These observations are typical characteristics of the chiral anomaly
in Weyl physics (10).

Nonlocal valley transport is also considered as the strong evidence
of chiral anomaly (19). Chiral anomaly current is compensated by
the intervalley scattering, which involves large momentum transfer
and long relaxation length. Our length-dependent valley transport
results (fig. S9, A and B) show that the Ohmic transport decays much
faster than the chiral anomaly-based valley transport (fig. SOC), which
supports the low-loss transport characteristics (relaxation length of
3.5 um) of chiral anomaly. This transport behavior is distinctly dif-
ferent from conventional charge transport with small mean free path
(described by the Drude-Boltzmann theory), which is highly sensi-
tive to low-energy/momentum scattering events. Our experimental
results of the angle-dependent negative MR, planar Hall effect, and
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nonlocal valley transport behaviors unambiguously suggest the
existence of chiral anomaly current in our Te samples.

TPCTs with Weyl semiconductors

The chiral anomaly is closely related to the carrier density and the
position of Er in the Te Weyl semiconductor. We prepared Hall bar
structures with different Te thicknesses, including samples with the
thickness of ~32 nm (Fig. 2B) and ~12 nm (Fig. 2C). Both samples
exhibit hole carrier transport according to Hall measurement (fig.
S10, A and B) and positive MR under B L E (fig. S10C). The carrier
density of the 32-nm-thick sample is 3.39 x 10"* cm ™ at 2 K, approxi-
mately an order of magnitude higher than that of the 12-nm-thick
sample (2.25 x 10" cm ™). We can observe negative MR in 32-nm-thick
sample under B // E when the temperature decreases from 200 to
100 K (Fig. 2B). As the temperature further decreases from 100 to
2K, the negative MR becomes stronger from —2.7 to —48.9%. Thermal
fluctuations influence the transport lifetime and related momentum
relaxation of imbalanced chirality, resulting in temperature-dependent
MR behavior (19). In contrast, the 12-nm-thick sample exhibits
only positive MR across different temperature ranges (Fig. 2C) be-
cause of its low carrier density.

As the temperature-dependent MR results show strong chiral
anomaly behaviors at 2 K, we mainly investigated physical properties
of Te under this temperature. Figure 2D shows the MR as a function
of carrier densities in 10 samples under B // E. The samples with
high carrier density exhibit strong negative MR (e.g., 8.12 x 10" cm™
for —65.3% MR) because high hole density results in the downshift of
Ep close to the Weyl point and generates a high chiral anomaly cur-
rent. For the sample with a medium carrier density of 9 x 10" cm ™2,
it exhibits relatively weak negative MR (-1.15%). The samples with
low carrier density (1.05 x 102 cm™) yield the positive MR (1.33%)
because the Ef is in the bandgap and away from the Weyl point,
providing negligible chiral anomaly current.

After investigating the carrier-dependent chiral anomaly, we
study electrostatic modulation of the topological phase change. To
allow efficient modulation of chiral anomaly current in TPCTs, we
adopt ionic electrolyte gating because it can induce high carrier
density (>10" cm™2) (20) and phase transition from semiconductor
(insulator) to metal in Te (21). Figure 3A illustrates the prototypical
TPCTs in Hall bar configuration, where the Weyl semiconductor
Te is the transistor channel. Chiral anomaly current (marked as
purple arrow in Fig. 3A) flows longitudinally along terminals 1 to 4.
We detect the voltage through terminals 2 and 3 to extract the con-
ductance of the device.

We characterize the samples with different thicknesses by vary-
ing Vg = -2V to Vg = +2 V (Fig. 3, B and C). For the thick sample
(32 nm), as the Vj increases from 0 to +2 V, the negative MR disap-
pears quickly, and the positive MR of 2.49% appears at V, = +2 V
because of weak Berry curvature and insignificant contribution of
chiral anomaly current. We can observe a negative MR of —55.9% at
Vg = -2V, slightly larger than the negative MR at V,; = 0 due to the
downshift of Er and stronger Berry curvature. For the thin sample
(12 nm), we can observe negative MR of more than —90% at Vy;=-2'V.
This negative MR of TPCT is much higher than that reported in
Dirac/Weyl semimetals (14, 22, 23) as a result of relatively weak
background and ease of tuning the Eg in the Weyl semiconductor.
These results suggest that the dominant portion of ON-state current
in TPCT is chiral anomaly current and the charge current contributes
an insignificant part. Figure S11 shows the summary of MR as a
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Fig. 3. Topological phase change along with the modulation of conventional charge and chiral anomaly current. (A) Schematic of TPCTs with Weyl semiconductor
Te. Te flake and the side gate electrode are covered with ionic liquid (DEME-TFSI). Gating voltage can drive ions onto the channel surface of Te. (B and C) Magnetotransport
tests of (B) 32-nm-thick and (C) 12-nm-thick samples under B // E at different gating voltages, respectively. (D and E) AG/W as a function of B in (D) 32-nm-thick and (E)
12-nm-thick samples, analog to the Ig-V4 curve of conventional charge-based FETs. The linear relationship between AG and B? agrees with the chiral anomaly (Eq. 1)
under a relatively low magnetic field. (F) The contribution of conventional charge current and chiral anomaly current under 9 T for 12-nm-thick sample under different

gating voltages.

