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Abstract
Applications related to artificial intelligence (AI), 5G communication, cloud

computing, Internet of Things (IoT) will necessitate wide range of data collec-
tion, communication and processing. Current charge-based technology using con-
ventional materials suffers adverse effects with down-scaling the device size and
has limited efficiency in meeting the future demands for computation and data
storage. The exploration of alternative device technology along with new mate-
rials is important to enhance computing performance and energy efficiency. In
this thesis, I investigated new materials for future memory and logic technolo-
gies. Recently developed 2D materials such as graphene, semiconductors, and
semimetals exhibit remarkable new properties that promise faster and energy ef-
ficient non-volatile memory and logic functionalities. For non-volatile memory
technologies, increasing efforts are being directed towards exploiting charge-spin
conversion phenomena in high spin-orbit coupling (SOC) materials to realize all-
electric magnetic memory.

Interestingly, magnetic memory devices have been demonstrated on an indus-
trial scale; however, the moderate efficiency and fundamental limitations of the
conventional materials employed limit their use in consumer electronics. This
thesis addresses some of these critical challenges and presents charge-spin con-
version mechanisms in layered high SOC materials such as topological insulators,
semimetals, and two-dimensional (2D) materials heterostructures. At the same
time, this thesis contributes in the direction of integrating memory and logic de-
vices by investigating 2D semiconductor devices with sub-20 nm narrow channel
width and memristive switching in field-effect transistors using 2D semiconduc-
tors with graphene contacts. Such 2D semiconductors have enormous prospects
for next-generation high-performance and energy-efficient nanoscale field-effect
transistors and integration with memory technologies. These studies of charge
and spin transport in 2D materials and heterostructures can open the door for
nanometer-scale memory, logic and sensing technologies.
Keywords: Spintronics, Nanotransistor, Graphene, Two-dimensional materials,
van der Waals heterostructure, Charge-spin conversion, Nanoribbons, Chemical
vapor deposition, Spin-orbit coupling, Proximity effect.
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1 Introduction
In the near future, new applications associated with healthcare, agriculture, se-
curity and manufacturing industries will greatly depend on artificial intelligence
(AI), 5G communication, cloud computing, Internet of Things (IoT) for a wide
range of data collection, communications and computation [1–3]. These processes
will dramatically increase the need for energy-efficient computing and memory
technology to manage gigantic data storage and neural network-based algorithms
[4, 5]. Modern computer technology uses von Neumann architecture, where the
memory units are separated from the central processing unit (CPU) and these
units are connected via a system bus [1, 6]. This separation of the memory and
CPU constraints efficiency of modern computation for AI algorithms, known as
the von Neumann bottleneck [1, 4, 5]. This is because sending data back and
forth between different components imposes excessive power consumption and a
time delay on the CPU by keeping it idle during data communication.

The integration of memory and logic functionalities like the brain can reduce the
energy loss associated with transferring data between memory and processor units,
cut the time needed for computing operations and shrink the amount of space re-
quired on chips [4, 7, 8]. In the brain, neurons are connected via synapses and
communicate with electrochemical impulses (synaptic weight). These synaptic
weights are modifiable by electrochemical impulses and serve as memory function-
ality, data communication for the brain’s cognitive activities [9]. Brain-inspired
computation (known as neuromorphic computation) can outperform modern com-
puters in energy efficiency, speed and self-learning functionalities by locally storing
data and processing it ad hoc [1, 4, 10]. Current computation device, such as field
effect transistor (FET), is unsuitable to combine logic and memory functionality
locally in compact device design. Hence, the integrated circuits (ICs), fabricated
with traditional materials, used so far have limited efficiency in meeting the fu-
ture demands in computing performance and energy consumption [11, 12]. On
the other hand, recently developed 2D materials such as graphene, semiconduc-
tors, and semimetals exhibit remarkable new properties that promise to overcome
the issues of non-volatile memory and logic functionalities [13–15]. These mate-
rials demonstrate prospects to fabricate compact devices for compute-in-memory
applications like the brain’s neurons and synapses.

Besides, modern FET technology also suffers from down-scaling issues [16, 17].
The basic building block of modern computation and memory technology is con-
ventional materials (Silicon) based FET for about the last five decades. This
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2 Chapter 1. Introduction

current human era is, therefore, coined as the “Silicon Age” (also known as Dig-
ital Age or Information Age) [18, 19]. It has been a remarkable journey for
the transistor technology that has emerged from few thousand in the 1970s to
a few billion units in 2020s in the IC owing to mainly down-scaling techniques
by adopting modern fabrication facilities, like updated lithography techniques,
silicon-germanium channel, high-K dielectrics, vertical “fins” (FINFET) [20–22].
These transistor scaling eras were triggered mainly by Moore’s law in conjunc-
tion with Dennard’s guidelines, which infer the transistors in IC double every
two years by reducing their dimension with constant power density due to down-
scaling the operating voltage and current of the transistors with its size [23, 24].
Interestingly, the operating voltage and current of the FET do not downscale as
predicted because smaller transistors with reduced channel length and thinner
oxide layers become prone to leakage current. As a result, the power density in
IC increases with the shrinking transistor’s dimension. High-k dielectric, protrud-
ing channel into 3D “fins” in FINFET helped further scaling the transistor in the
post-Dennard era (after 2005). For instance, the current state-of-the-art sub 10nm
technology node has a fin width of 7nm and gate length of 18nm with an operating
supply voltage of around 0.6V [25]. Further scaling will need advanced fabrication
technologies that will eventually increase the price of ICs. It has been predicted
that current silicon-based (conventional bulk materials) technology node transis-
tor will continue to scale until 2025, aided by extreme UV lithography (EUV),
innovative fabrication processes such as buried power rails, and design technology
co-optimization in the back-end-of-line (BEOL) and front end-of-line (FEOL) in
IC fabrication [16, 26, 27]. Concurrently, to continue scaling and enhancing the
performance of FETs and memory devices to meet the demand will necessitate
further decreasing of the FET’s footprint by fabricating gate-all-around (GAA)
FET based on nanosheets [28]. These new proposals based on 3D materials render
critical fundamental challenges like dangling bonds and surface roughness in the
sub-5nm node, leading to substantial degradation of charge carrier mobility due to
strong charge carrier scattering [17]. There is a critical limit for FET-scaling with
conventional 3D materials, e.g., Si, Ge. Hence, alternative device architectures
and new nanoscale materials are crucial for near-future computation and memory
chips [13, 29–32].

Spintronics is considered an emerging field that utilizes the spin quantum prop-
erty (magnetic moment) of the charge carriers for next-generation nanoelectronic
devices compatible with compute-in-memory implementations [33]. The spin de-
gree of freedom of the charge carriers (electrons or holes) in conjunction with the
charge property can provide a suitable platform for low power and faster data en-
coding and processing applications, including neuromorphic computing [4, 34, 35].
Spintronics allow to engineer the device architecture for different functions, like
logic and memory, using similar materials. The spintronics research field flowered
after the discoveries of giant magnetoresistance (GMR) and tunnel magnetoresis-
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tance (TMR) effects with subsequent uses in the hard disk drive, magnetic sensors,
actuators and non-volatile memory devices [36]. Current spintronic devices are
fabricated by stacking dozens of conventional 3D magnetic (Co, Ni, CoFeB) and
non-magnetic (e.g., oxide barrier) materials [37–39]. To illustrate, non-volatile
magnetic random-access memories (MRAMs) are fabricated as magnetic tunnel
junctions (MTJs), where spin-transfer torque (STT) and spin-orbit torque (SOT)
mechanisms are used to store the information. Improving these devices using
conventional materials for versatile applications poses crucial challenges since the
ultrathin interfaces intermix in the stack during annealing and greatly influence
the device’s performance [15, 40]. Furthermore, these devices below 20nm node
consume high power density, lack thermal stability, and suffer from physical and
chemical damages on the cell side wall during patterning. Therefore, the explo-
ration of new materials is ever more important for future spintronic devices.

Interestingly, two-dimensional (2D) materials host a vast range of charge, spin
and orbital physics that can be used and combined in van der Waals (vdW) het-
erostructures with atomically smooth interfaces down to atomic layers for both
spintronic and FET applications [17, 41–43]. 2D materials constitute a plethora
of electronic properties like metallic, semimetallic, semiconducting, insulating,
ferromagnetic, topological and are atomically thin in monolayer form including
smooth interfaces without dangling bonds and surface roughness [30, 44]. Besides
their fascinating intrinsic properties, these materials can be stacked together in
appropriate functionalities and orientations in vdW heterostructure to engineer
artificial materials via the proximity or interface effects [45–47]. To get the ben-
efits of these novel 2D materials, substantial investigations need to be carried
out to identify the most potential candidates for a future spin and charge-based
commercial devices. The key challenges for low-power all-electric spintronic mem-
ory and logic devices using 2D materials and their vdW heterostructures are the
generation, detection, transport, and manipulation of spin-polarized signals [41,
45].

