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Abstract

As charge-based electronics are reaching their physical limits in reducing power
consumption, the devices based on new physics mechanisms with low-dissipation
transport characteristics offer opportunities to improve energy efficiency. In this thesis,
we design and demonstrate three types of field-effect transistors based on chiral
anomaly current in topological materials, including (1) Modulation of the chiral
anomaly to achieve field-effect electronics with Dirac semimetal. (2) Topological
transistors with  Weyl semiconductor. (3) Room-temperature valley-based

electrochemical transistor with high ON/OFF ratio

Firstly, we demonstrate field-effect chiral anomaly devices with Dirac semimetal
PtSez. In analogous to valley degree of freedom in semiconductor, chiral anomaly
current in Weyl/Dirac semimetals is theoretically predicted to be low loss over a long
distance but still lacks experimental ways to efficiently control its transport. Here, we
demonstrate field-effect chiral anomaly devices with Dirac semimetal PtSe2, in which
the Dirac point is close to the Fermi level. Through electrostatic gating with ionic liquid,
we can modulate the chiral anomaly conductance by the external field with an ON/OFF
ratio of more than 10% and realize basic logic functions in the device by regarding
electric and magnetic fields as input signals. The chiral anomaly is further corroborated
with nonlocal valley transport measurement, which can also be effectively modulated

through magnetic and electrical fields, showing robust nonlocal valley transport with
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the diffusion length at the micrometre scale. Our works provide a way to manipulate

chiral anomaly current for low-power electronics.

Secondly, we demonstrate the topological transistors with the Weyl semiconductor.
The field-effect transistors with topological semiconductors can show low-dissipation
transport based on the chiral anomaly in the “ON” state and topologically trivial “OFF”
state, which promises low-power electronics. Here we demonstrate topological FETs
with a high ON/OFF ratio by modulating the energy separation between Fermi level
and Weyl point of Weyl semiconductor Te. By electrostatic manipulation of E¥, there is
topological phase change between Weyl semimetal and semiconductor, and the negative
magnetic resistance induced by chiral anomaly current reaches up to -90% in the Weyl
semimetal state. We have achieved both enhancement and depletion mode FETs, with
~10® ON/OFF ratio under <2 V gating, 5.74x10° ON/OFF by —1 V gating and ultrahigh
low-dissipation ON conductance of 100 mS, superior to the performance of general
charge-based FETs and much higher than reported spin/valley FETs (about 10'-10°
ON/OFF). Furthermore, we have demonstrated multiple terminal and angle-switching
logic functions in a single device, which is high area efficiency. Our results provide
new strategies for preparing high ON/OFF FETs, which is promising for supplementing

conventional charge-based electronics.

Thirdly, we have successfully achieved a valley-based electrochemical transistor

with a high ON/OFF ratio at room temperature. As a quantum degree of freedom of
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electrons, the valley exhibits low-dissipation transport characteristics for carrying
information with high energy efficiency. However, it still remains a grand challenge to
efficiently operate the valley transistor at room temperature and realize basic digital and
analogue computing functions. Here we demonstrate valley transistors with more than
7 um diffusion length based on Weyl semiconductor (Te) at room temperature. The
electrical double layer can volatilely shift Er and modulate valley transistor with an
ON/OFF ratio of 10°. The ion intercalation/extraction can cause a non-volatile shift of
Er, showing 32 linear, symmetrical and discrete non-volatile states with low cycle-to-
cycle variation (0.37%) for neuromorphic computing with the accuracy of 95.2% for
classifying handwriting data. The coexistence of ion adsorption and intercalation
mechanism results in the dynamic ion response with the high nonlinearity (4.35) and
short-term memory curve for reservoir computing. The accuracy for temporal signal
reaches as high as 95%. Our studies show the potential of low-power valley transistors

for computing at room temperature.

In conclusion, we investigate the chiral anomaly-based transistors, which show the
potentials of overcoming the physical limits (unavoidable heat dissipation) of the
charge-based electronics. Modern electronics demands high performance with extreme
energy efficiency (e.g., abundant data computing). Our device shows potentials to
address this issue: high ON/OFF ratio transfer curve, basic logic functions (AND, OR)
and room-temperature neuromorphic computing to deal with static and dynamic

information.
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Chapter 1 Demands for non-charge-based electronics

1.1 Background

Semiconductor Industry Association (SIA) and Semiconductor Research
Corporation (SRC) have identified reducing power consumption as one of the most
urgent issues in the next decade of semiconductors research and development!.
Information processing is mainly based on complementary metal-oxide semiconductors
(CMOSs) by manipulating the charge transport. Charge-based electronics suffer from
unavoidable joule heating and related power consumption, approaching fundamental
limits in energy efficiency. As shown in Figure 1.1a, the total energy consumption of
computing grows exponentially with the speed of doubling approximately every three
years. In the meantime, there is a linear increase in the world’s energy production at a
rate of roughly 2% per year. This rising global computing energy is driven by ever-

growing demands for the computation market (Figure 1.1Db).

(@) (b)

100,000 ZIPS
New compute
trajectories 10,000 ZIPS
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Energy in )/year

Compute performance i

Figure 1.1 Ever-increasing energy consumption®.  (a) Total energy consumption for

computing from 2020 to 2050. (b) Technological installed capacity for processing
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information.

As conventional electronics reach their physical limits in reducing power
consumption, new physics based non-charge-based electronics offers opportunities to
improve energy efficiency dramatically. Table 1.1 shows the comparison of valley,
charge and spin in the aspect of physical origin, advantages and disadvantages?. For the
charge-based information carriers, it IS easy to initiate, control and detect, but there is
unavoidable Joule heating. In contrast, spin and valley carriers show no direct Joule
heating and low-dissipation characteristics. Under time reversal, the charge current is
“odd’ while spin and valley current is “even”. Specifically, spin-based electronics
mainly include three processes: spin-charge conversion, spin transport and spin
manipulation. The first step is the spin-charge conversion. By the suitable design,
charge signals can convert into the spin by the way compatible with integrated circuits.
After injecting the spin current, the long spin transport is better for practical applications.
To achieve high-performance spintronics, the manipulation of spin should be as
efficient as charge-based electronic devices. Valleytronics indicate the conceptual
electronic applications based on the valley degree of freedom to process information,
which are promising devices for achieving low-power data processing. There are Berry
curvature hotspots for physical access with electric and magnetic fields. Exciting,
transport and manipulation of the valley are the cornerstones of valleytronics. Further
physical understanding and novel conceptual applications are motivated to provide

information processing advantages that complement or surpass current electronics
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based on charge.

Table 1.1 Comparison of charge, spin and valley as information carriers?

Charge Spin Valley

Physical origin Electron charge Electron spin angular momentum Electron sublattice orbital angular

momentum

Pros Direct response to an electric field Non-volatile Large Berry curvature hotspot for physical
Easy to initiate, control and detect No direct Joule heating access with electric and magnetic fields
Direct optoelectronic coupling to light Long spin lifetime and decoherence time  No direct Joule heating
intensity Direct coupling to photon spins Long valley lifetime (especially with spin-
High speed valley locking)

Direct coupling to photon spins
Non-volatile (in a magnetic heterostructure)

Cons Joule heating No direct response to an electric field No direct response to an electric field
Typically volatile Initiation, control and detection typically  Initiation, control and detection typically
Fast decoherence due to electron rely on indirect spin-charge conversion rely on indirect valley-charge conversion
scattering Low spin-charge conversion efficiency Low valley-charge conversion efficiency
May require magnetic field May require magnetic field

Fast valley decoherence (so far)

Apart from widely investigated non-charge-based spin and valley current, chiral-
anomaly-based current (/) can also be used for low-dissipation information processing.
Due to the global topology of gauge fields, the chiral anomaly current is topologically
protected®*. For the Dirac semimetal, the magnetic field can separate two Weyl nodes
with opposite chiralities® (Figure 1.2a). Under the parallel magnetic and electric fields,
the charge depleted at one Weyl node will be generated at the other node with opposite
chirality (charge pumping process)>®. Initially the right- and left-handed fermions in
the different Weyl nodes have equal chemical potential (u*= x%). In the presence of
parallel electric field, there would be an imbalance (1" # u® ) between two Weyl nodes
with opposite chirality. In such a case, the continuity equation of right- or left-handed
Weyl node takes the form of V - j®L 4 9, ptt= + ﬁ? E - B. The chiral charge at a single
Weyl node is not conserved, which is the so-called chiral anomaly. The charge depleted
at one Weyl node will be generated at the other node with opposite chirality (charge

pumping) and thus the charge is conserved over all the system. The charge pumping
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between Weyl nodes results in the low-dissipation J., which generates and transports

e%B
4m2h2c

in the form of J, = (uR — ub). J. is topologically protected and "even" under
time reversal®. The chiral anomaly arises from the nontrivial Berry curvature’, and there
is the strongest Berry curvature when Fermi level is at the Weyl point (Figure 1.2b).
The chiral will cause a valley imbalance if we apply the parallel electric and magnetic
fiedls®. As shown in Figure 1.2¢, inter-valley transport can relax valley imbalance at a

rate of T,1. The relaxation time of the valley is long due to the large quasi-momentum

transfer, so the valley can diffuse over a long distance.

\1\\?2/% “ T(._ ; T !
n=o/& T ?< U\‘f’*
- -1

Figure 1.2 Chiral anomaly mechanism. (a) Sketch of a Dirac cone with two mixed
Weyl nodes with opposite chiralities, which can be separated by the magnetic field. (b)
Berry curvature of a topological semimetal’. Nontrivial Berry curvature leads to the
chiral anomaly. (c) Charge, valley, and isospin relaxation and mixing in topological

semimetals.
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1.2 Significance of research

Weyl fermions-related chiral anomaly has attracted much attention in recent years.
The special band topology endows Weyl materials with specific electronic states, which
are often topologically protected and immune to environmental perturbations. However,
recent intensive investigations are mainly focusing on the basic physics of Weyl
systems. This thesis is specialized in using chiral anomaly in low-dissipation and high-
reliability electronics.

The chiral anomaly current can transport a long distance and can be manipulated
by temperature, angle, light, magnetic field and gating voltages, which offers potentials
of many kinds of electrons. Specifically, the chiral anomaly-based valley transport is
robust can transport a long distance at room temperature, which is a good quantum
platform for low-dissipation information processing.

The thesis investigates the applications of the valley for digital and analogue
computing, two basic data transfer and communication systems. (1) Digital computing
can solve problems by processing information in a discrete form (binary, 0 and 1).
Digital computing is good at numerical calculations and logic functions. The field-
effect transistor is the basic device of digital computing. High performance and low
power consumption are important for modern digital computing systems. It is quite
necessary to adopt new device physics because charge transistors are running into their
performance limit. Chiral anomaly current is low-dissipation and arises from the non-

trivial Berry curvature, which is highly sensitive to the position of Fermi level. Thus, it
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is potential to apply electrical gating to achieve a high ON/OFF transfer curve with low
static consumption. Since chiral anomaly is strongly dependent on the gating voltage,
magnetic field and the relative angle between magnetic and electrical fields, multiple-
input logic functions (beyond “AND” and “OR”) can be achieved. (2) Analogue
computing is one of the most important trends in the next decade of semiconductors
research and development. The neuromorphic analogue hardware-based computing
paradigm has been regarded as one potential solution with high energy efficiency and
unique cognitive functions. The working mechanism of both the brain/nerve relies on
the movement of ions, which inspires researchers to emulate the neuromorphic
functions with ionic devices. As there is a coexistence of the electrical double layer and
ion intercalation mechanisms in our valley devices, we can require suitable output

curves for specific neuromorphic computing to process static and dynamic information.

1.3 Structure of thesis

The chapters of this thesis are organized as follows:

Chapter 1: Introduction. This chapter points out the importance of addressing the
power consumption issue and introduces the basic transport characteristic of non-charge
information carriers, followed by their applications in electronics. Then, the
background of chiral anomaly mechanisms is introduced. Moreover, this chapter
presents the significance of the thesis: chiral-anomaly based devices for efficiently

processing information. Last, the organization of the thesis is introduced.
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Chapter 2: Manipulation of chirality to achieve field-effect electronics with Dirac
semimetal PtSe2. Angle-dependent negative, planar Hall effects and non-local transport
are observed. Tuning the energy separation between the Dirac point and the Fermi level
can efficiently change the chiral conductivity-based curves. An analogue output curve
can be achieved when considering the magnetic field and chiral conductivity. The
transfer curve in PtSe> devices shows more than 10° ON/OFF ratio by electrostatic
gating. With electric and magnetic fields as input signals, the chirality devices can also

exhibit basic logic functions (AND, OR).

Chapter 3: Topological phase change FETs with Weyl semiconductor Te. Magneto-
transport experiments of Weyl semiconductor Te verify the presence of chiral anomaly
current. By electrostatic modulation, topological transistors can switch between low-
dissipation, highly conductive ON-state and the trivial charge transport OFF-state.
There is high negative magnetoresistance (MR) up to -90%, indicating that the low-
dissipation chiral anomaly current contributes the majority part of the conductance. The
ON/OFF ratio reaches ~10® under < 2 V operating voltage, and the ON-state

conductivity is up to 3.9x10* pS/um.

Chapter 4: Room-temperature valley transistors to process static and dynamic
information. Based on the chiral anomaly mechanism, room-temperature valley
transistors with 7 um diffusion length is achieved with Weyl semiconductor Te. The
ON/OFF ratio is ~10° at room temperature by electrostatic gating. There is a

coexistence of ion adsorption and intercalation mechanisms, which result in the output

7
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curves with tunable nonlinearity and retention time (timescale from 10° s to 10 s). The
accuracy of processing static handwritten digits and dynamic icons from the Tokyo

Olympic Games both reach 95%.