function of Vg, in which electrostatic gating can efficiently modulate
the chiral anomaly current, especially in the thin sample with low-
background carrier density. Consistent with the MR of —90% in
12-nm-thick Te sample at Vy = -2V, there is the metallic resistance-
temperature curve from ~60 ohms at 300 K to ~10 ohms at 2 K (fig.
S12A). Compared with the chiral anomaly-induced negative MR
of —11% in the Dirac semimetal Cd;As; at 300 K (22), our room-
temperature magnetotransport test shows the observable negative
MR of —23% in the 12-nm-thick Te sample at Vy = -2 V (fig. S12B).
A clean probe of chiral anomaly in the system with ideal Weyl point-
related band structures can avoid the interference from trivial bands
(24), which may result in a higher contribution of chiral anomaly
current in the total conductance at room temperature under a low
magnetic field.

We can extract chiral anomaly conductance (AG) by subtracting
the background conductance according to AG = G - Gy, where G is
the conductance under specific magnetic field and Gy is the conductance
without magnetic field. The AG-B* curve (Fig. 3, C and D) is linear,
showing strong dependence on V. This linear relationship between
positive AG and B” is consistent with the chiral anomaly relationship
under relatively low magnetic field according to Eq. 1 (23, 25)

4.3 2
e vptB

«— F 2 1
an’nAe? 0

where e is the electron charge, v is the Fermi velocity near the Weyl
points, T is the intervalley scattering time, and # is the Planck constant.
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Thus, the linear AG-B? curves exhibit successful modulation of the
chiral anomaly current by shifting the Ep.

The Eg of TPCT with the 32-nm-thick sample is close to the
Weyl point, showing high conductance at V, = 0 and low conduc-
tance at positive Vy (fig. S13A), which are typical depletion-mode
FET characteristics. In contrast, the Ep of the 12-nm-thick sample is
located in the bandgap, which exhibits low-conductance “OFF” state
at V= 0 and high-conductance “ON” state at negative gating voltages
(fig. S13B), displaying typical characteristics of enhancement-mode
FET. Figure 3F shows the contribution of conventional charge current
and chiral anomaly current under different Vj, respectively. When
Eg is tuned close to the Weyl point under V, < 0, the conduction
includes both chiral anomaly current and charge current. As Eg is
modulated away from the Weyl point under V, > 0, only charge
current exists. Simulated charge-based transfer curve through ionic
gating is in good agreement with conventional charge current (fig.
S$13C) and much different from the whole conductance curve (fig.
S13B), which further supports the contribution of chiral anomaly
current to the total conductance. Specifically, in this 12-nm-thick
sample, the OFF-state conductance at Vi = +2 V is 180 pS/um, while
the ON-state conductance at Vy = -2 V is 41 mS/um, consisting of
a large amount of chiral anomaly conductance (Gepiras = 37 mS/pm)
and insignificant trivial charge conductance (Giiyiat = 3.7 mS/pm).