For spin-based FET and non-volatile memory technologies, increasing efforts
are being directed towards exploiting the charge-spin conversion phenomena in
high spin-orbit coupling (SOC) material to create spin-orbit torque (SOT) mag-
netization switching of an adjacent ferromagnet [40, 48]. SOT-based magnetic
memory devices have been demonstrated on an industrial scale; however, the
moderate efficiency and fundamental limitations of the conventional materials
employed limit their use in consumer electronics [39]. This thesis addresses some
of these critical challenges and investigates charge-spin conversion mechanisms in
high SOC materials such as topological insulators, semimetals, and 2D materials
heterostructures.

The following chapter, (chapter 2), provides some fundamental concepts on
spin and charge transport mechanisms in 2D materials that are used to discuss
the presented results in this thesis. Chapter 3 discusses the recent advancements
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in spin and charge transport phenomena in 2MDs and their vdW heterostructures.
Next, we present the findings on layered topological insulator (TI) and TMDCs
for robust spin generation and detection effects at room temperature in Chapter 4
using charge-spin conversion processes. We take advantage of the remarkable spin
transport properties of graphene to explore such functionalities in TI and TMDCs
by fabricating vdW heterostructure spintronic devices [49]. We demonstrate that
the properties of these 2D materials can be used as non-magnetic spin-sources
in spintronic devices. Next, we show the spin manipulation functionalities of
MoS2 in a graphene spin channel at room temperature owing to the proximity-
induced spin-valley coupling property in Chapter 5. Furthermore, the proximity-
induced spin-galvanic effect in MoTe2 and graphene heterostructures is presented
in the same chapter. The proximity-induced SOC effects can be harnessed for
spin filtering, gate-dependent spin manipulation and charge-spin interconversion
(CSIC) processes in spin-logic, memory and spin-valleytronics devices.

Additionally, 2D semiconducting TMDCs have enormous prospects for next-
generation high-performance and energy-efficient nanoscale FET technology by
extending the FET-scaling down to atomically thin monolayer (sub-1 nm) [13,
30–32]. However, atomic-scale control of their nanostructures has been challeng-
ing. This thesis also contributes to the direction of integrating memory and logic
devices by investigating FETs using 2D semiconductors with nanoribbon channels
and with graphene contacts to realize memristive switching. Importantly, control-
ling edge structures in nanoribbons is one of the main interests because electronic
properties of the edge-states become increasingly relevant in such nanoscale tran-
sistors [50–52]. In chapter 6, we present the charge transport properties of 2D
semiconducting FETs with sub-20 nm narrow channel width.

Furthermore, memristive switching-based random access memory (RRAM) prom-
ises to perform computation-in-memory for AI algorithms without moving the
data between CPU and memory units [10]. Memristive switching in semicon-
ducting 2D material (MoS2) is realized with conventional 3D contact materials
(Au) [53, 54]. For flexible and energy efficient large area applications, memris-
tive switching in all CVD 2D materials is highly sought-after phenomenon. We
show gate-tunable memristive-switching in all-CVD MoS2 FET with graphene
contacts in chapter 6. Finally, in chapter 7, we conclude the experimental results
and discuss future outlooks to study spin and charge transport properties in 2D
materials. These studies of charge and spin transport properties in 2D materials
and their heterostructures have prospects to be used in future nanometer-scale
memory, logic and sensing technologies.



2 Concepts and theory
This chapter provides some fundamental concepts on spin and charge transport
mechanisms in two dimensional (2D) materials that are used to discuss the pre-
sented results in the following chapters. The first section highlights different spin
signals in graphene and parameters extracted from these signals like spin polar-
ization, spin lifetime, spin diffusion length. In the second section, spin-orbit and
spin-valley coupling, different charge-spin interconversion (CSIC) techniques such
as, spin-Hall effec (SHE), Rashba Edelstein effect (REE) and their inverse effects
are discussed. The final section briefly introduces the charge transport properties
in 2D semiconducting materials.

2.1 Spin-polarized electron transport in graphene
Ferromagnetic (FM) electrodes, such as cobalt and nickel are used as spin source
materials to inject and detect spin-polarized carriers in a graphene channel [49].
Electrical spin injection and transport in graphene are usually studied by non-
local measurements geometry (Fig. 2.1a). In this measurement geometry, the spin
injection current probe (I) is separated from the spin detection voltage probe (V)
to avoid spurious effects from electron’s charge and FM contacts like anisotropic
magnetoresistance (AMR) [56, 57]. Spin-polarized current is injected from FM
contact into the graphene channel and diffuses towards the detector circuit. The
spin population from the injector FM decreases exponentially with the distance
during the diffusion process. The spin chemical potential for up (blue) and down
spin (red line) is illustrated by the band diagram in Fig. 2.1b. The voltage
probe (V) measures the potential difference (∆µ↓,↑) of the corresponding spin
chemical potential aligned with the detector’s magnetization in relation to the
neutral chemical potential (dash line) [58, 59].

A changing in-plane magnetic field (By) switches the relative magnetization of
the injector and detector FM electrodes from parallel to antiparallel orientation,
and renders a non-local spin valve (NLSV) signal, as shown in Fig. 2.1c. Besides,
varying out-of-plane magnetic field (Bz) manifests the Hanle spin precession signal
(Fig. 2.1d) while keeping the magnetization of the detector FM contact along
the in-plane orientation. Bz induces spin precession in addition to diffusion and
dephasing, which results in a reduction of the spin signal as the detector probes
only the projection of the spin orientation onto the FM contact. If the injected
spin is parallel to the detector’s FM magnetization (Fig. 2.1a), the Hanle signal is

5
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Figure 2.1: Non-local spin transport in graphene. (a) Measurement configuration
for non-local spin transport in graphene, where injector current probe (I) and detector
voltage (V) probe are separated. Ferromagnetic contacts are used to inject and detect
spin-transport properties in the graphene channel. (b) Band diagram to show chemical
potential for up (blue) and down (red) spin in the channel in the diffusive transport regime.
(c) Non-local spin valve signal as a function of changing in-plane magnetic field (By).(d)
Non-local Hanle spin precession signal by changing out-of-plane magnetic field (Bz). (e)
Non-local antisymmetric Hanle spin precession signal by changing out-of-plane magnetic
field (Bz) for the measurement geometry shown in the inset. (f) Pictorial illustrations for
dominant spin scattering mechanisms in graphene, e.g., Elliot-Yafet, Dyakonov-Perel, and
resonant scattering (adapted from ref. [49, 55]).

symmetric (Fig. 2.1d). On contrary, when the injected spin is perpendicular to the
detector’s FM magnetization (Fig. 2.1e inset), the Hanle signal is antisymmetric
(Fig. 2.1e).

The symmetric and antisymmetric Hanle signals can be fitted to the following
equation to get spin transport parameters in the channel [58, 59].

V sym
NL (B⊥) ∝

∫ ∞

0

1√
4Dst

e−L2/4Dst cos(ωLt)e−t/τsdt (2.1)

V asym
NL (B⊥) ∝

∫ ∞

0

1√
4Dst

e−L2/4Dst sin(ωLt)e−t/τsdt (2.2)

Here, Ds is the spin diffusion coefficient, τs is the spin lifetime, L is the channel
length and ωL = gµBBz/ℏ is the Larmor spin precession frequency, where g is
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the Landé g-factor and µB is the Bohr magneton. The spin diffusion length
(λs =

√
Dsτs) in the graphene channel could also be extracted using (2.1) [60].

Using the spin transport parameters from the Hanle signal measurements, the
polarization of the FM contacts can be calculated using the following equation
[58]:

∆VNL = PF M
2R□Iλs

WGr
exp

(
−L

λs

)
, (2.3)

where ∆VNL is the amplitude of the non-local signal, R□ and WGr are the sheet
resistance and the width of the graphene channel, respectively, λs is the spin
diffusion length of the graphene channel and L is the channel length [58]. Here, it is
assumed that both injector and detector FM contacts have identical polarizations.
Using equation 2.1 and 2.3, we estimated τs = 320ps, Ds = 0.03m2s−1, λs =
3.34µm and PF M = 15% for CVD graphene on SiO2 substrate.