Chapter 5: Conclusion and outlook. In this chapter, the results in this thesis are
systematically summarized. Meanwhile, future research based on low-dissipation
carriers is proposed, such as p-n complementary valley circuits with multiple logic

functions at room temperature.
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Chapter 2 Field-effect chirality devices with Dirac

semimetal PtSe;

Conventional field-effect transistors (FETs) based on the charge degree of freedom
suffer from Joule heat dissipation. Chiral anomaly current in Weyl physics is low-
dissipation over a long distance, but it still lacks effective ways to control its transport
for the FETs. Here, the chirality-based FETs with Dirac semimetal PtSe, are designed and
demonstrated. Angle-dependent negative magnetoresistance and the planar Hall test are used to
evidence the chiral anomaly current in our sample. The ON/OFF ratio reaches more than 10°
by efficient electrostatic control over chiral anomaly current with ionic liquid. Essential logic
functions are achieved due to the device's high sensitivity to the magnetic field, rotation angle
and electrostatic gating. The pumped chiral charges can be compensated by inter-valley
transport through quasi-momentum transfer. The nonlocal valley transport is width- and length-
dependent and can be effectively modulated by the magnetic and electrical fields. This work
provides an efficient way to control the transport of chirality degree of freedom, which can
significantly reduce power consumption compared with state-of-the-art charge-based

transistors.

2.1 Introduction

Conventional field-effect transistors (FETs) rely on charge transport in
semiconductors, which inevitably results in heat dissipation and leads to ever-

increasing power consumption in integrated circuits’2. It is highly imperative to

10
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develop low-power devices by adopting the carrier transport mechanisms with low-
dissipation characteristics, for example, low-dissipation information carrier (spin,
valley, etc.)>*. Massless Weyl fermions have unusual transport properties that are
resulted from chiral properties and the exotic trajectories against external
perturbations®”’. Chirality of the Weyl fermion is defined by the sign of spin projection
along the momentum direction (Figure 2.1a)®. Under the parallel electric field (E),
chiral charge is pumped between two Weyl nodes with opposite chiralities under non-
zero Berry curvature, leading to chiral current throughout the whole sample, a so-called

chiral anomaly.

©, 1L chirality @_ (R chiraiity
S

E__..close to Weyl point; : E____far from Weyl point

Fermi Fe

Figure 2.1 Chiral anomaly current in Dirac semimetal. “ON” state: Erermi is close to
the Weyl point and |*- 48| >0. “OFF” state: Erermi away from the Weyl point and |u"-
18 = 0.

The pumped chiral charges can be compensated by inter-valley transport through

quasi-momentum transfer (Figure 2.2)>'°.

11
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Figure 2.2 Chiral-anomaly related valley transport in the Dirac semimetal. (a)

B

Sketch of a Dirac cone consisting of two slightly displaced massless Weyl nodes with
distinct left-handed and right-handed chirality under the applied magnetic field. (b) Two
typical processes in the chiral anomaly situation: charge pumping and inter-valley
transport.

In analogy to the valley degree of freedom in two-dimensional (2D) transition
metal dichalcogenides, the chirality degree of freedom in topological semimetals can
also potentially carry and encode information without heat dissipation®!!"13. Because
the chirality imbalance is closely related to the transfer of chirality between fermions
and gauge fields with the global topology'>!4, the topologically protected chiral current
is low-dissipation even under strong interactions over long distance'®>, much longer than
the transport of valley'® or spin!’ (typical micrometre level). Compared with the
successful modulation of valley/spin transport by optical or electrical stimulation®'®,
the manipulation of chiral anomaly current in three-dimensional (3D) topological
semimetals still remains elusive, because it lacks effective ways to modulate chiral
anomaly current in semimetals.

In this work, we investigate the field-effect chiral anomaly characteristics by

12
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adopting Dirac semimetal PtSe2, which possesses a 3D Dirac point in the conduction
band. Electrostatic modulation with ionic liquid allows efficiently tuning the energy
separation between the Dirac point and the Fermi level as well as the chiral conductivity.
The chirality devices exhibit analogue characteristics of FETs with an ON/OFF ratio
higher than 10° under external field modulation and can perform basic logic functions.
Chiral anomaly nonlocal valley transport can also be effectively modulated by both
magnetic and electric fields. Our results provide another potential way for low-power

electronics with a new degree of freedom.

2.2 Experimental section
Device fabrication

PtSe> crystal was purchased from HQ Graphene. Flakes were mechanically
exfoliated onto the Si substrate with 300-nm-thick SiOz. The electron beam lithography
technique was used to define the pattern of metal electrodes. Metal contacts were
prepared by sequential thermal evaporation of Cr (10 nm) and Au (80 nm) at the rate of
0.2 A /s and 0.5 A /s, respectively. As there is a layer-dependent bandstructure in

1819 we have chosen thick enough samples to show

transition-metal dichalcogenides
bulk-like band structures. To observe the obvious angle-dependent negative MR, the
thicknesses of used PtSe: flakes were selected in the range of 8-15 nm, determined by

Bruker Multimode atomic force microscopy. To prepare devices for nonlocal valley

transport measurement, a relatively low beam current (30 pA, 20 kV) was adopted in

13
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the focused ion beam process to avoid obvious damage to the sample.
Magnetotransport measurement

The temperature-dependent magnetotransport measurements were carried out by
Physical Property Measurement System (PPMS) from Quantum Design. 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. The ionic liquid DEME-TFSI can induce ~10'* cm™ carriers to form the
equivalent capacitance of ~10 mF/cm?. A droplet of ionic liquid was used to cover the
surface of PtSez and the side gate electrode. Then, the sample was kept under high
vacuum with 9x107 Torr for 24 h. The side ionic liquid gate pattern was prepared much
larger than PtSe: film for efficient gating. The initial gating temperature was set at 220
K, which is close to the freezing point of DEME-TFSI. Gating at this temperature

allows effective gating and avoids damaging the sample.
Materials characterizations

Scanning electron microscope spectrum and energy dispersive X-ray spectroscopy
were acquired by JEOL Model JSM-6490. Raman spectrum was performed with a

Witec alpha300 R (laser source, 532nm).
First-principles calculations

We employ the first principle simulation method to investigate the precise band
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2022 was used to perform the

structure of bulk PtSe> material. Quantum-Espresso code
calculation. We used the projector-augmented-wave (PAW) method®® to describe the
atomic potential, and generalized-gradient-approximation (GGA) Perdew-Bruke-
Ernzerhof?* exchange-correlation functional. The energy cutoff for plane waves was set
to 80 Ryd to precisely describe the highly localized d-orbitals in the system. The PtSe:
crystal was firstly fully optimized under k-sampling density 16 x 16 x 12, and then
band structure was calculated. To search for possible Dirac point in the whole Brillouin
zone (BZ), we used Wannier90 code®® to project the 16 x 16 x 12 band structure onto
maximally-localized Wannier orbitals®® and generate a tight-binding model. With this
tight-binding model, it is possible to search for tens of thousands of k-points in the BZ.

After the Dirac point in the conduction band was identified by this tight-binding model,

it was further verified by Quantum-Espresso.

2.3 Results and discussion

Two Weyl nodes with distinct left-handed and right-handed chiralities are split
from the Dirac cone under magnetic field (B), where the distance between two nodes
in momentum space is determined by the magnitude of B’?". The chemical potential
imbalance between left-handed and right-handed chiralities drives the formation of
chiral current with the presence of parallel E, which results in chiral current, and

)28-30

exhibits negative longitudinal magnetoresistance (MR . We can manipulate

chirality (valley-like degree of freedom) in semimetals by controlling chiral anomaly
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strength, which arises from non-zero Berry curvature (£2) and is closely related to the
energy separation (4¢) between Fermi level (Erermi) and Weyl/Dirac point (Figure 2.3a).
Therefore, chiral anomaly current can be efficiently tuned through the field-effect shift
of Fermi level of semimetals. When B// E, the chiral anomaly conductivity (0 pira1)

can be described according to Equation (2.1)*!:

e*vitB?
Ochiral = PRCTyY; (2.1)

where e is the electron charge, vr is the Fermi velocity near the Weyl points, 7 is the
inter-valley scattering time, and #h is the Planck constant. It is noteworthy that this
Equation (2.1) is only restricted to a relatively low magnetic field according to
theoretical ~ analysis*. In experiments, most researchers validated Equation (2.1)
below 6T.

The 3D Dirac point in Dirac semimetal comprises two degenerated Weyl nodes
with opposite chirality, which can be separated in momentum space by breaking time-
reversal symmetry under B. Without the electric field E, the right- and left-handed
fermions in Weyl nodes have equal chemical potential (1 = %), and the chiral charge
at a single Weyl node is conserved. With parallel B and E, the left-handed (L) chirality
will be pumped into right-handed (R) chirality, resulting in the unequal chemical
potential (u*#u"), as illustrated in Figure 2.3b. In such a case, a net current is generated

and transported over the sample due to chiral imbalance. The current form is J, =

ymcrn (uR — ub), where J. is named as chiral current”!'°. Experimentally, we can test

the positive chiral magnetic conductivity described by the Equation (2.1).
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Figure 2.3 Berry curvature and charge pumping process in the Dirac semimetal.
(a) Distribution of the square of the Berry curvature as a function of the relative energy
Ag, the energy between Dirac/ Weyl point and Fermi level. There is the most substantial
Berry curvature when the Fermi level is at the Dirac/Weyl point. As Fermi level moves
away from the Dirac/Weyl point, Berry curvature decays remarkably. (b) Schematic
illustration of the charge pumping process between left-handed and right-handed
fermions arises from the chiral anomaly.

Chiral current can be used for low-dissipation information processing by field-
effect modulation. When Eremi is close to the Weyl point, the larger difference (|u*- u&|
>>0) in chemical potentials between left- (1~) and right-handed (u~) fermions results in
a strong chiral current (“ON” state); when Erermi 1s away from the Weyl point, chiral
anomaly strength decays remarkably, leading to |u*- 1% = 0 and negligible chiral current

(“OFF” state). Figure 2.4 schematically illustrates the chirality-based field-effect

device, where chiral current flows in the direction parallel to B and E.
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Figure 2.4 Illustration of a device structure for chirality-based field-effect devices.

The operations and characteristics of chirality-based devices are similar to those

in charge-based FETs (Figure 2.5a). Electrostatic gating can tune the carrier density

and Erermi of Dirac semimetals, thus modulating 4¢ and chiral anomaly current in

chirality-based devices (Figure 2.5b). To effectively modulate chiral anomaly current,

it is quite necessary to choose topological materials with suitable Je. If ¢ is close to

zero, Equation (2.1) becomes invalid 3. If Ae is too large, O.pirq iS too weak for

detection, and it is hard to efficiently manipulate o.p;rq; to achieve high ON/OFF ratio.

(a) Charge-based field-effect transistor

Increased Vg
‘,//-

Electrical conductivity

[ V.

v,
Ip = Ipgs (1'V—i)2

Chiral conductivity

Increased Vg

(b) Chirality-based field-effect device

B?

Ochiral =

e*virB?

4m2hAe?

Figure 2.5 Chirality-based field-effect device. (a) Schematic curves of electrical

conductivity in charged-based field-effect transistor as a function of Vs (left panel) and

18
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Ve (right panel), respectively. In an n-type depletion-mode FET, Ip is the drain current,
I'pss 1s maximum saturation current, and Fris the pinch-off voltage at which the channel
closes. (b) Schematic curves of chiral conductivity in chirality-based field-effect
devices as a function of B? (left panel) and V¢ (right panel), respectively. For the curve
as a function of Vg, the dash line refers to the situation that the Fermi level can easily
cross the topological point due to too small 4e, while the solid line shows the case that
Fermi level cannot cross the topological point.

Layered PtSe> exhibits strongly layer-dependent bandgap, from semiconducting to

semimetallic characteristics, as the thickness increases (Figure 2.6)'%3*.

(a) % (b)

\ﬂ ﬂ \ﬂ ‘X‘ * = éo.a-
""x'i'Fj £ os

12345 Bulk
Layer number

Pt\ﬁ\ y\ ﬂ 0.0/
_x_

Figure 2.6 Crystal structure and layer-dependent bandgap of PtSe,. (a) Schematic
image of the crystal structure of PtSe2 from the side view (left panel) and top view (right
panel). (b) The layer-dependent bandgap of PtSe> calculating by the path M-K-G-M of

the Brillion zone.

According to density functional theory (DFT) calculations (Figure 2.7), the
conduction band of bulk PtSez shows a cone around the point D (0, 0.32, 0.5) (in the

units of 2n/a, 2n/a, 2n/c, respectively) along with three different directions: in parallel
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with G-M path, perpendicular to G-M path, and along the k. direction, different from

the Dirac cone previously verified in the valence band of PtSe>'®!’.
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Figure 2.7 Band structures of bulk PtSe; along different paths. (a) Brillion zone of
bulk PtSe: and the proposed Dirac point is marked as “D”. (b) Parallel to G-M line. (¢)
Vertical to G-M line. (d) Along k: direction. Dirac cones point around D (0, 0.32, 0.5)

in three different orthogonal directions.

3D band structures demonstrate that the bands are linearly dispersing across these
nearly straight cones (Figure 2.8), resulting from d orbitals of Pt and p orbitals of Se.
This fourfold degenerated point can be described by the 4x4 Dirac matrix, identified as
the Dirac fermion. The Dirac point is positioned ~0.55 eV above the Fermi level in the
conduction band of pristine bulk PtSe2, which is quite different from the Dirac point in

the valence band (with ~1.1 eV below the Fermi level) of PtSe: reported in previous
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works®>¥, The Dirac point in the valence band exhibits large Ae, which makes it
extremely difficult to modulate chiral anomaly current. In this work, we focus on the
investigation of the Dirac point in the conduction band of PtSe> to achieve field-effect

chirality devices.

Along k,

Figure 2.8 Three dimensional band structures around the Dirac point. (a) Three-
dimensional band structures along kx and k. (b) Three-dimensional band structures
along kx and &y, where kx is the direction vertical to G-M line, and % is the direction
parallel to G-M line. The variable range is +/-0.1(unit 27/a).

The presence of defects in materials can dramatically change the position of the
Fermi level. For example, the Fermi level of Dirac semimetal NaszBi can be lifted up by
~0.4 eV because of defects®. The energy-dispersive X-ray spectrum of the PtSe: crystal
(Figure 2.9) reveals Se deficiency (roughly PtSe1.93), which increases electron density

and upshifts Fermi level close to the Dirac point in the conduction band.
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Figure 2.9 The element ratio of the used PtSe; flake. (a) Scanning electron
microscope image of PtSe: crystal flake. (b)The EDX spectrum of PtSe: crystal
indicates that Se is deficient.