Performance comparison between TPCTs and
conventional FETs

We also test conventional back-gated Te FET (300-nm-thick SiO,
as gate dielectrics) as a control sample. When the gate voltage varies
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from negative to positive, the Te FET switches from the ON state to
the OFF state, exhibiting typical p-type transport characteristics.
The ON/OFF ratio of the device is 2.1 x 10" with the ON-state
conductance of 443 uS/pum (fig. S14), which is comparable to other
reported Te FETs (26, 27) [e.g., 10* ON/OFF ratio and ON-state con-
ductance of ~600 uS/um (26)]. When the temperature decreases to 10 K,
the I4- Vg4 curve of conventional Te FET exhibits linear characteris-
tics (Fig. 4A). The transfer curve (Fig. 4B) shows the ON/OFF ratio
of 2.0 x 10° and the ON-state conductance of 660 uS/um. We adopt
solid-state PEO (polyethylene oxide)/LiClOy electrolyte in TPCT's
for more stable operations. The Te TPCT (Fig. 4C) exhibits a nearly
linear AG-B* curve under the magnetic field lower than 5 T. Figure
S15 shows the corresponding mapping of Ry, by sweeping the gate
voltage and magnetic field. Te TPCT (Fig. 4C) exhibits a nearly
linear AG-B? curve under the magnetic field lower than 5 T. The
G-V curve of the Te TPCT shows that the ON/OFF ratio reaches
3.5 x 108, and the ON-state conductance is up to 39 mS/um (Fig. 4D).
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Fig. 4. Performance comparison between conventional charge-based FETs
and TPCTs. (A) Output curves of the Te charge-based FET as V; increases from —70
to 70 V. (B) Transfer curve of the Te charge-based FET, typical p-type characteristics
with an ON/OFF ratio of 2.0 x 10°. (C) Chiral anomaly conductance as a function of
B of the Te TPCT. (D) Transfer curve as a function of Vg of the Te TPCT. (E) Summary
of performance in prepared short-channel TPCTs. Inset is the scanning electron
microscope image of a typical device with ~300-nm channel length. Scale bar, 2 um.
(F) ON-state conductance versus ON/OFF ratio in our TPCT, the charge FETs based
on low-dimensional materials and Si transistors. “RT” and “LT" are the performance of
charge-based FETs at room temperature and low temperature, respectively. Three
kinds of Intel 14-nm transistors: HP (high performance), SP (standard performance),
and ULP (ultralow power) are also shown for comparison.
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The ON/OFF ratio of the TPCTs is directly calculated on the basis
of the pure ON- and OFF-state conductance in the transfer curve
under a constant magnetic field. In contrast with charge transport
mechanism in conventional FETs, the TPCT's can switch between
Weyl (chiral anomaly transport, ON state) and conventional semi-
conductor (charge transport, OFF state), which results in the co-
existence of high ON/OFF ratio and high ON-state conductance by
shifting the position of Ep through electrostatic modulation. The Te
TPCTs outperform reported spin/valley/chirality FETs (4, 28, 29),
topological insulator-based FET's (30-32), and Te charge-based
FETs (26, 27) (table S1) in terms of both ON-state conductance
and ON/OFF ratio, showing great potential for ultralow-power
electronics.

Figure 4E presents the relationship between ON/OFF ratio and
ON-state conductance of Te TPCTs with the channel len%th of
300 nm. The ON/OFF ratio ranges from 1.6 x 10° to 4.0 x 10%, and
the ON-state conductance varies from 40 to 60 mS/um, respective-
ly. In contrast with Te charge-based FET's (26), the ON/OFF ratio
of TPCTs is independent of their ON-state conductance, exhibiting
excellent performance compared with reported charge-based FET's
with low-dimensional materials and state-of-the-art Si transistors
(Fig. 4F) (26, 33-42). Specifically, the ON-state conductance of
MoS, devices with 8.0 x 10> uS/um at 20 K (5.5 x 10> uS/um at room
temperature) (40) is much smaller than the average ON-state con-
ductance of 38 mS/um in our TPCTs. As our devices can show
similar magnetotransport behaviors for four-probe and two-probe
tests (as shown in fig. S7), we also applied V45 =1V to test the cur-
rent in our devices with 300-nm channel length through two middle
terminals, similar to the two-probe test in conventional FETs.
The tested conductance value is 21 mS/um, slightly smaller than
the four-probe result. The coexistence of high ON-state conduc-
tance and high ON/OFF ratio in TPCTs results from the topological
phase change between conventional charge transport and low-loss
chiral anomaly current. Compared with conventional charge-based
FETs, the ON-state conductance in TPCT is dominated by low-loss
chiral anomaly current, which is determined by the strength of
Berry curvature.

The output conductance of TPCTs is dependent on the gating
voltage, magnetic field, and the relative angle between magnetic and
electrical fields (23), which allows the processing of multiple input
signals. By using Vg and B as input signals and AG as the output
signal, we can realize AND and OR logic functions based on Te
TPCTs (fig. S16). Furthermore, we can switch AND and OR logic
functions in a single TPCT by changing the angle between magnetic
and electrical fields.

DISCUSSION

In summary, we demonstrate the TPCTSs that can retain highly
conductive and low-loss ON state and switch to trivial phase OFF
state with high resistance. The use of Te Weyl semiconductor elimi-
nates the high background current in Weyl semimetal and allows to
efficiently change its topological phase. The Te TPCTs exhibit high
ON/OFF ratio of 10® and high ON-state conductance (39 mS/um),
which show much better performance than conventional charge-
based FET's and emerging spin/valley FETs. Furthermore, we demon-
strate multiple-input logic functions in one TPCT. Our proposed
Te TPCT provides an ultralow-power device alternative to conven-
tional charge-based FETs.
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MATERIALS AND METHODS

Materials characterizations

Scanning electron microscope images and energy dispersive x-ray
spectroscopy spectrum were acquired by JEOL model JSM-6490.
Raman spectrum was performed with a Witec alpha300 R (laser
source, 532 nm).