During the diffusion process, spin transport in graphene is mainly governed by
three main scattering mechanisms, as illustrated in Fig.2.1f. The Elliot-Yafet (EY)
mechanism originates from spin-orbit coupling that scatters spin during momen-
tum scattering (τp) events, thus τs ∝ τp [49]. Interestingly, Dyakonov-Perel (DP)
spin-relaxation mechanism also originates from SOC due to breaking inversion
symmetry, which leads to spin-split bands. The induced SOC acts as an internal
magnetic field that induces precession of the electron’s spin and thus, scatters spin
[55]. Unlike EY, spin relaxation is τs ∝ τ−1

p for DP mechanism. Moreover, mag-
netic moments from adatoms in graphene can also lead to additional resonant
spin relaxation mechanisms by inducing spin-flip exchange interaction [49]. At
the resonant condition, the electron is trapped at the impurity site and precesses
along the magnetic moment. While escaping from the site, there is an equal prob-
ability to flip the spin or maintain the same spin orientation. According to theory,
including EY and DP spin relaxation mechanisms, graphene should demonstrate
1µs of a spin lifetime that is two orders of higher than the experimentally realized
(10ns) on exfoliated graphene on hBN substrate [61]. However, resonant scat-
tering yields a spin lifetime of few 100ps, which is usually observed in graphene
in SiO2 substrate [61]. With the above-mentioned scattering phenomena, com-
mercial CVD-graphene exhibits excellent long-distance spin transport properties,
reaching 34µm, stems from the high carrier mobility [62, 63]. Recently, all-electric
universal and reprogrammable spin logic is demonstrated at room temperature us-
ing CVD graphene with FM electrodes [64].

2.2 Spin-orbit and spin-valley coupling in 2D
materials

2D materials with high spin-orbit coupling (SOC) properties have received consid-
erable attention for spintronic applications, mainly for charge-spin interconversion
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Figure 2.2: Spin-orbit and spin-valley coupling in 2D materials. (a) Spin degen-
erate band diagram for a free electron with opposite spins. (b) Spin Hall effect in high SOC
materials, where spin current (Is) is created due to transverse charge current (Ic). (c) Band
diagram with high SOC with Rashba spin-split bands where spin-degeneracy is lifted. (d)
Electric field (E)-induced generation of the spin population in the Rashba spin-split bands.
(e) Spin-split bands in K and K′ valleys due to spin-valley coupling. (f) Out-of-plane spin
polarization in the K valley. (g) Band diagram to illustrate topological bands in the gap-
less surface states and non-topological Rashba states in the bulk due to band inversion from
strong SOC. (h) Electric field-induced spin polarization in the surface states.

(CSIC) and spin modulation processes [45]. A free electron in the materials with
negligible SOC maintains time reversal and inversion symmetries, promoting spin-
degenerate band structure (Fig. 2.2a), e.g., graphene [65]. The high SOC in the
materials breaks these symmetries that results in spin dependent scattering in
the system, which can be utilize for CSIC processes. A charge current can create
a transverse spin current (Fig. 2.2b) owing to spin-Hall effect (SHE), or its in-
verse effect (ISHE)-where spin current produces an orthogonal charge current [66].
Furthermore, high SOC also leads to Rashba spin-split band structure with lifted
spin-degeneracy (Fig. 2.2c) [67]. The materials (BiTeBr) with Rashba spin-split
bands can engender spin-polarized current upon the application of electric field
(E) via Rashba-Edelstein effect (REE), as shown in Fig. 2.2d [68].

Charge carriers in 2D MoS2 exhibit valley degree of freedom aided by spin-
valley coupling that shift spin-degenerate bands towards energy axis analogous to
Zeeman effect (Fig. 2.2e) [67, 69]. The spin orients towards perpendicular to the
monolayer plane (Fig. 2.2f), which can be used as spin-filter or polarized light-
induced generation of spin-population. Moreover, band inversion in topological
insulators leads to topologically protected surface states along with Rashba states
(Fig. 2.2g). The surface states are spin-polarized such that spin orientations
are locked to their momenta that results in topological spin-momentum locking
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(TSML) properties features. Charge carriers in TI depending on the Fermi surface
can have a winding spin texture for both Rashba states and TSML, which will be
offset from the equilibrium position by the additional electron momentum that is
caused by an applied electric field (Fig. 2.2h)[70].

2.3 Proximity-induced spin-orbit coupling in
graphene and 2D van der Waals materials

ca

b

d

Gr

High spin-orbit coupling 2D material

Pristine Gr Proximatized Gr

𝑘

𝜖𝑘e

f

ɪ

ɪɪ

ɪɪɪ

Figure 2.3: Proximity-driven spin-orbit coupling in van der Waals heterostruc-
tures (a) Heterostructure device geometry of graphene and high SOC materials, such as
MoS2, WSe2. (b) Evolution of Gr band diagram due to proximity SOC, showing orbital-
gap, trivial spin-split bands and non-trivial spin inversion bands, adapted from ref. [71].
(c) Proximity-induced Rashba spin-split bands in Gr. (d) Spin-windings for regions I and
II shown in c (adapted from [72]). (e) Proximity-induced Zeeman spin-split bands in Gr.
(f) Spin-windings for regions I and II shown in e.

2D materials and their der Waals (vdW) heterostructures have the ability to
manipulate spin transport properties using proximity effects [33, 41, 73]. For
instance, graphene (Gr) is well-known for long-distance spin transport due to
its low spin-orbit coupling (SOC) [62], which preclude the ability to manipulate
spin-orientation therein. Significant efforts have been made to enhance SOC in
Gr to realize gate-tunable spintronic functionalities. One way to achieve siz-
able SOC in Gr is by employing chemically-adsorbed heavy adatoms; however,
doping can introduce defects in Gr and compromise the fascinating electronic
properties [74]. Alternatively, the vdW heterostructures of Gr with high-SOC 2D
materials, such as transition metal dichalcogenides (TMDCs), magnetic insula-
tors (Cr2Ge2Te6), and topological insulators (TI), have emerged as a promising
platform for proximity-induced SOC, while preserving their electronic properties
[45].
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Pristine monolayer Gr exhibits linear dispersion in the energy spectrum due to
Dirac fermions, resulting high carrier mobility (Fig. 2.3a, b) [75]. First principle
calculations show that Gr in proximity to high SOC breaks inversion symmetry
that induces a spin-degenerate orbital gap in graphene [71, 76]. In addition to
that, high SOC materials imprint Rashba and valley Zeeman spin-split bands
in graphene (Fig. 2.3a, b) [71, 72]. Further increasing SOC strength can lead
to topological non-trivial band inversion [77]. These proximity-induced Rashba,
valley-Zeeman and Ising SOC in graphene are explored experimentally by weak
anti-localization (WAL), spin relaxation anisotropy, penetration field capacitance
measurements [78, 79].

The Rashba SOC in Gr orients the spin toward the in-plane direction, whereas,
the valley-Zeeman and Ising SOC turn the spin polarization out-of-plane direction
[72, 80]. Proximity-induced Rashba spin-split band structure in Gr is shown in
Fig. 2.3c. The spin winding bands for regions I and II ( denoted in Fig. 2.3c) are
depicted in Fig. 2.3d. Note that proximity-induced Rashba SOC has similar spin-
split bands for electrons and holes that can lead to gate-dependent sign change of
charge-spin conversion signals. Figure 2.3e shows the spin-split bands in Gr due
to the proximity-induced valley-Zeeman effect. In this case, the spin windings
for the conduction band (I) and valance band (II) are opposite orientation (Fig.
2.3f).

2.4 2D semiconductors
There are enormous interest in two-dimensional (2D) semiconducting transition
metal dichalcogenides (TMDCs), such as MoS2, WS2 for a wide range of potential
applications [17, 32]. In addition to direct band-gap semiconductors, dangling-
bond-free surfaces, atomically thin bodies, and ultrahigh optical absorption coeffi-
cients make them potential candidates for next-generation field-effect transistors,
tunnel transistors, rectifiers, light-emitting diodes, and solar energy harvesting
devices [83–86]. Devices with 2D semiconducting TMDCs are fabricated with
conventional 3D materials and render high contact resistance [87]. Furthermore,
2D semiconductor exhibit bias and gate-induced metal-to-insulator transition due
to percolation transport mechanisms [82]. This section is dedicated to discussing
the junction between 2D TMDCs and contact electrodes, and the percolation
transport processes.