The crystalline orientation of PtSe2 can be identified according to the angle
between two straight edges®’. Angle-dependent negative MR is a strong indicator of the
chiral anomaly in PtSe: devices. Other possible factors for negative MR, such as weak
localization and current jetting, were carefully examined and excluded (Supporting
Note III and Figure S9, Supporting Information). We input current along the sharp
zigzag edges of PtSez, and perform an angle-dependent MR test by rotating the angle
0).

We performed Hall measurements through a 6-terminal structure (Figure 2.10a).
The thickness of sample #1 is ~12 nm (Figure 2.10b). Both sample #1 and bulk PtSe>
crystal have two pronounced peaks around 183 and 206 cm™' (Figure 2.10c¢), and the

typical peak at around 230 cm of few-layer PtSe: is absent!”

, supporting that sample #1
have bulk-like properties. Sample #1 exhibits the metal-like resistance-temperature

curve (Figure 2.10d) when the temperature decreases from 300K to 2K. There is angle-

dependent MR (Figure 2.10e) when varying from 21.16% (B L E) to -0.97% (B // E).
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Figure 2.10f shows the positive MR of sample #1 as a function of the magnetic field

under B_L E at 2K.
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Figure 2.10 Hall bar device #1. (a) The optical microscope photograph. (b) Tested
height of the sample (~12 nm) determined by AFM. (¢) Raman spectra of sample #1
and bulk PtSe> crystal. Two pronounced peaks around 183 and 206 cm™' can be observed
when and the typical peak at around 230 cm™! of few-layer PtSe is absent. (d) Metallic
temperature-resistance curve. (¢) Angle-dependent MR varying from 21.16% (B_LE)
to -0.97% (B // E). (f) MR as a function of magnetic field under B | E at 2K.

There is n-type Hall resistance in sample #1 from 300 K to 2 K (Figure 2.11a).
The carrier density (n) can be extracted according to n = RLHe, Ry = R?d, where Ry is
the Hall coefficient, e is the electron charge, R is tested Hall resistance and d is the
sample thickness. The electron concentration of the PtSez sample decrease from 3.15
x10*' em™ (m2p = 3.78%10"° cm™) at 300 K to 8.50x10%° cm™ (n2p=1.02 x10'5 cm™) at

2 K. There is negative MR (-0.97%) when B / E (Figure 2.11b). The chiral
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conductivity (ochiral) as a function of B (the inset of Figure 2.11b) can be well fitted by

a straight line, in good consistency with the chiral anomaly Equation (2.1).

(a) (b)

8! ——300K 0.0;
1 200K -0.21
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m \ E '0.6'
-4 | -0.84
8 #1 : -1.04 0 B(T?) 36 #1
"9 6 3 0 3 6 9 9 6 3 0 3 6 9
B (T) B (T)

Figure 2.11 Hall resistance and magnetotransport behaviour of #1. (a) The Hall

resistance varies from 300K to 2K of sample #1. (b) Magnetotransport behaviours of

R(B)-R(0)

Hall bar device #1 under B/E at 2K. MR = R0)

X 100%, where R(0) is the
resistance at zero magnetic field, and R (B) is the resistance under B. The inset is gchiral

as a function of B2, extracted according to ochirat = & - 00, where ¢ is the conductivity

under specific magnetic field, and oo is the conductivity without magnetic field.

High electron carrier density is repeatable in another Hall sample #2 (Figure
2.12a). Lv et al. reported that the measured Hall carrier density of 1.5%10%° cm™ in Weyl
semimetal WTei.0s could upshift the Fermi level by 60~120 meV?*. We calculate the
upshift of Fermi level in our samples based on the carrier density from Hall data by
referring to the previous work?®. The density of state (DOS) of bulk PtSe> with/without
electron doping are both calculated. The DOS of pristine PtSez> with electron doping
was achieved by adding the extra electrons based on the tested n-type Hall carrier

density 8.50x10% cm™ at 2 K. Finally, we can get two DOS spectra with similar shapes
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and clear upshift of Fermi level after electron doping. The DFT calculation based on
the measured carrier density shows that the upshifted Fermi level gives rise to small A¢
(Figure 2.12b), which allows the observation of chiral anomaly conductivity in our

samples without applying gate voltage.

(@), (b)
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Figure 2.12 The downshift of the Dirac point of electron-doped PtSe;. (a) Hall
resistance of sample #2 at different temperatures. The Hall resistance increases as the
temperature vary from 300K to 2K. (b) The density of states of pristine and electron-
doped PtSez. The circles highlight the position of the Dirac point in pristine and
electron-doped PtSe>.

The inset of Figure 2.13 shows a 4-terminal PtSez (sample #3, ~13 nm thickness)
for investigating chiral anomaly related angle-dependent MR behaviours. There are
angle-dependent negative MR behaviours in sample #3 at 2K (Figure 2.13a), exhibiting
the maximum negative MR value (-0.82%) when B ~E. The negative MR is gradually

suppressed after rotating 6 away from € = 0° (B /E), and becomes positive at § > 2°

under 9 T (Figure 2.13b).
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Figure 2.13 Angle-dependent longitudinal magnetic resistance of sample #3. (a)
Angle-dependent longitudinal magnetic resistance of 4-terminal sample #3. Inset is the
optical microscope photograph of a typical tested 4-terminal sample. (b) Longitudinal

MR of sample #3 at small rotation angles near B//E.

For relatively thick sample #4 (~15 nm), it also shows angle-dependent negative
MR, where the MR decreases from 36% (B L E) to -0.26% (B /E) (Figure 2.14). It is
noteworthy that the negative MR ratio of #4 under B /E is smaller than #3 because of

the stronger positive MR background in a thicker sample.

45
8 (%)

Figure 2.14 Angle-dependent negative longitudinal magnetic resistance of 4-
terminal sample #4 (~15 nm) at 2K. When B // E, there is the strongest negative

longitudinal magnetic resistance. As the angle gradually reduces, the negative magnetic
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resistance becomes weaker. When B_L E, the strongest positive magnetic resistance is

about 36%.

For the thick samples (#5 with 160 nm and #6 with 180 nm), the resistance is as low
as 1 Q at 2 K and show positive MR at different angles (Figure 2.15). No observable
negative under MR B // E can be attributed to the strong background in thicker samples,

as reported in previous topological semimetal works.
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Figure 2.15 Magnetotransport behaviours in thick samples with more than 160 nm.

The thickness-dependent MR behaviours under B ~E and B | E are summarized
in Table 2.1, which exhibits that it is quite necessary to adopt the samples with suitable
thickness to observe chiral anomaly. We performed magnetotransport tests on more than
10 PtSe2 samples (8-15 nm), which show reproducible negative MR characteristics
induced by chiral anomaly. It is noteworthy that thin PtSe> samples (e.g., sample #1 in
Figure 2.11b) with relatively weak background conductance provides a good platform

for investigating field-effect chiral devices.
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Table 2.1 Summary of thickness-dependent MR.

Sample number Thickness MR under BLE MR under B/ E
#12 4 nm +10.5% +0.8%
#9 8.5 nm +8.45% -4.50%
#1 12 nm +21.16% -0.97%
#3 13 nm +25.22% -0.82%
#4 15 nm +36.10% -0.26%
#11 90 nm +53.15% +0.75%
#5 160 nm +83.15% +3.84%

Another strong evidence for the observation of chiral anomaly is the planar Hall
effect (PHE)*, i.e., the appearance of an in-plane transverse voltage when there is an
angle between the coplanar electric and magnetic fields. Such behaviours are rare for
non-ferromagnetic systems. As shown in Figure 2.16, we have acquired the angular-
dependent PHE results. The planar Hall resistance (Rxy) (Figure 2.16b) displays a
periodic angular dependence of 180°. Rxy reaches its minimum and maximum value at
~45° and ~135°, respectively. Meanwhile, the in-plane resistance (Rxx) (Figure 2.16¢)
reaches its minimum and maximum value at 0° and 90°, respectively. More importantly,
our tested data can fit well with the PHE resistance formula, respectively. These results

provide strong evidence of observed chiral anomalies in our work.
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Figure 2.16 Planar Hall tests of our PtSe, sample. (a) Schematic of angular-
dependent planar Hall tests. B, E and the sample are in the same plane. ¢ is the angle
between B and E. (b) Angular dependence of the Rxy. (c) Angular dependence of the
Rxx. Tested Rxy and Rxx are well fitted by yR"_Zi sin 2¢ and BeRe o R";i cos2¢,
respectively. ¥ is the ratio of the width to the length of the prepared Te device, R is

longitudinal MR under B || E, and R, is longitudinal MR under B L E. The tests

were carried out at 2K under 6T.

As achira 18 strongly affected by Ae, electrostatic modulation can be used to change
the Fermi level and chiral anomaly conductivity. Due to the high equivalent capacitance
of ~10 mF ¢m™, ionic liquid has been reported for effectively modulating the carrier
density in transition metal dichalcogenides, which can tune the carrier density by two
orders of magnitude from 2 x 10> cm 2 to 1.4 x 10'* cm ™2 in M0S2*°. By applying ionic
liquid gating (Figure 2.17), ions are driven to the channel surface, forming ultrahigh
electrical double layer capacitance. g is relatively stable when temperature decreases
from 220 K to 2 K. I is less than 0.2 nA during this cooling down process, suggesting

a negligible damage effect (e.g., surface electrochemical reaction) on the sample.
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Figure 2.17 The manipulation of the chiral anomaly in PtSe; semimetal. (a)
Schematic of gating PtSe: by the ionic liquid. (b) The shift of energy gap between Er
and Dirac point. The position of the Fermi level can be tuned by applying different V.
(¢) Ie-V¢ curve of the ion liquid gating at 220K. The faster scanning (0.1 V s vs 0.02V
s!) rate leads to a larger hysteresis loop because of the effective movement of ions
under gating, which is common in ionic liquid gating FET devices. (d) /g-T curves for
sample #7 under different V.

Resistance-temperature measurements on sample #8 (Figure 2.18) show that
different gating voltage (Vg) can affect the electrical conductivity of the PtSez,
suggesting the shift of carrier density and Fermi level. Specifically, +2V gating can

reduce resistance, while -2V gating can increase the resistance, indicating the successful
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shift of the Fermi level. Meanwhile, there is no significant change of resistance at Vg=

0 after applying Vg= -2V and Vg= +2V.
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Figure 2.18 Resistance-temperature curves of sample #8. The testing order is V=0,
Ve= -2V, Ve=+2V and Vg= 0.

For sample #9 (~8.5 nm), negative MR 1is remarkably suppressed under negative
Vg and is enhanced under positive Vg (Figure 2.19a) due to the change of 4¢. A positive
V¢ can upshift the Fermi level, while Vy downwardly shifts the Fermi level (Figure S14b,
Supporting Information). The linear relationship between ociiras and B? (Figure 2.19b)
fits well with Equation (2.1). Figure 2.19¢ shows the chiral conductivity as a function
of Vg, in analogy to the transfer curve of depletion-mode charge-based FETs. The
ON/OFF ratio of chiral conductivity reaches 780 with electrical gating (+2V vs -2V)
under 6T. Because of the high electron carrier density of the semimetal PtSe2 at Vz=0
and relatively large Ae, it is difficult to drive the Erermi across the Weyl point, thus
resulting in the saturated characteristics similar to the transfer curve of conventional

FETs.
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Figure 2.19 Chirality-based field-effect PtSe; device. (a) Chiral anomaly-based
negative MR curves as a function of B under different V. The inset shows that Erermi is
below the Dirac point of PtSez at V=0. (b) ochira as a function of B> under different V.

Due to the thinner thickness (~8 nm), the MR of sample #10 changes from nearly
0 (Vg=-2V) to -6.97% (Vg= +2V), exhibiting much stronger electrostatic modulation
than sample #4 (Figure 2.20). The ocnirar of sample #10 under different gating is also
linearly fitted (Figure 2.20c), and both electric and magnetic field can modulate it
(Figure 2.20d), with the ON/OFF ratio of 1.0x10? (electrical field, +2V vs -2V, at 9T)

and 1.1x10% (magnetic field, 2T vs 9T, at Ve= 2V), respectively.
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Figure 2.20 Chiral anomaly-based negative magnetic resistance curves as a
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function of B at different gating voltages under B// E. Both samples #4 and #10
show Vg-dependent magnetic resistance curves.

In contrast, it is hard to tune the MR in thick sample #11 (~90 nm) from positive
to negative MR because of the strong positive MR background (Figure S20, Supporting
Information). At another angle & = 10°, we can successfully achieve field-effect MR in
sample #4 (Figure S21, Supporting Information) by combining 6, Vy; and B to

manipulate chiral anomaly.

08 — V=0 #11
— Vg= +2V

B(T)

Figure 2.21 Gating thick PtSe; sample #11 (~90 nm) through the ionic liquid.

Chirality-based devices can perform logic operations (Figure 2.22), like the
charge-based FETs*!. We can define V and B as two inputs and oeirar as output. For the
input: (B), logic “0” and “1” are defined as B < 4.5 T and B > 4.5T, respectively; for
the input2 (Vy), logic “0” and “1” are defined as Vy < 0 V and Vg> 0V, respectively.
AND logic function (Figure 2.22a) can be realized on sample #9 (~8.5 nm), where the
output “0” corresponds to gehirat < 780 S cm™!, and “1” corresponds to oenirar > 780 S cm’

! Only when both inputi and input> are logic “1”, the output is “1”. In addition to two-
y p p g Y
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input AND and OR logic operations, the AND-OR logic function with three inputs can

also be achieved by combining 6, V' and B as the input signals (Figure 2.22b).