Device fabrication

Te flakes were prepared by hydrothermal methods (26) and then trans-
ferred to the Si substrate with 300-nm-thick SiO,. To prepare devices
for observing the chiral anomaly, we have adopted the Te flakes with
more than 10 nm, which can retain the bulk band structure and
exhibit magnotransport signatures of the Weyl point (10). Electron
beam lithography technique was used to define the pattern of metal
electrodes. Metal contacts were prepared by thermal evaporation of
Au (80 nm) at the rate of 0.3 A/s under the vacuum of 3 x 107 torr.
To prepare TPCTs, we patterned Te flakes into a Hall bar configura-
tion with a side gate electrode for gating (Fig. 3A). The focused ion
beam with a low beam current of 10 pA under the voltage of 20 kV was
used to etch the Te flake for detecting the nonlocal valley transport.

Device characterizations

The electrical transport measurements were carried out by Physical
Property Measurement System from Quantum Design and Keithley
4200. The direction of the magnetic field was reversed to correct the
additional Hall (or resistive) voltage signals due to the misalignment
of the voltage leads during the MR (or Hall resistivity) measurements.

A droplet of ionic liquid diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide (DEME-TESI) covers the surface
of Te flake and the side gate electrode. The gating voltage between
the side electrode and the channel can drive the movements of ions.
Then, the device was kept under high vacuum with 6 x 10~ torr for
24 hours. To achieve the effective gating and avoid damaging the
sample, the initial gating temperature was set at 220 K, close to the
freezing point of ionic liquid DEME-TFSI. The low I; under ion
liquid gating (fig. S17) suggests a negligible damage effect (e.g., sur-
face electrochemical reaction).

PEO/LiClOy electrolyte was prepared by dissolving PEO and
LiClOy4 in methanol with a mass ratio of 9:1. After coating PEO/
LiClOy4, the sample was heated at 80°C for 10 min to remove the
solvent and water. The testing temperature was set at 10 K.

First-principles calculations
The Berry curvature Q, is defined as Eq. 2 (43)
-
Qn(k):_1m<vl?unlz|>< |V1?l4nl?> (2)

In this expression, u i denotes the periodic part of the nth Bloch
state with the momentum k. In practice, it is convenient to calculate
the Berry curvature with the Kubo formula (43, 44)

21m< (7 | i | Wik ><\|!nl? | N3 | Wnl?>
(mn' - mn)z

Qik)=-Y 3)

n'#n
with i, j, k = x, y, z, respectively, v; being the velocity operators, and
E,(k )= i, being the energy dispersion. Then, the sum of Berry
curvatures over the occupied bands are

Q(K)= X £, QL (k) (4)
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where f, is the Fermi-Dirac distribution function.

We calculated the Bloch states with the Quantum-Espresso code
(45-47) and performed analysis on the Berry curvature of Te with
the Wannier90 code (48). The lattice structure of Te is first fully
relaxed, and then the full band structure is calculated. The Bloch
functions are transformed into the Wannier representation, and
the Berry curvature is obtained with Egs. 2 and 3 along the high-
symmetry paths. We integrated the Berry curvature of the specific
planes of the Brillouin zone to calculate the Chern number.

The band structure and density-of-state calculations were carried
out using DFT implemented in the Vienna Ab initio Simulation
Package (49). The Perdew-Burke-Ernzerhof-type generalized gra-
dient approximation (50) and the projector augmented-wave method
were used (51). A plane-wave basis set with a default energy cutoff
and the 16 x 16 x 12 k-point mesh were used. A 3 x 3 x 3 Te super-
cell was used to calculate the density of states with or without Te
vacancies. After removing one Te atom (marked by the red circle)
from the supercell, the vacancy density in the calculated supercell
with Te vacancies is 1/81 (~1.23%).

Simulation of charge-based transfer curve through

ionic gating

The virtual source model (52, 53) can describe the charge-based
transfer curve in the Te device. The drain current results from the
average carrier velocity and the mobile charge density in the channel.
On the basis of the gradual channel approximation, the mobile
charge density is

Qo = WCg(Vgs + Vrn) (5)

where W is the width of the device, Vs is the gate bias, Vry is the
threshold voltage, and Cy is the equivalent capacitance. The Cg of
ionic liquid DEME-TFSI is ~10 pF/ cm?,

Then, the drain current in linear region is modeled as

I = WCs(Vis = Vruw) VDS% (6)
g

and in the saturation region is modeled as

Ipsat = WCg(Vgs = Vr,saT) Oinj (7)

where Vps are the drain voltage, pi.f is the carrier mobility, vy is the
injection velocity, V, iy is the threshold voltage in the linear re-
gion, and V sat is the threshold voltage in the saturation region.
The drain induced barrier lowering is included by

Vrsar = Vrun — 6Vps (8)

where § represents drain-induced barrier lowering coefficient.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3837
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