The contacts on 2D semiconductor materials play an important role to define
the device performances [87, 88]. 2D semiconductors form Schottky contact with
metal electrodes increase the contacts resistance and decrease carrier transport.
The Schottky contact renders an energy barrier and emerges due to the mismatch
of the band alignment between 2D TMDC semiconductor’s electron affinity and
work-function of the metal with respect to the vacuum level (Fig. 2.4a, b) [89].
Electrons need to surmount this energy barrier, termed as Schottky barrier (SB),
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Figure 2.4: Contact properties and metal-insulator transition in 2D semicon-
ductors (a) Band diagram of metal electrode and n-TMDC semiconductor material before
making any contact between them. ϕm and χT MDC indicate the work function of metal and
electron affinity in TMDC with respect to vacuum level, respectively. (b) The formation
of Schottky barrier (ϕSB = ϕm − χT MDC ) in the metal and TMDC interface [81]. (c)
Pictorial illustration to show the defects associated to direct metal deposition on TMDC
and interface with vdW contact. (d) Density functional theory calculations of density of
states of WSe2 with direct Au contact and the inset shows the Fermi level pinning effect
from gap-states in TMDC. (e) Percolation transport in the presence of charge traps that
lead to bias and gate-induced metal-insulator transition. (f) Effect of bias voltage to deform
potential barrier and enhance carrier transport. (c,d) are adapted from ref. [81] and (e,f)
are from ref. [82].

for transport to the TMDC material. SB is defined by the Schottky-Mott rule
and can be estimated by the thermionic emission model, as given below [90, 91].

Ids = AT 3/2 exp −qϕSB

kbT

(
1 − exp −qVds

kbT

)
, (2.4)

To minimize the SB, low work-function materials (Ti, Sc) are preferred with n-
type TMDC to lower the barrier and facilitate electron transport [92], but these
metals also give rise to Fermi level pinning due to dislocation, defects and interface
gap-states (Fig. 2.4c) [81, 85]. Density functional theory (DFT) calculations of
the electronic band structure of direct Au contact on TMDC (WSe2) clearly show
the emergence of gap-states in TMDC due to penetration of metallic states into
the TMDC (Fig. 2.4d) [85]. Instead of direct deposition of the metals on TMDC,
vdW electrodes and semimetallic contacts (Bi, graphene) on TMDC can alleviate
Fermi-level pinning and interface gap-states [81, 93].
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Surprisingly, semiconductor TMDC shows metal-to-insulator transition (MIT)
with bias (Vds) and gate-voltage (Vg) due to percolation transport process [82,
94, 95]. The percolation transport can be explained by considering charge trap
centers (dead end, return sites in Fig. 2.4e) due to structural impurities in the
2D TMDC and from the highly interactive substrate [96]. These trap centers act
as coulomb potential barrier for the charge carriers in the material. Increasing
carriers with Vg screens these potential barriers and enhances carrier transport.
Furthermore, applying an electric field (E) between source-drain contacts (Vds)
also lowers the height of the potential barrier that increases hopping conduction
in channel (Fig. 2.4f). In this condition, the 2D TMDC exhibits bias-induced
metallic properties with temperature [82].



3 Recent advancements

Two-dimensional (2D) materials are very promising for the charge-spin intercon-
version (CSIC) effects since they host high SOC and broken symmetries. In
addition, 2D materials in van der Waals (vdW) heterostructures are prominent
candidates for proximity-induced spin-orbit coupling (SOC), which can be used
for spin modulation in the channel and CSIC processes. Substantial milestones
have been achieved in the field of 2D materials-based CSIC processes in the last
few years by exploring new materials and vdW heterostructures. These advances
are categorized into three main sections in this chapter. First, we address the
recent experimental advances in CSIC processes followed by proximity-induced
SOC in 2D materials and their heterostructures for spintronics applications. In
addition, semiconducting 2D materials have attracted tremendous interest due
to atomically thin thickness for next-generation nanoscale transistors for logic,
memory and sensor applications. This chapter finally discusses the recent experi-
mental achievements of 2D materials-based ultra-narrow and vdW heterostructure
transistors.

3.1 Advances on charge-spin conversion in 2D
materials and their heterostructures

CSIC consists of two processes, which are charge-to-spin conversion (CSC) and
and its inverse effect, spin-to-charge conversion (SCC) or inverse charge-to-spin
conversion (ICSC). CSC (SCC) is the process to generate (detect) spin-current or
-accumulation by charge (spin) current. These processes are the cardinal aspects
for all electric spintronic devices because they allow control of charge and spin
properties in the materials electrically, without using a magnetic field [97]. The
CSIC processes can emerge in materials and heterostructures due to the spin Hall
effect (SHE) in bulk, the Rashba-Edelstein effect from the spin-split bands and the
topological spin-momentum locking (TSML) feature of the surface states (SS) in
topological materials [45]. We start this section by presenting a critical summary
of the recent experimental progresses made on CSIC effects in layered topological
insulators (TI) and their vdW heterostructures. Thereafter, the recent experi-
mental landmarks on CSIC effects in 2D TMDCs and their vdW heterostructures
are discussed.

13
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3.1.1 Charge-to-spin conversion in topological insulators
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CSC in TI for SOT memory applications

CSC in TI and spin injection into graphene channel
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c d
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Figure 3.1: Charge-to-spin conversion (CSC) in TI. (a) Schematic of device struc-
ture along with potentiometric measurement geometry to measure the current-induced spin-
polarization in TI. (b) Characteristic hysteretic switching of the CSC effect in Bi2Se3 TI
with varying external B field at room temperature. (c) Sketch of a SOT-MRAM device
using a TI and magnetic tunnel junction (MTJ) cell along with 3-terminal (3T) electrical
connections. (d) Current-induced SOT switching for deterministic switching mechanism
with and without external field. (e) Schematic with electrical connections in graphene-TI
heterostructure for creation, injection and detection of CSC in TI. (f) Characteristic non-
local spin-switch hysteretic signal for spin creation and injection from TI into graphene
channel with a varying in-plane B field. (g) Hanle spin precession measurements at Low
temperature (T = 1.3 K) for positive and negative bias currents. (a), (b) are adapted from
[98]; (c), (d) are adapted from [99]; (e), (f), (g) are imported from [100].

The CSC effects in TIs have been investigated using ferromagnetic (FM) tun-
nel contacts on the TI in potentiometric measurements (Fig. 3.1a) up to room
temperature [98, 101–106]. A varying in-plane external magnetic (B) field results
in characteristic hysteretic spin-switching of the CSC signal (Fig. 3.1b) in TI.
The applied B field switches the magnetization of the detector’s FM contact and
detects current-induced CSC signal supposedly due to TSML from the SS in TI.
However, the background voltage in local measurement geometries and TI/FM
interfaces raise concerns about the actual origin of the measured signals, and
detailed control experiments have to be conducted [107].

The high SOC properties in TIs can be used to switch the magnetization of
an adjacent FM material by CSC effect owing to the spin-orbit torque (SOT)
mechanism [108]. This SOT-based switching is considered the leading candidate
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for ultra-low power memory and logic devices. A Schematic of a TI-based SOT-
driven MRAM cell is presented in Fig. 3.1c with three terminal (3T) measurement
connections [99]. In this measurement configuration, the writing current is applied
in TI (between T1 & T2 contacts) to switch the magnetization of the adjacent
soft FM layer (yellow layer) using SOT mechanism. The reading process is carried
out between T1 and T3 contacts using the tunneling magnetoresistance (MTR)
effect in the MTJ cell. Figure 3.1d shows current-induced SOT switching for the
deterministic switching mechanism without having any effect from the external
field, i.e., field-free switching. TI-MTJ based SOT switching is observed in both
MBE and sputtered devices, which is compatible with industrial applications with
large charge-spin conversion efficiency [99].

In addition to the switching effect, current-driven spin polarization due to the
CSC effect in TI can be injected in a vdW graphene channel for long-distance spin
transport, useful for future all 2D materials-based in-chip memory and logic appli-
cations [41, 42]. Figure 3.1e presents a schematic with electrical connections of a
graphene-TI (Bi2Te2Se) vdW heterostructure for the creation of spin polarization
in TI and later, injecting and detecting spin polarized carriers in the graphene
channel using FM electrode in non-local measurement geometry [100]. The non-
local (NL) measurement geometries enable the measurement of pure spin currents
without any artifacts from charge current contribution [49, 109]. Spin-valve (SV)
and Hanle spin-precession measurements are successfully reported as depicted in
Fig. 3.1(f, g) in TI-graphene vdW device. However, the measured NL spin signals
were only detected at very low temperatures up to T = 15K [100], limiting its
practical applications.