(b)

In Out
|n3 OR

Input;y(8): 0 0 0 0 1 1 1 1
Input (Vg): © 1. 0 1 0 1 0 1
Input;(B): 0 0 1 1 0 0 1 1
Output : 00 0O0OTM1TTI1T 1

0 1
INPUT, (V)

Figure 2.22 Demonstrations of logic operations based on chiral anomaly current.
(a) Demonstration of AND logic gate. INPUT 1 is “0” for B < 4.5T, and “1” for B >
4.5T. INPUT 2 is “0” for Vg <0V, and “1” for V> 0 V. OUTPUT is “0” for ochiral <
780 S cm™!, and “1” for oehirat > 780 S cm™'. (b) OR-AND logic operation. We define 0
as input 1 with 0°as “0” and 10° as “1”. Vg is defined as input 2 with Vg =+2V as “0”
and -2V as logic “1”. Input 3 is B with 3 T as logic “0”, and 6 T as logic “1”. The output
is defined as “0” corresponding to the negative MR, and “1” corresponding to the
positive MR.

Nonlocal valley transport can distinguish the negative MR from conventional MR
anisotropy, and provide another strong indicator to corroborate chiral anomaly in
topological semimetals. We performed nonlocal valley transport through the “H”
configuration (Figure 2.23a), in which constant current is injected, and a valley
imbalance is generated under parallel E and B. This valley polarized states will diffuse
over the sample like spin and can be detected in the detector region with sufficient long

distance (um level)®!%*2. Nonlocal valley transport strength can be quantitatively
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characterized by width-dependent ratio and length-dependent exponential decay. We
fabricated the devices in the “H” configuration with the same length (2 pm) and
different widths (Figure 2.23b) to characterize the width-dependent valley transport.
Constant current is applied through terminal 1-2, while terminal 3-4 (2 pm width) and
5-6 (1 um width) are used to detect the voltage. The magnetic field can effectively
modulate the nonlocal resistance of the device (Figure 2.23c). The pure nonlocal

resistance is extracted by removing background from stray current*’

(Supporting Note
VI, Supporting Information) according to Ryajey = —k34Re~ /M for terminal 3-4,
where Rvailey reveals the strength of valley signal, R is the local resistance, Ly is the
valley diffusion length, and £ is a dimensionless coefficient. The width ratio of terminal
5-6 to 3-4 1s 0.5. Therefore, the corresponding theoretical nonlocal valley ratio should

be 0.50 (dash line). The measured B dependent Rse-Ni/ R3anL ratio is close to this

theoretical value (the inset of Figure 2.23c).

(a)

o
[

Inter-valley : e &
K -K N N - ‘ \i
\—\f \f 00«
é €
Rasnt #V1
Generator Detector "9 6 3 0 3 6 9
B(T)

Figure 2.23 Chirality-based nonlocal width-dependent valley transport. (a)
Schematic view of the inter-valley diffusion between different valley positions (£K),
compensating the chiral anomaly induced charging pumping process. (b) Scanning
electron microscopy of sample #V1. It has the same channel length of 2 pm and

different channel width of 2 pm (terminal 3-4), and 1 um (terminal 5-6), respectively.
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(¢) Width-dependent valley transport in sample #V1 under the magnetic field
modulation. The inset shows the ratio of Rse-NL/R34-NL as a function of B at different
temperatures. The dash line corresponds to the theoretical value of 0.50.

We also fabricated the device with different lengths (Figure 2.24a). By applying
constant current through terminal 1-2, we tested the voltage of terminal 3-4 (2 pm
length), 5-6 (4 um length) and 7-8 (7 um length). With the increase of lateral length L
(the length between current injected terminal pair and nonlocal detecting pairs of
terminals), the nonlocal resistance (Figure 2.24b) decays rapidly.

Valley transport strength coefficient ay; is used to quantitatively describe the
strength of the nonlocal response®!°:

N = |RR—1\LL| X 9_% (2)
where Lv is the inter-valley scattering length. The semi-log plot of ay; against the
lateral length L (Figure 2.24c¢) clearly shows that the tested ay;can be fitted by line,
in which ay; decays exponentially as the lateral length L increases from 2 pm, 4 um
to 7 um, consistent with the valley transport Equation (2.1). The valley signal is
relatively strong even for the 4 um length®!°.

In addition to the magnetic field, electrical gating can also be applied to manipulate
the nonlocal valley transport, which shows that the tested a,; can be well tuned ant
fitted by a straight line under Vg = £2V (Figure 2.24¢). The good linear fitting in the
semi-log curve supports that the tested valley signals decay exponentially under Vg =
+2V, fitting well with Equation (2.1). Both magnetic and electric field can successfully

tune the strength of valley transport in different device geometries.
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a b c
(a) (®) © .
= -1
a = o
‘-’E‘ EZ 102 @
o 5 Raon —o—vg: +2V
RSE-NL Q Vg=0 a
_3] Rran 10 94— Vg=-2V #V2
9 6 -3 0 3 6 9 2 3 4 5 6 T
B(T) Length (um)

Figure 2.24 Length-dependent valley transport. (a) Scanning electron microscopy of
sample #V2. It has the same channel width 2 um and different channel length from 2
um (terminal 3-4), 4 um (terminal 5-6) to 7 um (terminal 7-8). (b) Length-dependent
valley transport sample #V1 under the magnetic field modulation. (c) Electrical
modulation of length-dependent valley transport strength through ionic liquid gating.
The calculated valley strength |ani| as a function of diffusion length shows that |oni|

decays exponentially with the increasing of lateral length.

2.4 Summary

In summary, we design and demonstrate a device structure for controlling chirality
transport in Dirac semimetal PtSez. The chirality-based field-effect devices show
efficient electrostatic control over chiral anomaly current with an ON/OFF ratio of more
than 10°, and realize basic logic functions. The nonlocal valley transport is width- and
length-dependent, which can also be effectively modulated by magnetic and electrical
fields. This study provides a way to control the transport of chirality degree of freedom,
which has the potential for significantly reducing power consumption compared with

state-of-the-art charge-based FETs.
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Chapter 3 Topological transistors with  Weyl

semiconductor

Modern electronics demands transistors with high performance and extreme
energy efficiency. Charge-based transistors with conventional semiconductors greatly
suffer from increasing heat dissipation because of carrier scattering. Here we show the
topological transistors (TPCTs) with Weyl semiconductor (Te) for low-dissipation and
highly conductive ON-state. By modulating the energy separation between Fermi level
and Weyl point of Te, the device exhibits topological phase change between Weyl
semiconductor and conventional one by electrostatic modulation. The ON-state
possesses low-dissipation transport characteristics because of the global topology of
gauge fields. The OFF-state exhibits trivial charge transport in the conventional
semiconductor by moving Fermi level into the band gap. The TPCTs show a high
ON/OFF ratio (10%) under low gating voltage (<2 V), high ON-state conductivity
(3.9x10* uS/um), and long transport distance. Our studies provide alternative strategies

for supplementing conventional charge-based electronics.

3.1 Introduction

The electron devices with conventional semiconductors significantly constrain
computation energy efficiency because of unavoidable heat dissipation. Modern
electronic systems require high-performance and low-power devices to meet the

demand of their sustainable development. It is reasonably necessary to adopt new
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device physics to break the constraint of charge transport mechanism'~. Researchers
have investigated spin/valley as the information carriers for low-dissipation transport?,

which usually shows a low ON/OFF ratio of 10!-10* and low driving current*>

, partly
because of the non-ideal polarizers and analysers® and insufficient manipulation of
polarized carriers®. In addition to spin/valley, low-energy relativistic quasiparticles
hosted in topological materials show potential for the information carrier with high
energy efficiency, in which chiral anomaly current can exhibit topologically protected
low-dissipation transport characteristics over long distance due to the global topology
of gauge fields’®.

The Weyl/Dirac points usually present in semimetals with the crossing of the two
bands of spin polarized bands. The high carrier density in topological semimetals makes
it difficult to modulate the position of their Fermi level (Er) and chiral anomaly current,
which also results in high static power consumption. Recent works reveal that Te is a

Weyl semiconductor®!?

, which possesses a band gap similar to conventional
semiconductor and has Weyl points in the vicinity of valence/conduction bands'’. These
characteristics of Weyl semiconductor allow it to retain low-dissipation transport
feature and efficiently modulate the chiral anomaly current. When the Er of Weyl
semiconductor is close to the Weyl points, it exhibits low-dissipation and highly
conductive characteristics like Weyl semimetals; while the EF is tuned in the band gap,
it shows high resistance trivial states without conduction channel, like conventional

insulators. In addition, the chiral anomaly current in topological materials can transport

with centimeter scale °, allowing the information to be transported over long distance
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without dissipation.

In this work, we design and demonstrate topological transistors (TPCTs) with
Weyl semiconductor Te. The states of TPCTs can be switched between low-dissipation,
highly conductive ON-state and the trivial charge transport OFF-state by electrostatic
modulation. We verify the chiral anomaly characteristics of ON-state through
magnetotrasnport measurement. The high negative magnetoresistance (MR) up to -90%
indicates that the low-dissipation chiral anomaly current contributes the majority part
of the conductance. The Te TPCT shows high ON/OFF ratio of ~10® under < 2 V
operating voltage and high ON-state conductivity (3.9x10* uS/um), which exhibit
higher ON-state conductivity than conventional charge-based transistors and much
higher ON/OFF ratio than spin/valley transistors. This designed TPCT has the potential
for significantly reducing power consumption and retaining high performance

compared with state-of-the-art charge-based field-effect transistors (FETS).

3.2 Experiment section

Device fabrication

Te flakes were prepared by hydrothermal methods!! and then transferred to the Si
substrate with 300-nm-thick SiOz. The 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 3x107 Torr. To

prepare TPCTs, we patterned Te flakes into a Hall bar configuration with a side gate
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electrode.

Device characterization

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 DEME-TSFI 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 6x10® Torr
for 24 h. To avoid damaging the sample, the initial gating temperature was set at 220

K, close to the freezing point of ionic liquid DEME-TFSI.

PEO/LiClOs4 electrolyte was prepared by dissolving PEO and LiClO4 in methanol
with a mass ratio of 9: 1. After coating PEO/LiCIO4, the sample was heated at 80 °C
for 10 minutes to remove the solvent and water. The testing temperature was set at 10

K.

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).
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First-principles calculations

The calculation of Berry curvature. The Berry curvature €2 is defined as

Equation (3.1)'%
Q, (k)=-Im(V,u; [x[V,u,) G.1)

In this expression U - 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'?'3:

Yk ‘Wni>

Q (R) =2 21mdy o] (

3.2
n'#n (a)n. — ), )2 ( )

with i, j, k=X, y, z respectively, v; being the velocity operators, and E| (R) =ho,
being the energy dispersion. Then the sum of Berry curvatures over the occupied bands

are:
(k)= £,01 (k) (3.3)
where f, is the Fermi-Dirac distribution function.

14-16 and

We calculated the Bloch states with the Quantum-Espresso code
performed analysis on the Berry curvature of Te with the Wannier90 code!”. The lattice

structure of Te is first fully relaxed, and then the full band structure is calculated. The
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Bloch functions are transformed into the Wannier representation, and the Berry

curvature is obtained with Equation (3.1) and (3.2) along the high symmetry paths.

The band structure and density of states calculations were carried out using DFT
implemented in the Vienna Ab initio Simulation Package (VASP)!®. The Perdew-Burke-
Ernzerhof-type generalized gradient approximation'® and the projector augmented-
wave (PAW) method were employed?’. A plane-wave basis set with a default energy
cutoff and the 16 x 16 x 12 k-point mesh was used. A 3x3x3 Te supercell 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%).

3.3 Results and discussion

In the conventional FETs, the switching mechanism relies on the build-up and
removal of inversion layer (Figure 3.1a). In the TPCT with Weyl semiconductor, the
conduction paths can be switched between conventional charge transport and low-
dissipation chiral anomaly current (Figure 3.1b). Electrostatic modulation allows to
tune the position of Er and trigger the topological phase change between Weyl and
conventional semiconductor. When the electrical field is parallel to magnetic field
(E//B), the non-zero Berry curvature in Dirac/Weyl materials causes the chiral charge
to be pumped between two Weyl nodes with opposite chirality. This chiral anomaly

current is dependent on the strength of non-zero Berry curvature?!. The electrostatic
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modulation of the position of Er can substantially affect the energy gap (de) between
Er and the Weyl point, which determines the strength of Berry curvature () (2 o<
1/4¢?). Thus, we can electrostatically modulate the strength of Berry curvature and
chiral anomaly current.

Topological Phase Change Transistor

*********************************************************************************************

m
Semiconductor
m
Semiconductor
=
D
<
S
m %
§mg

Figure 3.1 Comparison of working mechanisms. (a) The working mechanism of
conventional field-effect transistors. (b) Working mechanism of topological transistors.

a-phase Te 1s a semiconductor with a band gap of approximately 0.32 eV,
comprising of parallel-aligned helical chains with three Te atoms as the building block*2.
Along the high symmetric L-H path in the valence band (Figure 3.2a), Te has a pair of
Weyl points that have opposite chirality (+1 for Wi and -1 for W2). Wi is only ~0.2 eV
below the Er, making it possible to efficiently modulate 4e and chiral anomaly current
by electrostatic modulation. When the Er is tuned close to the Weyl point (W1) in Te, it
exhibits a strong peak of ~40,000 (a.u.) of Berry curvature (right panel in Figure 3.2b)
at the position of Wi in momentum space according to theoretical calculations,
corresponding to the ON-state dominated by chiral anomaly current. When the EF is
away from W and in the band gap, the calculated Berry curvature is very weak of ~200
(a.u.) (left panel in Figure 3.2b) and the density of states is low, corresponding to high-

resistance OFF-state.
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Figure 3.2 Weyl points and the operation of the topological transistors. (a) Weyl
points in Te along the L-H path. Inset is the Brillion zone. (b) Berry curvature related
working mechanism.

Angle-dependent negative MR is a representative signature of the chiral anomaly
in Dirac/Weyl materials. In the case of B:E #0, the presence of chiral anomaly results
in the observable negative MR. The as-grown Te usually has unintentional hole doping
because of Te vacancies *'%?*. Our density functional theory (DFT) calculation results
show that the vacancy in the Te crystal leads to strong hole doping (Figure 3.3), which
makes the Er of Te close to the Weyl point (W1), consistent with reported Te work’.
Thus, we can observe negative MR resulted from chiral anomaly current in self-hole-

doped Te flakes without applying gate voltage.

(a) (b) gt

1 Perfect Te
1 DefectiveTe
:

Density of states (a.u.)

-1.0 0.5 0.0 0.5 1.0
E(eV)

Figure 3.3 The crystal structure and density of states for the perfect and defective

Te. (a) Schematic of the perfect Te supercell without defects (b) Schematic of the Te
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supercell with one Te vacancy (marked by the red circle). (c) The density of states of
the perfect and defective Te, respectively. The Fermi level shifts downwardly
approximately 0.2 eV, close to the Weyl point (W1) in the valence band.

We adopt the Te flakes with different thicknesses (Figure 3.4). There are optical
images (Figure 3.4 al, a2, a3), atomic force microscopy (AFM) images (Figure 3.4b1,
b2, b3), and thickness characterization curves (Figure 3.4cl, c2, c3) for different
samples. Black arrow in the AFM image indicates the direction of the height-distance

curve.
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Figure 3.4 Representative Te flakes with different thicknesses.

There are angle-dependent MR from 0° (B//E) to 90° (B L_E) on a sample with a
thickness of ~30 nm (Figure 3.5a). The largest negative MR at 0° reaches -15.8%.
Figure 3.5b shows the MR under precise rotation angles from 0° to 10°, exhibiting the
monotonic decrease of negative MR with the increase of the angle. As the temperature
gradually increases from 2 K to 100 K (Figure 3.5¢), the negative MR becomes weaker

because of thermal perturbation.
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Figure 3.5 Angle- and temperature-dependent MR in sample #1. (a) Angle-

R(B)-R(0)

dependent longitudinal MR in the prepared Te device. MR= R0)

X 100%, 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. The scale bar is
10 um. (b) Precise angle-dependent negative MR from 0° to 10° at 2 K. (¢)
Temperature-dependent MR from 200 K to 2 K. Negative MR appears at 100 K under

low magnetic field. Around 7.5 T, there is an angle- and temperature-dependent

oscillation peak.

This angle-dependent negative MR characteristic is reproducible in other samples
with similar thickness (Figure 3.6). In addition, we observe an oscillation peak at
around 7.5 T (Figure 3.5 & Figure 3.6), which is consistent with the first quantum

oscillation peak at ~7.5 T'°.

B(T) B(T)

Figure 3.6 Angle-dependent negative MR in sample #2 at 2 K. (a) Angle-dependent
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MR from 0° to 90°. (b) Precise angle-dependent MR from 0° to 10°. There is also an

oscillation peak around 7.5 T.

More than 10 Te samples show reproducible negative MR characteristics under
B//E (Figure 3.7). As the thickness of samples decreases, the negative MR becomes
weaker, accordingly. MR of 70-nm-thick sample is -12.4% under 3 T and -61.7% under

9 T. MR of 28-nm-thick sample is -0.088% under 3 T and 0.28% under 9 T.
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Figure 3.7 Reproducible negative MR characteristics under B//E. Te samples with
the thickness ranging from (a) 70 nm to (f) 28 nm.

Furthermore, we rule out other possibilities that may cause the negative MR, such
as the doping from magnetic elements (Figure 3.8) and current jetting (Figure 3.9).

The MR behaviours for four-probe and two-probe magnetotransport tests are similar,
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indicating the negligible current jetting effect. It is noteworthy that current jetting
effects usually exist in the thick bulk samples. The thickness of all tested Te flakes is

tens of nanometers in this work.
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Figure 3.8 No observable magnetic elements doping in the Te sample. (a) EDX
spectrum of the prepared Te flake. The inset is the captured scanning electron
microscope image with a pink rectangle as the analytical area. (b) Raman spectrum
clearly shows three typical peaks Ei (94 cm™), A1 (123 cm™) and Ez (143 cm™), which

are typical Raman peaks for Te sample.
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Figure 3.9 Exclusion of the current effect on the observed negative MR behaviours.
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(al, bl) Angle-dependent MR, (a2, b2) MR under B/E, and (a3, b3) MR under B L F

in the four-probe test and two-probe magnetotransport tests, respectively.

Another important signature of Weyl physics is the planar Hall effect, which
exhibits angle-dependent in-plane transverse voltage. We study the planar Hall effect
under different rotation angles to further corroborate the observed chiral anomaly
(Figure 3.10a). The planar Hall resistance (R.y) (Figure 3.10b) and in-plane resistance
(Rxx) displays a periodic angular dependence of 180°. Ry, reaches its maximum and
minimum value at ~135° and ~45°, respectively. Meanwhile, the maximum and
minimum values of Ry are at 90° and 0°, respectively. The values of tested Rxy and Rxx
fit well with the equation of the planar Hall effect (Figure 3.10b, c¢). These observations
are typical characteristics of the chiral anomaly in Weyl physics!®. The experimental
results about the angle-dependent negative MR and planar Hall effect unambiguously

verify the existence of chiral anomaly current in prepared Te samples.

(c)

= Experiment 2K, 6T = Experiment 2K, 6T
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Figure 3.10 Planar Hall effect of Te device to further corroborate the observed
chiral anomaly. (a) Schematic of test structure of planar Hall tests. B, £ and the sample
are in the same plane. ¢ is the angle between B and E (b) Angular dependence of the

Rxy. Experiment data are well fitted by yR”;isin 2¢, where y is the ratio of the
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width to the length of the prepared Te device, R is longitudinal MR under B || E, and

R, is longitudinal MR under B L E . (c¢) Angular dependence of the Rxx. Experiment

R"+RJ_
2

data are well fitted by + Ie";& cos 2¢. These tests were carried out at 2 K under
oT.

The chiral anomaly is closely related to the carrier density and the Er in the Weyl
semiconductor Te. We prepared the Hall bar structures with different Te thicknesses,
including the sample with ~32 nm (Figure 3.11a) and ~12 nm (Figure 3.11b). Both
samples show hole carrier transport according to Hall measurement (Figure 3.11a, b)
and positive MR under B | E (Figure 3.11c¢). The carrier density of the 32-nm-thick
sample is 3.39x10"® cm™ at 2 K, approximately 1 order of magnitude higher than that

of the 12-nm-thick sample (2.25x10'2 cm?).
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-3000 0
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Figure 3.11 (a, b) Hall resistance and (c) MR of thick and thin samples under B 1
E.

We can observe negative MR in a 32-nm-thick sample under B//E when the
temperature decreases from 200 K to 100 K (Figure 3.12a). As the temperature further
decreases from 100 K to 2 K, the negative MR becomes stronger from -2.7% to -48.9%.
Thermal fluctuation influences the transport lifetime and related momentum relaxation

of imbalanced chirality, resulting in the temperature-dependent MR behaviours**. In
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contrast, the 12-nm-thick sample exhibits only positive MR across different
temperature range (Figure 3.12b) because of its low carrier density. Figure 3.12¢
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 x10'3 cm™ for -65.3%
MR) because high hole density results in the downshift of Er close to the Weyl point
and generates high chiral anomaly current. For the sample with medium carrier density
of 9x10'? cm™, it exhibits relatively weak negative MR (-1.15%). The samples with
low carrier density (1.05%10'2 cm™) give rise to the positive MR (1.33%). The Ef is in

the band gap and away from the Weyl point, providing negligible chiral anomaly current.

(a) . (b) (C) 20T
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o
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9 6 3 0 3 6 9 9 6 3 0 3 6 9 0 20 40 60 80 100

B(M B(T) n,, (102 cm?)

Figure 3.12 Carrier-density-dependent MR. (a) The temperature-dependent MR of
32-nm-thick sample under B//E. The hole carrier density is 3.39x10'* cm™ at 2K. (b)
The temperature-dependent MR of 12-nm-thick sample under B//E. The hole carrier
density is 2.25x10'>cm™ at 2K. (c) 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.

Figure 3.13 shows the prototypical TPCTs, where the Weyl semiconductor Te
provides the transistor channel for low-dissipation chiral anomaly current in a Hal bar

configuration. Chiral anomaly current (marked as red arrow in Figure 3.13) transports
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longitudinally along terminal 1-4. We detect the voltage through terminal 2 and 3 for
extracting conductivity. The distance between terminal 2 and 3 is ~4 um. To allow
efficient modulation of chiral anomaly current in TPCTs, we adopt ionic liquid DEME-
TFSI for electrostatic modulation because it can induce the carrier density more than

10" em™2.

lonic liquid
(DEME-TFSI)

Figure 3.13 Schematic of topological transistors with Weyl semiconductor Te. Te
flake and the side gate electrode are covered with ionic liquid (DEME-TSFI). Gating
voltage can drive ions onto the channel surface of Te.

We characterize the samples with different thicknesses by electrical gating (Figure
3.14). For the thick sample (32 nm), as the V; increases from 0 to +2 V, the negative
MR disappears quickly and the positive MR of 2.49% appears at V=12 V, because of
weak Berry curvature and insignificant contribution of chiral anomaly current. We can
observe negative MR -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 observe negative MR more than -90% under V= -2 V. The negative MR of this

25,26

TPCT is much higher than that reported in Dirac/Weyl semimetals=~°, as a result of
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relatively weak background and ease of tuning the E¥ in the Weyl semiconductor. These
results clearly suggests that the dominant current in TPCT is chiral anomaly current,
where the charge current contributes insignificant part. Figure 3.14¢ shows the MR as
a function of Vg, in which the gating voltage can efficiently modulate the chiral anomaly

current, especially in thin sample with low background carrier density.
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Figure 3.14 Magnetotransport tests of 32-nm-thick and 12-nm-thick samples
under B//E at different gating voltages, respectively.

We can extract chiral anomaly conductivity (4o) by subtracting the background
conductivity according to Ao = o - oo, where ¢ is the conductivity under specific
magnetic field, and oo is the conductivity without magnetic field. The Ac -B? curve
(Figure 3.15a, b) is linear, showing strong dependence on V. This linear relationship
between positive Ac and B? is consistent with the chiral anomaly relationship under

relatively low magnetic field according to Equation (3.4)*>%7:

__ e*vitB?
Ao = T2hAcz (3.4)
where e is the electron charge, vr is the Fermi velocity near the Weyl points, 7 is the
inter-valley scattering time, and % is the Planck constant.

The Er of TPCT with 32-nm-thick sample is close to the Weyl point, showing high

conductivity at V= 0 and low conductivity at positive voltages (Figure 3.15¢), which
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is typical depletion-mode FET characteristics. In contrast, the Er of 12-nm-thick sample
locates in the band gap, which exhibits low conductivity “OFF” state at ¥,= 0 and high
conductivity “ON” state at negative gating voltages (Figure 3.15d), displaying the
characteristic of enhancement-mode FET. In this thin sample, the OFF-state
conductivity is 1.8x10% uS/um while ON-state conductivity is 4.1x10* uS/um,
consisting of a large amount of chiral anomaly conductivity (Gehira=3.7%10* pS/um) and

insignificant trivial charge conductivity (Guivia= 0.36 x10* pS/um).
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Figure 3.15 Electrical gating to manipulate the Ac and o. (a, b) Ao as a function of
B? in 32-nm-thick and 12-nm-thick samples, analogue to the /4-Va curve of conventional
charge-based FETs. The linear relationship between Ac and B? is in good agreement
with the chiral anomaly equation under relatively low magnetic field. Different modes
of topological FET with Weyl semiconductor Te. (¢) Depletion-mode FET based on 32-

nm-thick sample. E¥ is close to the Weyl point at Vg= 0. (d) Enhancement-mode FET
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based on 12—nm-thick sample. EF is far away from the Weyl point at V= 0.

We also prepare the conventional back-gated Te FET (300-nm-thick SiO:2 as gate
dielectrics) as a control sample of TPCT. When the gate voltage varies 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 is 2.1x10* with the ON-state
conductivity of 443 uS/um (Figure 3.16), which is comparable to other reported Te

FET works'"?® (e.g., 10* ON/OFF and ~600 pS/um ON-state conductivity'').

10°
1
T anl
g-_ 10" 4
)
= 1 ON/OFF: 2.1 104
o 10} Oon: 443 puS/um

103 : : : : :
75 50 25 0 25 50 75
Ve (V)

Figure 3.16 Transfer curve of prepared conventional charge-based Te FET at 300
K.

When the temperature decreases to 10 K, the I4-V4 curve of conventional Te FET
exhibits linear shape (Figure 3.17a). The transfer curve (Figure 3.17b) shows the
ON/OFF ratio of 2.0 x10° and the ON-state conductivity of 660 pS/um. We apply solid-
state PEO/LiClOs4 electrolyte in TPCTs for more stable and large-scale applications.
The Te TPCT (Figure 3.17¢) exhibits nearly linear Ac-B* curve under the magnetic
field lower than 5T. The -V curve of the Te TPCT shows that the ON/OFF ratio

reaches 3.5x10% and the ON-state conductivity is up to 3.9x10* pS/um (Figure 3.17d).
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Figure 3.17 Performance comparison between conventional charge-based FETs
and TPCTs. (a) Output curve in the Te charge-based FET as Vg increases from -70 V
to 70 V. (b) Transfer curve in the Te charge-based FET, typical p-type FET with a
ON/OFF ratio of 2.0 x10° and ON-state conductivity of 660 pS/pum. (c) Chiral anomaly
conductivity as a function of B%in the Te TPCT. (d) Transfer curve as a function of V
in the Te TPCT with a ON/OFF ratio of 3.5x10® and ON-state conductivity of 3.9x10*

uS/pm.

Different from charge transport in conventional FETs, the TPCTs can switch
between Weyl semiconductor (chiral anomaly transport, ON-state) and conventional
one (charge transport, OFF-state), which results in the coexistence of high ON/OFF
ratio and high ON-state conductivity by shifting the position of Er through electrostatic
modulation. The Te TPCTs outperform reported spin/valley FETs*?’, topological

insulator-based FETs***2 and Te charge-based FET!!"?® (Table 3.1) in terms of both ON-
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state conductivity and ON/OFF ratio, showing great potential for ultralow power

electronics.

Table 3.1 ON/OFF ratio comparison among our work, reported spin/valley-based

FETs and charge-based FETs.