3.1.2 Spin-charge conversion in TMDCs
Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are ideal hosts
for realizing current-driven spin-polarized electronic states due to the high SOC
accompanied by broken symmetries in the crystal structure. Recently, layered
TMDCs (WTe2, MoTe2, NbSe2, MoS2, TaTe2) have paved the way for utilizing
various CSIC processes (spin Hall effect, Rashba-Edelstein effect) for SOT appli-
cations up to room temperature [110, 114–118]. Moreover, exerted out-of-plane
torque in the lower symmetric crystals can enable field-free perpendicular magne-
tization switching for high-density magnetic memory and logic devices. Schematic
of a device structure of WTe2/Permalloy (Py) heterostructure for SOT applica-
tions has been shown in Fig. 3.2a [110]. Spin torque ferromagnetic resonance
(ST-FMR) experiments in WTe2/Py heterostructure device for opposite applied
B field directions (40° & 220°) are shown in Fig. 3.2b. The output voltages
[Vmix(40°) and -Vmix(220°)] substantially differ, revealing that the reduced WTe2
crystal symmetry has significant influence in current-driven torques, unlike het-
erostructures of 3D materials (Pt/Py) [110].
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Figure 3.2: Charge-spin interconversion (CSIC) in TMDCs (a) Device schematic of
WTe2/Permalloy (Py) heterostructure. (b) ST-FMR signal in WTe2/Py device for opposite
magnetization orientations. (c) Schematic of graphene-WTe2 heterostructure for SHE and
ISHE measurement schemes. (d) SHE and ISHE signals with magnetic field (Bx) sweep
along x-axis. (e) ISHE signal and Hanle fitting curve with Bz field sweep. (f) Measurement
configuration for the detection of unconventional charge-spin conversion in WTe2. (g) The
spin-switch and Hanle spin-precession measurements across the WTe2-graphene junction for
opposite magnetization of the detector FM contact. (h) Sketch of the device geometry and
measurement configuration to measure SCC signal in the graphene-MoTe2 heterostructure.
(i) Non-local SCC signal (RNL) as a function of applied magnetic field along the y-axis
(By), the easy axis of the FM electrode. (j) Hanle spin-precession measurement of the SCC
signal in MoTe2. (a, b) are adapted from [110]; (c, d, e) are adapted from [111]; (f, g)
are adapted from [112]; (h, i, j) are adapted from [113].

Furthermore, 2D TMDCs with vdW heterostructures with graphene have been
extensively studied for CSIC mechanisms. CSIC can originate from the spin Hall
effect (SHE), Rashba-Edelstein effect (REE), and surface states [111]. In SHE
measurement scheme (Fig. 3.2c), a charge current in 2D TMDCs (e.g., WTe2)
creates a spin polarization that is injected into a graphene channel and detected
using a ferromagnetic contact in a nonlocal geometry. The current and voltage
probes interchange in inverse-SHE (ISHE) measurement configuration, where a
spin polarization is created by the FM contact in the graphene channel that is
injected into WTe2 and voltage probes measure induced charge current due to the
spin-to-charge conversion (SCC) effect across the WTe2 flake [111]. Typical SHE
and ISHE signals with varying Bx field toward the in-plane magnetic hard axis
of the FM magnetization is shown in Fig. 3.2d [111]. An out-of-plane changing
magnetic field in this measurement scheme results in an anti-symmetric Hanle
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signal presented in Fig. 3.2e and spin Hall angle is estimated about 1.3% with
Edelstein length of about 8nm. Similar studies confirm conventional CSIC in
metallic TMDC (NbSe2) and Rashba material (BiTeBr) [68, 119].

Besides conventional CSIC in TMDCs, unconventional CSIC in WTe2 and
MoTe2 have been reported [112]. In the unconventional CSIC process due to
breaking symmetries, spin polarization, charge and spin current do not need to
abide by the orthogonal orientation (right-hand rule). Figure 3.2(f,g) show the
device structure of WTe2-graphene heterostructure and corresponding spin-switch
and Hanle spin precession measurements. Unconventional spin-to-charge conver-
sion (SCC) in MoTe2 is realized while measuring the SCC signal across the MoTe2
flake [113]. In this measurement scheme (Fig. 3.2h), spin-polarized carriers from a
FM diffuse through a graphene channel and are absorbed by the TMDC material.
The absorbed spins convert to voltage signals due to the SCC effect across the
TMDC material. The spin-switch (Fig. 3.2i) and symmetric Hanle spin precession
(Fig. 3.2j) measurements reveal the unconventional SCC effect (s∥jc) in MoTe2
due to broken crystal symmetries [113]. The TMDCs with conventional and un-
conventional CSIC effects can be used as spin-source and -detector for all-electric
all-2D room temperature spintronics applications.

3.1.3 Proximity-induced spin-charge conversion in graphene
and 2D materials heterostructures

The SOC is the fundamental physical phenomenon that gives rise to fascinating
CSIC effects in non-magnetic 2D materials due to SHE, REE, and TSML [45].
The CSIC in 2D materials is of great interest, but true potential of 2D materials
lies in forming vdW heterostructures to synthesize artificial materials by inducing
proximity coupling, e.g. SOC. It has been predicted that proximatized graphene
with high SOC materials can engender CSIC effects that can be controlled by gate
voltage, which is unlikely to be realized in bulk materials [72]. Figure 3.3a shows a
device schematic for proximity-induced SOC in graphene from TMDC (WS2) for
CSIC processes [120]. Proximatized graphene can acquire spin-split bands with
in-plane (sy) and out-of-plane (sz) components (Fig. 3.3b) [72].

In this device geometry with spin-split bands, accumulation of spins in the
heterostructure region from the FM creates a transverse electric field (E) during
SCC process, or inversely, E can create spin population in the heterostructure
region that can be detected by the FM due CSC process [120, 123]. Furthermore,
sz component of the spins are measured as RISHE due to proximity-induced SHE
and sy component owing to proximity-induced REE that is measured as spin-
galvanic effect (SGE), RSGE [120, 121, 123]. The measured RISHE (red points)
and RSGE (blue points) as a function of applied Vg are shown in Fig. 3.3c at
room temperature along with the graphene channel resistance R vs. Vg (black
solid line). It is evident that the RSGE changes its sign with tuning charge carriers



18 3 Recent advancements

f g

da b c

e

Figure 3.3: Proximity-induced charge-spin interconversion (CSIC) in graphene
and 2D materials heterostructures. (a) Pictorial illustration of device geometry to
manifest proximity-induced spin-charge conversion in graphene and 2D material vdW het-
erostructure. (b) Induced-SOC in proximatized graphene with 2D materials tailors spin-
split bands with out-of-plane and in-plane components. Accumulating spin population in
the heterostructure region generates a transverse electric field (E) owing to CSIC processes,
or vice versa. (c) Gate (Vg) dependent CSIC effects for ISHE (red), SGE (blue) in graphene
and WS2 heterostructure. The solid black line is graphene channel resistance (R) vs. Vg.
(d) Spin-to-charge conversion due to induced SHE in the proximatized graphene with MoS2
for opposite magnetization of the injector FM. The changing B field is applied along the in-
plane magnetic hard axis of the FM. (e) Proximity-induced (inverse) Rashba-Edelstein effect
(I)REE in graphene-WS2 heterostructure. (f) Device structure and measurement geometry
of graphene Hall cross with a TI flake. In this measurement configuration, a perpendicular
FM tunnel contact is used to inject spin current into graphene-TI heterostructure region,
and the corresponding SGE signal is measured as a voltage signal across the graphene-TI
Hall cross. (g) The opposite SGE signals (R = V/I) measured with the in-plane magnetic
field for electron- and hole-doped regimes. (a, b, c) are adapted from ref. [120]; (d) is
adapted from ref. [121]; (e) is adapted from ref. [122]; (f, g) are adapted from ref. [123].

from electrons to holes by Vg. RISHE delineates similar Vg dependence at low
temperature, but it is smeared at room temperature supposedly due to charge
puddling and thermal broadening [120]. Furthermore, spin-to-charge conversion
using ISHE measurement configuration is observed in multilayer graphene-MoS2
heterostructure, could be due to proximity-induced SOC in graphene from MoS2
or from the bulk MoS2 effect [121].