FET works ON/ OFF

Charge-based Te FET

~10°
Nat. Electron. 1, 228-236, 2018
Charge-based Te FET

~10°
Nat. Nanotechnol. 15, 53-58, 2020
Valley-based FET

10> to 10°

Nat. Nanotechnol. 15, 743-749, 2020
Spin-based FET

400%
Nat. Electron. 2, 159-163, 2019

This work ~108

Figure 3.18a presents the relationship between ON/OFF ratio and ON-state
conductivity of Te TPCTs with 300 nm channel length. The ON/OFF ratio and ON-state
conductivity of Te TPCTs range from 1.6x10% to 4.0x10% and 3.8x10* uS/um to 6.0x10*
uS/um, respectively. Different from Te charge-based FETs!!, the ON/OFF ratio of
TPCTs is independent on their ON-state conductivity, exhibiting excellent performance

compared with reported charge-based FETs with low-dimensional materials and state-
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of-the-art Si transistors!!**3°(Figure 3.18b). The coexistence of high ON-state
conductivity and high ON/OFF ratio in TPCTs results from the topological phase
change between conventional charge transport and low-dissipation chiral anomaly
current. Compared with conventional charge-based FETs, the ON-state conductivity in
TPCT is dominated by low-dissipation chiral anomaly current, which is determined by

the strength of Berry curvature.
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Figure 3.18 Performance comparison. (a) Summarized performance in prepared
short-channel TPCTs. Inset is the SEM image of a typical device with ~300 nm channel
length. The scale bar is 2 um. (b) ON-state conductivity versus ON/OFF ratio in our
work, the FETs based on low-dimensional materials and state-of-the-art Si transistors.
Terr and Terr are the performance in Te charge-based FET at 300K and 10K,
respectively. Three kinds of Intel 14-nm transistor: HP (high performance), SP (standard
performance), and ULP (ultralow-power).

The off-conductivity in our topological field-effect transistor is 1.8>10* uS/um,
which is lower than recent low-dimensional based high-impact transistor works. Te
charged-based transistors show the off-conductivity of ~10° uS/um*'2®, For carbon

nanotube, the off-conductivity is ~3x<10* pS/um*. The off-conductivity of black
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phosphorus-based transistor shows ~4>107 uS/um*.

The working temperature in our topological field-effect transistor is 10K, which is
much higher than recent non-charge-based electronics (including topological
transistors). Emerging electronics always suffer from harsh conditions. A well-known
example is the quantum computing device: in the IBM Quantum lab, they must keep
the temperature extremely cold (15 mK) to achieve high performance. Besides quantum
computing, Josephson junction-based infrared detectors can only work during 27 mK
to 325 mK*2, The working temperature of the graphene-based microwave detectors is
0.19 K*. The supercurrent field-effect transistor works at about 0.41 K*.

The output conductance of TPCTs is dependent on the gating voltage, magnetic
field and the relative angle between magnetic and electrical field?, which allows
processing multiple input signals. By designing V; and B as input signals and Ao as
the output signal, we can realize “AND” and “OR” logic functions based on Te TPCTs
(Figure 3.19). Furthermore, we can switch “AND” and “OR” logic functions in a single
TPCT by changing the angle between magnetic and electrical fields. We firstly
demonstrated the multiple-input logic functions. For the inputi (Vy), logic “0” and “1”
are defined as -2V<J; <0 and 0< V< 2V, respectively. For the inputz (B), logic “0” and
“1” are defined as -8 T<B <-4 T and -4 T<B< 0, respectively. The output “0”
corresponds to MR< -14%, and “1” corresponds to MR > -14%. When input; or inputz
is logic “17, the output is “1” (Figure 3.19a), exhibiting OR logic function. We define
0 as input; with 0° as “0” and 10° as “1”. Vg is defined as input2 with V=0 as “0”, and

Ve=-2V as logic “1”. Inputs is B with 1 T as logic “0”, and 2 T as logic “1”. The output
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is defined as “0” corresponding to [IMR|< 1%, and “1” for [IMR[> 1%. Then, we can

achieve the AND-OR logic function with three input signals (Figure 3.19b).

(a) (b)
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Input, (8): 0 0
Input (Vg): 0 1 0 1
Input; (B): 0 0
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Output : 0 0

INPUT 1 (V)

Logic AND Logic OR Output

Ao 10 uS/um

Ao > 10 uS/um

8=10° 6=0°

Figure 3.19 Multiple-mode logic functions based on the topological Te FETs. (a)
Two-input AND logic function. (b) Three-input OR-AND logic function. (c)
Demonstration of a single topological Te FET for angle-switching logic functions (OR,

AND).

The logic functions (OR, AND) can be switched in one TPCT (left panel of Figure
3.19¢) by changing the angle. Inputi is defined as “0” for Ve= 0 and “1” for Ve=-1 V.
Inputz is “0” for B=1 T and “1” for B=2 T. When Ac < 10 uS/um, the output is “0”;
otherwise, the output is “1”.  For the thick sample under B//E (6= 0), when either one

of the inputi and inputz is “1”, the output is “1”, corresponding to OR logic. After
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switching the angle by 10° (6= 10°), this device shows AND logic because when both
input: and input2 is “1”, the output is “1”. So, this “angle-switching” strategy can
efficiently change the logic functions from OR to AND due to the high sensitivity of

chiral anomaly current to the rotation angle.

3.4 Summary

We investigate the magneto-transport of Weyl semiconductor Te and verify the
presence of chiral anomaly current. We design and demonstrate the TPCTs that can
retain a highly conductive and low-dissipation ON state and switch to a trivial phase
OFF state with high resistance. The use of Weyl semiconductor eliminates the high
background current in Weyl semimetal and allows to efficiently change its topological
phase. The Te TPCTs exhibit a high ON/OFF ratio of 10% and high ON-state
conductivity (3.9x10* uS/um), which show much better performance than conventional
charge-based FETs and emerging spin/valley FETs. Furthermore, we demonstrate
multiple-input logic functions in one TPCT. Our proposed Te TPCT provides an

ultralow-power device alternative to conventional charge-based FETs.
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Chapter 4 Room-temperature valley transistors to

process static and dynamic information

As a quantum degree of freedom, the valley exhibits low-dissipation transport
characteristics for carrying information with high energy efficiency. However, it
remains a grand challenge to operate the valley transistor at room temperature
efficiently and realise essential computing functions. Here we demonstrate room-
temperature valley transistors based on Weyl semiconductor (Te), showing the diffusion
length of more than 7 um because of the long relaxation time of valley current based
on the chiral anomaly. Electrochemical modulation effectively change the Fermi level
(Er) and Berry curvature (1/E% sensitivity). The electrical double layer capacitance
can volatilely shift the Er of Te and modulate the valley transistor with an ON/OFF ratio
of 10°. The coexistence of ion adsorption and intercalation mechanisms results in
tunable nonlinearity and retention time, promising different neuromorphic computing
applications. The accuracy of classifying static images and dynamic icons both reach
95%. Our studies show the potentials of low-power valley electronics to process static

and dynamic information.

4.1 Introduction

The ever-increasing computation energy demands energy-efficient electronics. As
conventional charge-based electronics are approaching fundamental limits, valley (a

quantum degree of freedom) provides an information carrier with low-power features
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due to its low-dissipation transport characteristics'. The electrical field, magnetic field,
and light can generate and manipulate the valley (£K) in specific materials (e.g.,
MoS2)*%. For instance, circularly polarised light can confine electrons in MoS: to
individual momentum valleys. However, it is still quite challenging to achieve the high
ON/OFF ratio valley field-effect transistors (FETs) and essential computing functions
at room temperature because of the short lifetime of the excitonic valley states>.

To operate the valley devices at room temperature, the relaxation length of the
valley must be sufficiently long that the gating process can efficiently modulate the
transport’. Chiral-anomaly-based valley current (CAVC) transport can reach 10 to 100
um due to large quasi-momentum transfer between valleys and long relaxation time®.
The inter-valley transport compensates for the pumped chiral charges (Figure 4.1),

which arises from chiral anomaly”.

Figure 4.1 Chiral anomaly in Dirac/Weyl physics. Charge pumping refers that the
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charge depleted at one Weyl node will be generated at the other node with opposite
chirality. The charge pumping between Weyl nodes results in the low-dissipation chiral
anomaly current (J.), which generates and transports in the form of J,. = #:26 (nR —

ub). J. is topologically protected and "even" under time reversal.

The CAVC exhibits width- and length-dependent transport characteristics at room
temperature'® but the manipulation of CAVC is limited by the hard manipulation of EF
in the topological semimetal in the reported work. Recently, Weyl semiconductors are
reported with a band structure distinctly different from the Weyl semimetals'""'? (Figure

4.2).

(@) (b)

N /A

Weyl semimetal Weyl semiconductor

Figure 4.2 Typical scheme of the band structure for the topological semimetal and

the topological semiconductor.

The unique band structure of the Weyl semiconductor enables the detection of
CACS with low background conductance compared with the topological semimetals

(Table 4.1).
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Table 4.1 Comparison of the topological semimetal and semiconductor for chiral

anomaly-based electronics.

Topological semimetal | Topological semiconductor

Density of states around

Strong Weak
Weyl point
Background influence Strong Weak
Tunability of Fermi level
Hard Easy

and chiral anomaly

We can detect CAVC in an "H" structure (Figure 4.3, the red arrow illustrates the
transport direction of CAVC). When the magnetic field is in parallel with constant
current through electrodes 1 and 2, valley imbalance generates from the chiral anomaly.
The nonlocal structure allows us to detect the valley current through electrodes 3 and 4.
The CAVC is determined by the strength of Berry curvature, which is sensitive to the
position of Fermi level (Er)®. We can efficiently modulate the valley transport at room
temperature through electrochemical modulation through volatilely shifting Er by

3

electrical double layer capacitance!® and non-volatilely shifting Er by the ion

14,15

intercalation/extraction’™ ">, respectively.

Figure 4.3 Detection of inter-valley transport based on the chiral anomaly. Valley
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pseudospin (indicated by node position £K) imbalance relaxes at a rate of t,1. For
practical tests, planar and nonlocal electrodes are prepared in the etched samples for
detecting the valley.

In this work, we demonstrate room-temperature valley FETs based on Weyl
semiconductor Te. We achieve the valley FET with the ON/OFF ratio of about 10° at
room temperature by electrostatic gating. The coexistence of ion adsorption and
intercalation mechanisms result in the output curves with tunable low/high nonlinearity
and long/short-term memory (3000 s vs 10 ms). The accuracy of classifying static
images with the artificial neural network, and processing dynamic icons with reservoir
computing both reach 95%. Our studies provide the potentials of low-power computing

applications by valley degree of freedom at room temperature.

4.2 Experimental section

Device fabrication

We prepared Te flakes by hydrothermal methods'® and transferred them to the Si
substrate with 300-nm-thick SiOz. Electron beam lithography was used to define the
pattern of metal electrodes in a Hall bar configuration with a side gate. Metal contacts
were prepared by thermal evaporation of Au (80 nm) at the rate of 0.3 A /s under the
vacuum of 3x107 Torr. The Te flake was etched by the focused ion beam to achieve the

t 19 A low beam current

"H" configuration for the nonlocal valley transport measuremen
of 10 pA, 20 kV was adopted in the etching process to avoid severe damage to the

sample.
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Device characterisation

The electrical measurements were carried out by Physical Property Measurement
System from Quantum Design and Keithley 4200. For the valley FET, a droplet of ionic
liquid DEME-TSFI is used to cover the Te flake and the side gate electrode. Before the
test, the device was kept under a high vacuum with 4x10°® Torr for 24 h to remove the
water. For valley synapses, PEO/LiClO4 electrolyte (PEO and LiClO4 in methanol with
a mass ratio of 9: 1) was coated on the sample, and then the sample was heated at 70 °C

for 30 minutes to remove the solvent.
Materials characterisations

Scanning electron microscopic images were acquired by JEOL Model JSM-6490.
XPS spectra were tested by Thermo Fisher Nexsa. For the gated Te, samples were
carefully washed with water and methanol to remove PEO/LiClO4 before the XPS

characterisation.
First-principles calculations

The band structure and density of states calculations were carried out using DFT
implemented in the Vienna Ab initio Simulation Package (VASP)!”. The Perdew-Burke-

$ and the projector augmented-

Ernzerhof-type generalised gradient approximation'
wave (PAW) method were employed'®. A plane-wave basis set with a default energy

cutoff and the 16 x 16 X 12 k-point mesh was used. A 3x3x3 Te supercell was used to
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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
deficient Te sample is 1/81 (~1.23%). The Li doping concentration in defective is 1/81

(~1.23%) and 1/41 (~2.46%) in defective Te.

Neuromorphic computing simulations

For ANN, a three-layer artificial neural network was used to execute supervised
learning over the training examples, after which the network accuracy was compared
against the test examples in a single training epoch. MNIST dataset, a large image
version (28 x 28 pixels) of the handwritten digit, is used for training and classifying.

For RC, our devices are used for the reservoir neurons, which can nonlinearly deal
with the inputs. The connecting weights between the reservoir nodes and the output
nodes are trained. There are 25%20 input neurons, 5x20 reservoir neurons and 5 output

neurons in this computing system.

4.3 Results and discussion

As a narrow-gap semiconductor (~0.31 eV), Te exhibits strong spin-orbit coupling
and no inversion symmetry (Figure 4.4a), which results in the splitting spin up/down
bands. Along the L-H path of the Brillouin zone (Figure 4.4b), there is a pair of Weyl
points with opposite chirality (W1 and W2), which arises from the crossing of two spin-

splitting valence bands (Figure 4.4c¢).
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Figure 4.4 Crystal structure, Brillion zone and bandstructure of Te.

It 1s reasonable to shift the position of Er close to W1 by electrostatic modulation
because W1 is only ~0.2 eV below the Er. The inset curve of Figure 4.4¢ shows a typical
distribution of the Berry curvature as a function of the energy separation (4e) between
Er and the Weyl point. When the EF shifts close to the Wi, it exhibits the strongest
Berry curvature and valley strength. By moving Er away from the Wi, the Berry
curvature and valley strength decays rapidly. Therefore, we can manipulate the position
of Er of Weyl materials and switch of valley FET by electrostatic modulation.