Moreover, another study in proximatized graphene with WS2 shows charge-
spin interconversion (CSIC) owing to proximity-induced SHE and REE [122]. An
in-plane changing magnetic field (Bx) along the magnetic hard axis (x-axis in
Fig. 3.3a) is applied to rotate and saturate the magnetization of the FM toward
±x-axis while measuring the corresponding voltage signal due to (I)REE) in non-



19

local measurement geometry (Fig. 3.3e). Interestingly, the stray magnetic field
from a FM contact in bare graphene can mimic the CSIC signals in such mea-
surement configuration [124]. One way to get rid of this confusion is to put a
perpendicular FM contact with respect to the heterostructure region, as shown
in Fig. 3.3f [123, 125]. In this measurement configuration, Bx switches the FM
magnetization sharply, rather than slowly rotating the FM magnetization along
the magnetic hard axis. An out-of-plane field (Bz) renders opposite Hanle pre-
cession spin signals for electron- and hole-doped regimes (Fig. 3.3g) [123]. These
experiments prove the spin-origin of the SGE (similar to SCC) signals due to
(I)REE in SOC-induced graphene from high SOC material. These much-needed
experimental proofs of such gate-tunable SCC effects in proximity-induced SOC
graphene-2D materials vdW heterostructure would considerably boost its utiliza-
tion in emerging spintronic technologies.

3.1.4 Proximity-induced spin-lifetime anisotropy in graphene
and 2D materials heterostructures

Another exciting aspect of proximity-induced SOC in graphene is the spin-lifetime
anisotropy (ξ = τ⊥/τ∥), which results in spin filtering functionalities due to the
different spin relaxation time for spins along different orientations [71, 127]. Pris-
tine graphene shows isotropic spin, ξ = 1, whereas proximatized graphene with
high SOC shows ξ ≥ 10 [127]. To estimate ξ in graphene and its heterostructure,
non-local measurement device geometry is used (Fig. 3.4a) [126]. High SOC from
the TMDC can imprint complex spin-texture in graphene, giving rise to spin-split
bands, as shown in Fig. 3.4b with out-of-plane spin component mainly due to the
valley-Zeeman effect [126]. In the non-local measurement geometry, spin-polarized
electrons from the injector’s FM diffuse to the detector’s FM in the graphene chan-
nel through the heterostructure region, where its orientation is modulated. Figure
3.4b shows pictorial illustrations for spin orientation in opposite valleys of high
SOC graphene in proximity with high SOC materials [127]. Intervalley scattering
(τiv) controls in-plane spin (τ∥), whereas momentum scattering (τp) regulates the
out-of-plane spin (τ⊥) component.

In the heterostructure, ξ greatly depends on intervalley scattering (τiv) that
has an inverse effect on in-plane spin component (τ∥) (Fig. 3.4c). In the absence
of intervalley scattering, similar spin-lifetime for in-plane and out-of-plane spin
components are calculated and ξ becomes unity. Furthermore, the number of
charge scatterers (n) can influence ξ, as shown in the inset of Fig. 3.4c. When
the n is higher, τ⊥ and τiv decrease and the ξ approaches to unity in comparison
to the scenario where n is lower [127].

The difference between in-plane and out-of-plane Hanle spin signals (Fig. 3.4d)
demonstrates large spin-lifetime anisotropy in graphene-WS2 heterostructure [126].
Figure 3.4e shows the data points of normalized non-local resistances (Rnl,β/Rnl,0)
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Figure 3.4: Spin-lifetime anisotropy in graphene-TMDCs heterostructures. (a)
Schematic illustration of the graphene-TMDC heterostructure device and non-local mea-
surement scheme. Pictorial depiction of the band diagram of graphene in heterostructure
region with spin-split bands along out-of-plane spin component. (b) Pictorial illustrations
for spin orientation in opposite valleys (K and K′) of high SOC graphene in proximity with
a TMDC. The arrows indicate the spin orientations in the valleys. (c) Spin-lifetime in
graphene-WS2 heterostructure without intervalley scattering, resulting in isotropic spin-
lifetime phenomena. The red and blue circles indicate out-of-plane and in-plane spin-
lifetime, respectively. (d) Hanle signal Rnl with out-of-plane and in-plane magnetic field
sweep to demonstrate spin-lifetime anisotropy in graphene-WS2 heterostructure. (e) Data
points of normalized non-local resistances (Rnl,β/Rnl,0) as a function of cos2(β − γ) along
with the fitting function to estimate anisotropy. (f) Hanle spin precession measurements
(Rnl) in graphene-MoSe2 with opposite FM magnetization. Magnetic field (B) is applied
along the in-plane magnetic hard axis of the FM contact. (a, d, e) adapted from [126]; (b,
c) adapted from [127]; (f) adapted from [128].

as a function of applied effective magnetic field direction, cos2(β − γ), along with
the fitting function to estimate ξ [126]. It is observed that ξ in graphene-WS2
can also be modulated by gate voltage (Vg). Moreover, in-plane Hanle signals
with the opposite magnetization of the injector’s FM also reveal higher ξ ≥ 10 in
graphene-MoSe2 (Fig. 3.4f) [128]. So far, exfoliated devices consisting of graphene
with WS2, MoS2, MoSe2 and WSe2 demonstrate ξ ≥ 10 due to enhanced spin-
valley coupling in graphene in proximity with the aforementioned TMDCs [126,
128].
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3.2 2D semiconductor nano-transistors
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Figure 3.5: Recent milestones of 2D semiconductor nano-transistors. (a)
Schematic view of MoS2 FET with dual gate (top and bottom) electrodes. (b) 3D view of a
bilayer MoS2 FET with 1nm single-wall carbon nanotube (SWCNT) gate. (c) Device sketch
of a vertical monolayer MoS2 FET with 0.34nm single-layer graphene gate. (d) Ultimate
scaling of gate length from state-of-the-art Si FET and 2D material’s FETs. (e) Device
schematic of a single layer MoS2 FET with a narrow channel. (f) Channel conductivity as
a function of backgate voltage of MoS2 nanoribbon FETs with channel width 60nm (red)
and 30nm (black). (g) Milestones of the nanoribbon channel-width of 2D TMDC FETs
that are fabricated by dry plasma etching, limited to 25nm. (a) adapted from [129]; (b)
adapted from [130]; (c, d) adapted from [131]; (e, f) adapted from [132].

2D semiconducting TMDCs have attracted tremendous interest due to their
atomically thin body and dangling-bond-free surface for the next-generation field-
effect transistors (FET), tunnel transistors, rectifiers, light-emitting diodes, and
solar energy harvesting devices [13, 30–32, 83–86]. Besides, theory reveals that
the band structures of the TMDCs nanoribbons are different from their bulk prop-
erties. To illustrate, zigzag terminated nanoribbon shows metallic and ferromag-
netic behavior, in contrast to the armchair counterpart, which is semiconducting
[51, 133]. The design and control of semiconducting TMDC-based FETs and en-
gineering their properties at an atomic scale are challenging and of paramount
importance for advances in basic science and technology [30, 43]. After realizing
monolayer high mobility MoS2 FET (Fig. 3.5a) [129], considerable efforts have
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been devoted to scale-down the channel length and width of the TMDC-based
FETs. Devices with planar and vertical TMDC FET structures with carbon nan-
otube (1nm) and graphene (0.34nm) gate are realized (Fig. 3.5b, c) [130, 131].
Figure 3.5d shows the comparison of ultimate gate length scaling of state-of-the-
art Si-FET and 2D material’s FETs [131].

Although TMDC-based FETs with sub-10nm channel length and sub-nm gate
dimensions have been recently demonstrated [130, 131, 134], the channel width of
the devices is mostly limited to be more than 25 nm due to limited resolution of
lithography processes and physical etching techniques used so far [132, 135–137].
Device schematic of a single layer MoS2 FET with narrow channel (fabricated
by dry plasma etching) is depicted in Fig. 3.5e [132]. Transport properties of
that monolayer MoS2 nanoribbon FETs with channel widths down to 30nm are
manifested (Fig. 3.5f) [132]. Figure 3.5g shows the state-of-the-art nanoribbon
channel-widths of 2D material-based FETs down to 25nm wide channel, fabricated
by dry plasma etching that is limited by the lithography resolution [132, 135–
137]. Furthermore, the edge properties are not controlled and perfect, which limit
the transport in the dry-etched nanoribbons by increasing scattering processes.
Nanoribbon 2D TMDC transistors with well-defined edges (zigzag and armchair)
have not been investigated so far.

In addition to the remarkable achievements in realizing 2D nano-transistor
FETs, major issues regarding high contact resistance on 2D semiconductor FETs
need to be addressed [87, 88]. In 2D semiconductors, the interface between the
contact and semiconductor determines the overall device performance. Bulk metal
electrodes on top of 2D semiconductors (Fig. 3.6a) usually render high contact re-
sistance due to lack of covalent bonds and high Schottky barrier (SB) originating
from mismatched work functions of metal and electron affinity in 2D semicon-
ductor. Interestingly, the metal that can make covalent bonds (e.g., Ti on MoS2)
hybridizes the 2D semiconductor properties by forming metallic states (Fig. 3.6a,
b) [30, 87, 88]. A strong hybridized interface usually increases the contact resis-
tance mainly because of Fermi level pinning, increasing 2D surface inhomogeneity
and impurities, and metal-induced gap states (MIGS), as shown in Fig. 3.6d [93].
To better realize the effects mentioned earlier, the dependence of SB between mul-
tilayer MoS2 and different metals is shown in Fig. 3.6c [87]. It can be seen that the
estimated SB weakly depends on the metal work functions, with slope S= 0.09 and
SB is pinned around 100-150 meV. Besides controlling SB, another approach to
reduce contact resistance is to reduce MIGS at the metal-semiconductor interface
by introducing a contact material with a Fermi level that matches the conduction
band minimum of the 2D semiconductor (Fig. 3.6e). A recent study shows fairly
low contact resistance (∼100Wµm) between semimetallic Bi and monolayer MoS2
(blue star in Fig. 3.6h) by mitigating MIGS at the interface in contrast to few
kWs- MWs with conventional metallic electrodes [93].

Besides 3D metals or semimetals, 2D metals (e.g, 1T′ MoS2) and semimetals
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Figure 3.6: Contact properties of 2D semiconductor FETs. (a) Sketch of a 2D
semiconductor FET with top 3D metallic contacts along with a pictorial view of hybridized
TMDC and metal. (b) Band diagram of hybridized metal/2D semiconductor interface. (c)
Dependence of Schottky barrier height in multilayer MoS2 for metals with different work
functions. (d) Conventional metal and 2D semiconductor interface, where gap-states give
rise to Fermi level pinning. (e) Band diagram of semimetal-2D semiconductor interface,
where gap-states are mitigated by matching Fermi-level of the semimetallic contact and 2D
semiconductor. (f) Contact resistance of Bi (semimetallic) contacts on monolayer MoS2
FET and its comparison with conventional metallic contact. (g) Sketch of a 2D semicon-
ductor FET with top 2D material contacts along with pictorial view of vdW gap between
2D semiconductor(MoS2) and top 2D electrode. (h) Band diagram of 2D semiconductor
and 2D material electrode interface. (a, b, c, g, h) adapted from [87, 88]; (d, e, f) adapted
from [93].

(e.g., Gr) have possibilities to reduce the contact resistance by matching Fermi
level, thus eliminating SB and forming chemical bonds [88, 90]. 2D electrodes in
2D material FET (Fig. 3.6g) can be achieved by phase engineering, direct CVD
growth and intercalation treatments [88, 90]. Charge carriers in this device geome-
try need to tunnel through the vdW gap (Fig. 3.6g, bottom panel) in the interface
and surmount SB height (Fig. 3.6h). Furthermore, Fermi-level tunability, high
carrier mobility and functionalizing ability make graphene a potential candidate
for contact electrodes for optical and flexible electronic applications [138–140].

Further research on all-CVD grown graphene and 2D semiconductor vdW het-
erostructures can shed some light to investigate their prospects for large area
applications and can open new possibilities, e.g, memristor applications. To il-
lustrate, a memristor device combines resistor and memory functions and applied
voltage can change its resistance state from a low-resistance state (LRS) to a
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high-resistance state (HRS) or vice versa [141]. Memristors are highly sought-
after devices for neuromorphic computation [142]. Such memristive device func-
tionalities are observed in 2D TMDCs (MoS2) with conventional 3D contacts and
memristive switchings originate from the motion of grain boundary, defects and
Schottky barrier modulation with applied bias [53, 54]. It would be interesting to
observe memristive switchings in all-CVD graphene-MoS2 vdW devices for future
flexible and high-performance memory and logic applications.



4 Charge-spin conversion in layered
topological insulator and
semimetals

Charge-spin interconversion (CSIC) processes are essential aspects to realize all-
electric spintronic devices. CSIC processes are crucial for injecting and detecting
spin polarized electrons in a channel. This chapter presents the charge-to-spin
conversion (CSC) and its inverse effect (ICSC) in layered topological insulator (TI)
and semimetals (i.e., TaTe2 and NbSe2), sequentially. These materials possess high
spin-orbit coupling (SOC) properties that render novel spin-textures and hence
(I)CSC effect upon application of an electric field. These high SOC materials
are combined in vdW heterostructure with graphene spin-valve devices. Here,
graphene is used as a spin channel material because it has been shown to exhibit
a robust and long distance spin transport at room temperature [62, 64, 143].
Systematic measurements with gate voltage and bias current are presented to
show spin injection and detection by these materials in heterostructure with a
graphene channel. Demonstration of charge-spin interconversion (CSC & ICSC)
at room temperature using non-local geometry can open doors for the exploration
and testing of new materials and devices for future spintronic applications.

4.1 Charge-spin conversion in topological insulator
(TI)

TIs are emerging materials for next-generation nanoelectronic devices, thanks to
the non-trivial spin-momentum locking of their topological surface states. Al-
though CSC has previously been reported in TIs by potentiometric measure-
ments [98, 101–106], reliable nonlocal (NL) detection has so far been observed
only at cryogenic temperatures up to T = 15 K [100]. This section presents
the nonlocal detection of CSC and its inverse effect (ICSC) in a TI compound
Bi1.5Sb0.5Te1.7Se1.3 at room temperature using a van der Waals heterostructure
with a graphene spin valve device. The lateral nonlocal device design with
graphene allows observation of both spin switch and Hanle spin precession signals
for generation, injection and detection of spin currents by the TI. Detailed bias-
and gate-dependent measurements in different geometries prove the robustness of

25
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the (I)CSC effects in the TI. These findings demonstrate the possibility of using
topological materials to make all-electrical room-temperature spintronic devices.

4.1.1 Device geometry and charge-spin conversion signals in
TI
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Figure 4.1: Graphene/BSTS heterostructure device for nonlocal detection of
charge-spin conversion at room temperature. (a, b) Schematics and coloured SEM
image of the graphene/BSTS heterostructure device with non-local (NL) measurement ge-
ometry, with reference nonmagnetic (Cr/Au) and FM (TiO2/Co) contacts. The scale bar
shown is 5 µm. (c) Schematic of two CSC mechanisms: the Rashba-Edelstein effect (REE)
and topological spin-momentum locking (TSML). (d) Spin switch signal (RNL = VNL/I)
for spin injection from BSTS with By magnetic field sweep. (e) Hanle signal RNL with Bz

magnetic field sweep. The measurements were performed at T = 295 K for a bias current
of I = 150 µA and a gate voltage of Vg = −70 V. Linear backgrounds of 25 mΩ and 35 mΩ
have been subtracted from the measured data in (d) and (e), respectively.

To detect CSC in the TI, a BSTS and graphene heterostructure-based spin valve
device is utilized, as shown in Fig. 4.1a-b. The graphene/BSTS vdW heterostruc-
ture is fabricated with reference non-magnetic (Cr/Au) and FM (TiO2/Co) con-
tacts for spin injection and detection in the graphene channel. Here, the TiO2
oxide layer acts as a tunnel barrier to help mitigate issues like conductivity mis-
match with the graphene channel [144–146]. The CSC in TIs can arise due to
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the bulk spin Hall effect (SHE), the Rashba-Edelstein effect (REE) of the bulk
states or the trivial surface states, and/or the topological spin-momentum locking
(TSML) of the surface states [66, 147]. As shown in Fig. 4.1c, the Fermi surface
has a winding spin texture for both REE and TSML, which will be offset from
the equilibrium position by the additional electron momentum that is caused by
an applied electric field [70, 122]. Importantly, BSTS has been found to have
dominant TI properties below 90 K [148], which means that the bulk SHE and
the bulk REE can contribute to CSC at room temperature, although the TSML
may still be present.