The carrier density and the position of Er of Te are very sensitive to the defects. The
reported carrier density of as-grown Te is up to 8x10'® cm™ with the Ef in the valence
band due to Te vacancies'?. To systematically investigate the effects of Te vacancies
and Li intercalation on the shift of Er, we perform theoretical calculations about the

band structures of perfect Te, defective Te, and Li-intercalated defective Te (Figure 4.5).
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Figure 4.5 Calculation configuration and densities of states of different Te
structures. (a-d) Configuration of perfect Te, defective Te (1.23% Te vacancy),
defective TeLii (1.23% Te vacancy and 1.23% Li doping) and defective TeLri2 (1.23% Te
vacancy and 2.46% Li doping). Te vacancy is marked yellow ball. Doping Li is marked
purple ball. (¢) Densities of states of perfect and defective Te. (f) Densities of states of
defective Te with different concentrations of Li doping.

Figure 4.6 summarises the energy separation between Er and W1 (Ew1), where
Ae=FEr-Ew1.For the Te with a perfect crystalline structure, the Er is about 0.31 eV higher
than Wi. It is hard to observe the valley current in this perfect Te because the Berry
curvature strength is very weak due to the large 4e. For the defective Te (1.23 % Te
vacancy), the Er is downshifting to the position of W1 because Te vacancy acts as the

electron acceptor'2. The small energy separation (4e=~0) gives rise to a very strong Berry
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curvature and CAVC. In Li-intercalated defective TeLi1 structure (1.23 % Te vacancy
and 1.23% Li concentration), the 4¢ increases to 0.05 eV. Thus, Li intercalation is an
effective method to non-volatilely shift the Er and the valley current. With more Li
intercalated into defective TeLiz structure (2.46% Li concentration), e reaches 0.10 eV.
These results reveal that Li intercalation in defective Te can increase the e step by step
as the Li concentration increases. In this way, we can use controllable Li doping to

achieve the non-volatile shift of Er and the stable synaptic valley FETs.

" Perfect Te

0.6- Defective Te
Defective Te;,
0.4 |7 Defective Te,;,

At (eV)
o
o

0.0 v

Figure 4.6 The summary of calculated energy separation between Er and Weyl

point W1. There are perfect Te, defective Te (1.23% Te vacancy), defective Terii (1.23%
Te vacancy and 1.23% Li doping) and defective Tevi2 (1.23% Te vacancy and 2.46% Li
doping).

We design valley FETs by patterning the Te flake into a Hall bar with a side gate
electrode. With the ionic liquid electrolyte EDME-TFSI, we can achieve the equivalent
double layer capacitance as high as ~10 mF/cm?. Gating voltage can efficiently shift
the E¥ close to or away from the W1. Thus, the valley FET can exhibit an output curve

similar to conventional FETs (left panel in Figure 4.7a). With ion
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intercalation/extraction (e.g., Li" from the solid-state electrolyte PEO/LiClO4), it can
non-volatilely shift the position of Er. In this way, we can control multiple non-volatile
states in synaptic valley FET according to the amplitude and duration of gate voltage
and time (right panel in Figure 4.7b), similar to the synapses based on organic

electrochemical ion FETs'.
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Figure 4.7 Valley transistors based on the ion manipulation. Electrical double layer
of ions with a volatile shift of Er in Te flakes for valley transistors. Reversible ion
intercalation/extraction with a non-volatile shift of Er in Te flakes for valley synapses.

We patterned Te flake with a Hall bar configuration. The Hall resistance shows the
hole density of 4x10' cm™ at 300 K (Figure 4.8). The high hole density from Te
vacancies can shift the position of EFr close to the Weyl point of Te, which allows us to

observe the valley current without additional gating.
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Figure 4.8 Self-doped high hole carrier density (720 =3.0x10'* cm2).

To detect the valley transport, we design and fabricate the device with an "H"
configuration (Figure 4.9a) for detecting the nonlocal valley resistance (Rvnr)>?’. We
apply constant current through terminal 1-2 and detect nonlocal resistance (RnL) with
terminal 3-4, which is a mixed contribution from both the Ohmic nonlocal resistance
(Ronp) and RvnL. We can extract RvnL according to the Van der Pauw formula (details
in Supplementary Note I). Since the nonlocal response from RvnL vanishes at B=0, we
can extract RonL from Rni. Figure 4.9b displays the temperature-dependent RvnL from
300 K to 2 K, revealing that the valley current becomes weaker with the increase of
temperature. It is noteworthy that strong valley current (Rvni=-6.4 Q under 97) still

exists at room temperature.

, RVNL(Q)

Figure 4.9 Temperature-dependent valley transport. (a) Schematic and scanning

80



Qﬂb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

electron microscopy image of the "H" geometry valley device. (b) Temperature-
dependent valley transport from 300K to 2K.

For the CAVC, there are two typical transporting characteristics: length-dependent
and width-dependent valley transport. Figure 4.10a shows the RvnL as a function of the
magnetic field, clearly exhibiting the length-dependent valley transport characteristics.
We plotted the local resistance (Rr) of terminal 1-2 at B=0 as a function of channel
length (Figure 4.10b), which shows an exponential decay. So Van der Pauw formula is
suitable in our samples. The valley current is still sufficiently strong (Rvnr=-1.0 Q under
9T) even with a long transport distance of 7 um. Figure 4.10¢ shows extracted [RvnL|
as a function of channel length in the semi-log curve. |Rvni|is well fitted by a linear

line, in good consistency with the decay law of CAVC.
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Figure 4.10 Length-dependent valley transport. (a) Nonlocal resistance as a function
of the magnetic field. (b) The zero-magnetic field resistance as a function of length. (¢)
[RvnL| as a function of channel length in the semi-log curve, well fitted by a straight

line. Inset is the schematic of the length-dependent valley device.

In addition, we also investigate the width-dependent valley transport behaviours.

Figure 4.11a presents Rnw as a function of B, in which valley current is dependent on
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the different width (e.g., -2.1 Q for R34-ynL with 2 pm-width and -1.1 Q for Rse-v~L with
1 pm-width under 3T). The ratio of RssvnL to Rse-vNL is ~2 (Figure 4.11b), well
consistent with the width ratio (inset of Figure 4.11b). The magnetic field-, length- and
width-dependent results unambiguously support the existence of the valley transport in

our Te samples.
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Figure 4.11 Width-dependent valley transport. (a) Width-dependent valley transport
as a function of B. (b) Valley transport ratio of different widths. Inset is the schematic
of the width-dependent valley device.

Chiral anomaly behaviour is further verified by the angle-dependent negative
longitudinal magnetoresistance (MR), as shown in Figure 4.12. We performed angle-
dependent MR measurements in our devices (Figure 4.12a). When the magnetic and
electrical fields are perpendicular (6=90°), there is the strongest positive MR. In
comparison, when the magnetic field is parallel to the electrical field (6=0°), there is
obviously negative MR. The precise angle rotation measurement (Figure 4.12b) shows
that the negative MR is weakened substantially as the small angle changes away from

6=0°. The temperature-dependent MR curves show that negative MR can appear at 100
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K (Figure 4.12¢) and it becomes stronger at low temperature, similar to the reported
temperature-dependent negative MR in reported Dirac semimetal work'®. These results

support the observation of the chiral anomaly behaviours in our Te sample.
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Figure 4.12 Angle- and temperature-dependent longitudinal MR. (a) Angle-
dependent MR from 0° to 90° at 2K. Inset shows the definition of the rotation angle.
The angle between B and E is defined as 6. (b) Precise angle-dependent negative MR
from 0° to 10° at 2K. (¢) Temperature-dependent MR from 150 K to 2 K. Negative MR

appears at 100 K under a low magnetic field.

To achieve a high ON/OFF ratio, we used ionic liquid DEME-TFSI for
electrostatic modulation to manipulate the CAVC. We adopt a dimensionless coefficient
avNL to quantitatively describe the relative strength of valley current: avNL=|RvNL/RL|.
The curve of avnr as a function of B? exhibits linear shape and is tuneable by the gating
voltages in the Te valley FET (Figure 4.13a). The an. -V curve of the Te valley FET
exhibits the ON/OFF ratio of 10° at room temperature (Figure 4.13b), higher than the
state-of-the-art valley FET reported in other works (102103 ON/OFF ratio)®. This high
ON/OFF ratio is from easy manipulation of Er and Berry curvature in the Weyl

semiconductor. We summarise the relationship between the ON/OFF ratio and
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thickness of Te flakes (Figure 4.13c¢). As the thickness increases from 28 nm to 50 nm,
the ON/OFF ratio of Te valley devices decreases from 1.4x10° to 2.6x10°, accompanied

by the transition between enhancement-mode and depletion-mode FETs.
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Figure 4.13 The performance of Te valley transistors. (a) anc as a function of B?in
the Te valley transistor. (b) Transfer curve as a function of Vg in the 28-nm Te valley
transistor under 1T. A typical enhancement-mode transistor. (c) ON/OFF ratio versus
thickness of Te flakes in our valley transistors.

For comparison, we used the same Te flake (28-nm-thick) to characterise charge-
based FET along the longitudinal direction (the inset of Figure 4.14a). The I4-Vq curve
of the Te charge FET exhibits a linear shape under Vis of 0 to 2V (Figure 4.14a). As
the gate voltage (V;) increases from -60 V to 60 V, the Te charge-based FET switches
from the ON-state to the OFF-state with the ON/OFF ratio of 139 (Figure 4.14b). This
ON/OFF ratio is comparable to reported Te FET works with similar thickness'® (e.g.,
~200 ON/OFF ratio for 25-nm-thick and ~20 ON/OFF ratio for 30-nm-thick samples),
but much lower than the 10° ON/OFF ratio of valley FET with the same Te flake. The
performance of our valley FET is comparable to reported charge-based Te FET and

much higher than reported valley FETs (Table 4.2).
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Figure 4.14 Charge-based FET in the same Te flake as the valley FET. (a) Output
curve /4-V4 in the charge-based FET as Vg increases from -60 V to 60 V with a step of
20V. (b) Transfer curve in the Te charge-based FET.

Table 4.2 Performance comparison among our valley transistor, Te charge

transistor and valley transistor.

Works Degree of freedom ON/OFF
~20 (30 nm thickness)
Nat. Electron 1,228
Charge ~200 (25 nm thickness)
236, 2018
10° (5 nm thickness)
Nat. Nanotechnol. 15,
Charge 10*
53-58, 2020
Nat. Nanotechnol 15,
Valley 10>~10°
743-749, 2020
Our work Valley 105 (28 nm thickness)

Moreover, we have performed thickness-dependent logic functions (AND, OR)

based on valley transistors using low gating voltages and affordable magnetic fields as
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inputs (Figure 4.15). For the inputi (V), logic “0” and “1” are defined as 0 and 1V,
respectively. For the input> (B), logic “0” and “1” are defined as 0.1 T and 0.2 T,
respectively. The output “0” corresponds to an.< 104, and “1” corresponds to MR > 10
4.In a 25-nm sample, we have to use a relatively high magnetic field and positive gating
voltages to observe valley signal. Thus, when input; and input2 are logic “1”, the output
is “1”, corresponding to the AND logic function. In contrast, due to relatively high hole
densities and downshift of Er in 50-nm sample, when either input: or inputz is logic “1”,

the output is “1”, which is the OR logic function.

Logic AND (25 nm) Logic OR (50 nm) “0” “1”
— IN 1
0 1V
R R
|_ : — .
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INPUT; (V) INPUT, (V)

Figure 4.15 Thickness-dependent logic functions (AND, OR).

After investigating the basic characterises and field-effect manipulation of CAVC,
we are exploring the computing functions based on CAVC. Two crucial computing
applications are processing static information and dynamic time-series data, which need
different responding curves. For example, the artificial neural network (ANN) is a
widely used neuromorphic computing network to deal with static information. ANN
requires stable, discrete, and linear long-term potentiation (LTP) and long-term

depression (LTD) synaptic behaviours'>. To process time-series and dynamic signals

86



QQA THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

2122 reservoir computing (RC) with the high nonlinearity

such as language and voice
and short-term memory responding curve is efficient. Because the Berry curvature is
highly dependent on the position of Er (1/E%) in CAVC, it is reasonable to achieve the

tunable nonlinearity and retention time to deal with static/dynamic information in one

device.

We adopt solid-state PEO/LiClO4 as the electrolyte of the valley FET, in which Li*
can intercalate into Te flakes by the relaxation of PEO chains at room temperature above
the glass transition temperature (-60 °C)?*. To reveal the working mechanism of Li*
intercalation and extraction, we carry out X-ray photoelectron spectroscopy (XPS)
characterisation of the Te samples at different stages. XPS spectra (Figure 4.16a) show
the shift of Te peaks in different samples. The characteristic XPS peaks for Te® and
Li>Te are ~573.1 eV and 572.4 eV, respectively?*. The peak ~572.7 eV between ~571.1
eV and 572.4 eV in the Te sample after Vg=+2V pulses gating indicates the Li"
intercalation into Te. The presence of Li peak (Figure 4.16b) in Te with V= +2V
further supports Li* doping. Followed by Vg=-2V, the Li peak disappears, indicating the
extraction of Li". Meanwhile, the XPS spectra (Figure 4.16¢) show little peak of Cl in
different samples, suggesting the complete removal of PEO/LiCl4 after washing the
samples. Thus, we can exclude the effects of adsorbed Li ions on the samples. These
results suggest that Li" can successfully intercalate into Te after Vg= +2V and extract
out after further Vg=-2V. As illustrated in Figure 4.16b, we can shift Erand the strength

of Berry curvature step-by-step with a different doping concentration of Li".
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Figure 4.16 Ion intercalation/extraction mechanism in our valley devices. (a) XPS
Te 3d spectra of Te. (b) XPS Li 1s spectra of Te. (c) XPS CI 2p spectra of Te.

By regulating the gating voltage and time, we show cycle-to-cycle LTP and LTD
valley synaptic states (Figure 4.17a). Positive pulses (130 ms of +2 V followed by
200 ms of 0 V in one writing process) results in 20 distinct states with a downward
trend. Correspondingly, there are 20 states with an upward trend under pulses of -2V.
The zoom-in image exhibits linear and distinct states, which is comparable to the state-
of-the-art performance of charge-based synapses!®. Under the retention test with 3000
s, the valley synaptic states are discrete and very stable, exhibiting the potential as

synapses for the artificial neural network (Figure 4.17b).
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Figure 4.17 Stable valley states with linear increasing. (a) Long-term potentiation
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and depression displaying discrete states under the control of voltage pulses. +2V is
used to intercalate Li" into Te and move the Er away from the Weyl point. -2V is used
to extract Li" and move Er back. The zoom-in of (a) with linear and discrete states. (b)

Stable valley states under 3000 s retention tests.

We achieve different states (8, 16, 24, and 32) in the synaptic valley FETs (Figure
4.18) by applying different voltage pulses. All of them show discrete and linear states.
To quantitatively analyse the nonlinearity, we fitted the experiment data (Figure 4.19).
There is ultra-low nonlinearity (0.012/-0.442) in 8 states. The nonlinearities of LTP and
LTD in other states are also very low: 16 states (0.895/-0.263), 24 states (1.295/-0.731),

and 32 states (0.541/-0.664). 100 cycle-to-cycle operation tests show the stability of

valley states with low variation(e.g., 0.371% variation for 32 states).
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Figure 4.18 Valley synapses with different stable states. (2)8, (b)16, (c)24 and (d)32

discrete and linear states through electrochemical modulation.
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Figure 4.19 Different nonlinearities of the LTP and LTD to fit the experimental
data. All the data are normalized from O to 1 before the fitting.

We conduct proof-of-concept valley-based ANN computing with the tested cycle-
to-cycle synaptic behaviours (Figure 4.20), which clearly shows that the synaptic states
are very stable with low variation (e.g. 0.371% for 32 states).
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Figure 4.20 Cycle-to-cycle performance of valley synapses with different stable
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states. (a)8, (b)16, (c)24 and (d)32 discrete states under different stimulation pulses.

We adopt a three-layer ANN for neuromorphic computing to classify the widely
used handwritten database MNIST (Figure 4.21a). As the states increase from 8 to 32,
the classifying accuracy rises gradually. After 50 epochs (Figure 4.21b), the accuracy
is up to 95.2%, classifying accuracy based on 32 states. With the consideration of
variation (0.371%), the classification is still higher than 95%. Thus, our classification
accuracy is close to the numeric value of 96.5% after 40 training epochs. This
performance is comparable to the state-of-the-art accuracy of neuromorphic computing

14,15

based on charge devices Besides, in the valley synapses with 8 states, there is

more than 91% accuracy due to ultra-low nonlinearity (0.012/-0.442).
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Figure 4.21 Processing the static information based on valley synapses with linear,
discrete and stable states. (a) Neuromorphic computing based on a three-layer neural
network. A voltage programmed crossbar array with valley synaptic devices is shown.
(b) Training the neural network using different valley states based on voltage-controlled

"write" operations for classifying static MNIST.
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The distribution of synaptic values between the neurons of inputs and hidden

layers after training were summarized in Figure 4.22.
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Figure 4.22 The distribution probability between the neurons of inputs and hidden
layers in synapses with different states after training.

Besides dealing with static information, we are exploring the application of
processing dynamic signals based on RC. High nonlinearity and short-term memory are
two critical parameters to change the time-series data into high-dimensional states for
RC. We have achieved a nonlinear decaying curve with short-term memory (~10 ms),
which is suitable for RC (Figure 4.23a). Characteristic constant to obtained by fitting
is 2.55 ms. Figure 4.23b shows the representative modulation of our dynamic valley
FET with the reception of 4 input signals: (10010), (11011), (01110), and (10101). The

response of the device originates from ion adsorption and relaxation, which
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dynamically affects the Er. Signal "1" represents the applied stimulation pulse with an
amplitude of 4 V and time of 1 ms. Moreover, we acquire all the possible stimulation

from (0000) to (11111), with 32 distinct output values in total (Figure 4.23c).
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Figure 4.23 Nonlinear and short-term memory behaviours with the pulse coding.
(a) Nonlinear decaying curve with short-term memory. Decaying data follows a fitted
exponential curve and the characteristic time to obtained by fitting is 2.55 ms. After
stimulation, it takes about ~10 ms for the output value to retain stability. (b) Dynamic
responses after representative input signals, (10010), (11011), (01110) and (10101). "1"
indicates the applied stimulation pulse of 4 V with 1 ms. (c) The summarised output of
the device at the fifth pules.

All the input states in Figure 4.23¢ are numbered (#) based on the binary encoding,
as shown in the first column of Table 4.3. The second column to the sixth column is the
applied voltages of Pulse-1, Pulse-2, Pulse-3, Pulse-4 and Pulse-5.

Table 4.3 The outputs after 32 different input states numbered #0 to #31.

Output avnL
Input state ~ Pulse-1 Pulse-2 Pulse-3 Pulse-4 Pulse-5
(109
#0 0 0 0 0 0 13.05
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#1 0 0 0 0 1 30.64
#2 0 0 0 1 0 25.08
#3 0 0 0 1 1 42.98
#4 0 0 1 0 0 21.23
#5 0 0 1 0 1 39.55
#6 0 0 1 1 0 33.22
#7 0 0 1 1 1 51.44
#8 0 1 0 0 0 18.26
#9 0 1 0 0 1 36.74
#10 0 1 0 1 0 30.47
#11 0 1 0 1 1 48.82
#12 0 1 1 0 0 26.25
#13 0 1 1 0 1 44.77
#14 0 1 1 1 0 39.12
#15 0 1 1 1 1 57.44
#16 1 0 0 0 0 16.33
#17 1 0 0 0 1 34.29
#18 1 0 0 1 0 28.62
#19 1 0 0 1 1 46.82
#20 1 0 1 0 0 24.71
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#21 1 0 1 0 1 43.36
#22 1 0 1 1 0 36.71
#23 1 0 1 1 1 55.17
#24 1 1 0 0 0 21.75
#25 1 1 0 0 1 40.47
#26 1 1 0 1 0 342
#27 1 1 0 1 1 52.69
#28 1 1 1 0 0 30.47
#29 1 1 1 0 1 48.64
#30 1 1 1 1 0 42.92
#31 1 1 1 1 1 60.76

We use pulse-coding to process dynamic icons of the Tokyo Olympic Games in
2021(Figure 4.24a). Each dynamic icon shows motions with much difference. In one
motion, every five pixels is a group and processed nonlinearly based on one valley FET.
For example, pixels in the row of the "golf" icon 1is coded as
(1100111111100001000111111), which is further divided into (11001), (11111),
(10000), (10001), and (11111). Figure 4.24b displays the schematic of our
neuromorphic computing network with the reservoir. In this computing system, the
connecting weights among the reservoir nodes are randomly assigned, while connecting

weights between the reservoir nodes and the output nodes are trained.
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Figure 4.24 Nonlinear and short-term memory behaviours with the pulse coding.
(a) Pulse-coding to nonlinearly deal with five dynamic icons of the Tokyo Olympic
Games. Each dynamic icon consists of three much different motions. Every five pixels
is a group for nonlinear processing. (b) Reservoir computing network to process

dynamic information. The classifying accuracy of processing dynamic information.

The states of reservoir neurons for the rhythmic gymnastics icon are
experimentally measured (Figure 4.25a), which is used for the training and inference
in reservoir computing. The classifying accuracy of dynamic icons with 10% noise
reaches 95% after 65 epochs (Figure 4.25a), indicating that our valley FETs can easily
classify the dynamic data after training even if there is much different time-series
information. The confusion matrix (Figure 4.25¢) exhibits the five dynamic icons'
classification, showing that the RC based on valley FETs can correctly classify nearly
all of the dynamic icons. The measured states of the reservoir neurons for other dynamic

icons are shown in Figure 4.26.
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Figure 4.25 Classifying the dynamic icons. (a) The measured states of the reservoir

neurons for the rhythmic gymnastics icon. (b) Accuracy of classifying the dynamic ions

with 10% noise based on the reservoir computing network. (¢) Confusion matrix for

classifying the five dynamic icons of the test set. Colour bar: occurrence of a given

predicted output.
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measured states of the reservoir neurons for different dynamic

In the training process, we add 10% noise into the dynamic figures (Figure 4.27).

The details of adding noise to different dynamic icons are shown in Figure 4.28
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With 10% noise

Dynamic icons

(athletics), Figure 4.29 (golf), Figure 4.30 (shooting) and Figure 4.31 (rhythmic

gymnastics) and Figure 4.32 (baseball).

Figure 4.27 Dynamic icons with 10% noise for the test in reservoir computing.
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Figure 4.28 Dynamic athletics icon with 10% noise for the test in reservoir

computing.

Figure 4.30 Dynamic shooting icon with 10% noise for the test in reservoir

computing.
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Figure 4.31 Dynamic rhythmic gymnastics icon with 10% noise for the test in the

reservoir computing.

T HH =i

Figure 4.32 Dynamic baseball icon with 10% noise for the test in reservoir

computing.

Since there is a coexistence of the electrical double layer and ion intercalation
mechanism in our valley devices, we can use ion gating to achieve the required
responding curves based on CAVC. This tunability of CAVC provides a platform to
attain neuromorphic computing to process static and dynamic information with high
accuracy in one valley FET. In contrast, reported neuromorphic devices always only

exhibit linear or nonlinear curves in one device to deal with static or dynamic signals.
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4.4 Summary

We investigate the magneto-transport of Weyl semiconductor Te and verify the
presence of CAVC with 7 um diffusion length at room temperature. We design and
demonstrate the valley FET with the 10° ON/OFF ratio under low gating voltage (<2 V)
at room temperature. We have manipulated valley synapses with different nonlinearity
and retention time (3000 s to 10 ms), suitable for neuromorphic processing
static/dynamic information. ANN can show more than 95% accuracy for classifying
static MNIST data. We have achieved similar accuracy in processing dynamic icons
from Tokyo Olympic Games based on RC. With the low-dissipation characteristics of
valley degree, our valley FET can process both static and dynamic information in one

device provides alternatives to conventional charge-based devices.
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Chapter 5 Conclusions and outlook

5.1 Conclusions

This thesis investigates the application of chiral anomaly for electronics. We
designed and demonstrated three kinds of chiral anomaly-based devices: chirality-based
field-effect devices with Dirac semimetal PtSe>, topological transistors with Weyl
semiconductor Te and room-temperature valley transistors for static and dynamic

information processing.

Firstly, we design and demonstrate a device structure for controlling chirality
transport in Dirac semimetal PtSez. The chirality-based field-effect devices show
efficient electrostatic control over chiral anomaly current with an ON/OFF ratio of more
than 10° and realize basic logic functions. The nonlocal valley transport is width- and
length-dependent, which can also be effectively modulated by magnetic and electrical
fields. This study provides a way to control the transport of chirality degree of freedom,
which has the potential for significantly reducing power consumption compared with

state-of-the-art charge-based FETs.

Secondly, we design and demonstrate the TPCTs that can retain a highly
conductive and low-dissipation ON state and switch to a trivial phase OFF state with
high resistance. We efficiently manipulated topological FETs based on Weyl

semiconductor Te with negative MR up to -90%. We have achieved both enhancements-

104



Qﬂb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5

and depletion-mode topological FETs with ~10% ON/OFF ratio and ultrahigh ON
conductivity (3.9x10* uS/um), superior to general charge-based FETs. Furthermore, we
demonstrate multiple-input OR-AND logic function and angle-switching logic
functions (AND, OR) in one device. Our proposed Te topological device has the
potential of solving power consumption and footprint limits of traditional charge-based

FETs.

Thirdly, we investigate the magneto-transport of Weyl semiconductor Te and
verify the presence of CAVC with 7 um diffusion length at room temperature. We
design and demonstrate the valley FET with the 10° ON/OFF ratio with nearly no
memory effect. We have manipulated responding curves with different nonlinearity and
retention time (3000 s to 10 ms), suitable for neuromorphic processing static/dynamic
information. Accuracies both reach 95% for classifying static MNIST data and dynamic
icons of the Tokyo Olympic Games. With the low-dissipation characteristics of valley
degree and tunable curves, our valley FET can process static and dynamic information

in one device efficiently, providing alternatives to conventional charge-based devices.

In the chiral anomaly-based devices, the used Weyl materials include the widely
investigated Dirac semimetals and the emerging Weyl semiconductors. Ion electrolyte
is used to form an electrical double layer to efficiently manipulate the chiral anomaly
volatilely or acting as the Li" source with the intercalate/extraction mechanism to non-
volatilely affect the chiral anomaly. There is superior performance in the transfer curve

with a 103 ON/OFF ratio. With dynamic ion adsorption and intercalation, room-
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temperature valley devices are used for processing static and dynamic information.

5.2 Outlook

After achieving three different chiral anomaly-based devices, there is still much
room to explore electronic applications. The performance, functions and large-scale

preparation can be further explored.

(1) N-type valley FETs. The prepared FETs in this thesis are based on the Weyl point in
the valence band of Te, which shows a typical p-type transfer curve. N-type valley FETs
can be prepared by decorating Al203 on thin films through atomic layer deposition
because depositing Al2O3 is effective to upshift the Er of Te to the Weyl point of the

conduction band'.

(2) Complementary logic devices (such as the inverter). Complementary logic devices
are important in modern electronics. Both charge- and spin-based complementary logic
devices have been achieved*®. Here, we can achieve the valley-based inverter by

combining the p-type and n-type valley FETs.

(3) Preparing the ion electrolyte through the technology compatible with the integrated
circuit. For examples, depositing wafer-scale polymer electrolyte of a nano-scale
thickness through the chemical vapour deposition* or preparing the LixSiO2 electrolyte

through the magnetic sputtering.
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(5) Using the high-k dielectric layer instead of the ion electrolyte for manipulation.
Some high-k dielectric layers such as HfO> can manipulate up to 3x10'* cm™? carrier

density®, strongly affecting the Er in the Weyl semiconductor Te.

(5) Achieving higher ON/OFF ratio and lower subthreshold swing. For example, it is
more efficient to manipulate Er by preparing the Te flakes with fewer trapping defects.
Ferroelectric materials (such as Hfo.5Zro.502) as the gating layer have the potentials of

reducing the subthreshold swing’.
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