In the measurement geometry (Fig. 4.1a), an applied charge current creates a
spin density due to CSC in the TI that is then injected into the graphene spin
channel. The diffused spin polarization in the graphene channel is detected as a
non-local (NL) voltage by a remote FM electrode placed at a channel length of
L = 3.4 µm (center-to-center distance) away from the TI flake. First, spin switch
measurements were performed while sweeping an in-plane magnetic field along the
y axis (By), which is the easy axis of the FM electrodes. The applied magnetic
field results in switching of the magnetization orientation of the FM detector
from parallel to antiparallel orientation with respect to the injected spin-polarized
electrons from the TI into the graphene channel. This results in a change in NL
resistance (RNL = VNL/I) as shown in Figure 4.1d, where VNL is the measured
voltage and I is the applied charge current across the graphene/TI structure. In
order to prove the spin origin of the signal, Hanle spin precession measurements
were conducted by sweeping the magnetic field out-of-plane along the z axis (Bz).
This causes the in-plane spins to precess and dephase while diffusing along the
graphene channel, and reach the FM detector electrode with a finite angle with
respect to the contact magnetization direction[109]. As shown in Figure 4.1e, the
measured Hanle signal RNL depends on Bz, as it changes the projection of the
spin polarization onto the FM contact magnetization direction. The observation
of both spin switch and Hanle spin precession signals is a confirmation of the spin
injection from the TI into the graphene channel due to an efficient CSC effect.
By using data from the CSC signals and reference measurements (see below), the
spin polarization of the BSTS flake could be estimated to about 0.1 %.

4.1.2 Asymmetric components of the charge-spin conversion
Hanle signal.

The Hanle signals were further investigated with the magnetization direction of
the FM detector electrode in parallel and antiparallel orientations (±y), respec-
tively, as shown in Fig. 4.2a. Depending on the FM magnetization direction,
the Hanle signal has either a minimum or a maximum around Bz = 0. The
two curves for opposite magnetization were averaged to get rid of any non-spin-
related background. As the observed signals are not symmetric, the averaged
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Figure 4.2: Asymmetric components of the charge-spin conversion Hanle signal.
(a) Hanle spin precession signals with FM contact magnetization along the +y (↑) and the
−y (↓) direction, respectively, as well as the averaged signal (Avg) and the symmetric (Sym)
and the antisymmetric (Asym) components of the averaged signal. The green and purple
solid lines are fits of the respective signal components, and the blue solid line is a guide
to the eye for the averaged signal. The measurements were performed for I = 150 µA and
Vg = −70 V. A linear background has been subtracted and the data are shifted vertically for
clarity. (b) Simulation of the evolution of the CSC signal with the tilt angle of the injected
spin polarization in the device. Inset: The top view of the CSC measurement geometry
with the tilt angle (ϕ) of spins S injected from the BSTS with respect to the magnetic
moment M of the FM spin injector. (c) A reference spin valve signal measured in pristine
graphene with FM contacts used as both spin injector and spin detector. The measurement
was performed for I = −50 µA and Vg = −70 V. Inset: Schematic of the measurement
setup with pristine graphene. (d) Hanle spin precession signal for measurement in pristine
graphene. The solid line is a fit of the detected signal. The measurement was performed
for I = −100 µA and Vg = −70 V.

signal was then deconvoluted into its symmetric and antisymmetric components
and subsequently fitted. From this, values for the spin lifetime τs and the spin
diffusion length λs in the graphene were extracted as 75 ps and 1.5 µm, respec-
tively. The relative contribution of the symmetric and antisymmetric components
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depends on the angle between the polarization of the spin current that is injected
from the BSTS flake into the graphene and the magnetization direction of the
FM detector contact [62, 68, 111], and this angle could here be estimated to
ϕ = tan−1(V Asym

NL /V Sym
NL ) = 67 ± 1°. Simulated Hanle signals for different values

of ϕ are illustrated in Fig. 4.2b [68, 111].
The asymmetric characteristic of the Hanle signals can have different origins,

however, the most likely one is the bias current distribution in the TI. Because of
the positions of the two electrodes (one on TI and the other on graphene) that the
bias current is applied between, the charge current through the BSTS flake has
nonzero x, y and z components. Due to the mechanism of the CSC, the generated
in-plane spin polarization (which is detected in the Hanle measurements) will
be perpendicular to the charge current. The injected spin from the TI into the
graphene channel will therefore have nonzero x and y components, corresponding
to asymmetric Hanle signals [62, 68, 111–113, 123].

For comparison, signals from spin valve and Hanle measurements in a pristine
graphene region of the same device with FM electrodes as both spin injector and
detector [143] are shown in Fig. 4.2c-d. In contrast to the CSC-based measure-
ments, the Hanle signal for pristine graphene is symmetric, because the injected
spin and the detector contact magnetization are always either parallel or antipar-
allel. The spin transport parameters that were extracted from Fig. 4.2d are
τs = 45 ps and λs = 0.85 µm. Similar Hanle measurements for the graphene
channel across the vdW heterostructure give τs = 103 ps and λs = 1.0 µm. The
variation in transport parameters between the three different measurements is
most likely because of differences in contact and channel properties. By compar-
ing the results from the pristine graphene to those from the vdW heterostructure,
it can be concluded that there is little or no spin absorption by the TI flake.

4.1.3 Geometry and bias current dependence of charge-spin
conversion signal

In order to investigate the origin of the CSC, experiments were performed for the
different measurement geometries shown in Fig. 4.3a. In the first geometry, the
bias current I1 is applied on the +x side of the BSTS flake and the NL voltage
V1 is detected on the −x side of the flake. In the second setup, an opposite
geometry is used with I2 and V2. Both setups have similar channel lengths of
3.4 µm and 3.2 µm, respectively. As shown in Fig. 4.3b, there is a sign change
for the spin switch signal between the two measurement geometries: setup 1 gives
a high NL voltage when the contact magnetization of the detector is in the +y
direction and a low NL voltage for −y contact magnetization, while setup 2 gives
the opposite. The origin of the CSC must therefore be odd with the x component
of the charge current, but may also depend on the y and z components. This
behavior indicates that the origin of the spin current can be due to either of
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Figure 4.3: Geometry and bias current dependence of charge-spin conversion
signal in graphene/BSTS junction. (a) Schematic of the device and the two different
CSC measurement geometries. (b) Spin switch signals for each of the two measurement
geometries. The measurements were performed at room temperature for I = 120 µA and
Vg = −60 V and for I = 300 µA and Vg = −75 V, respectively. (c) Schematic of the device
and measurement geometry with arrows indicating the direction of positive and negative
bias currents. (d, e) Spin switch and Hanle signals for I = 120 µA and I = −150 µA. The
Hanle signals are presented with corresponding guides to the eye. The measurements were
performed at room temperature for Vg = −60 V and Vg = −70 V, for spin switch and Hanle
signals, respectively, and the data are shifted vertically for clarity. (f) The amplitude of the
measured spin switch and Hanle signals as a function of bias current, and linear fits. Some
error bars are smaller than the data points.

the conventional SHE, REE or TSML, since all of these effects depend on the in-
plane charge current direction [66, 123, 147]. These control experiments, however,
rule out any unconventional CSC mechanism in the TI, as recently reported in
the case of WTe2, where the latter showed a CSC which is independent of the
x component of the charge current [112]. It should be noted that differences in
amplitude between the two signals in Figure 4.3b can arise from different detector
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FM contacts being used, which may have different polarizations and/or interface
resistances with the graphene.

The bias current dependence of the spin signal was examined through both
spin switch and Hanle measurements with an experimental setup as shown in Fig.
4.3c. Both the spin switch (Fig. 4.3d) and the Hanle (Fig. 4.3e) signals show a
sign change with reversed bias current. Furthermore, Fig. 4.3f shows a linear bias
dependence of the amplitude of both the spin switch and the Hanle signals. Here,
the Hanle signal is larger than the spin switch signal. This is logical because the
Hanle amplitude is the vector addition of the symmetric and the antisymmetric
components, and therefore consists of both the x and the y components of the
injected spin polarization from BSTS into graphene, due to the precession of spins
in the xy plane. The spin switch signal, on the other hand, consists of only the y
component of the spin, since there is no precession and the FM detector is only
sensitive to spin components in the y direction.

Furthermore, considering that reversing the bias current means changing be-
tween injection and extraction of polarized spin, the observation of a sign change
of the spin signal is as expected [68]. In principle, the linear bias dependence is
also expected, since a larger charge current enables a larger spin polarization. The
observation of linear bias dependence also rules out any spurious thermal effects
in data within the measured bias ranges.

4.1.4 Gate dependence of inverse charge-spin conversion
signal in TI

The gate dependence of the spin signal was investigated using the device geometry
shown in Fig. 4.4a, with use of the n++Si/SiO2 substrate as the back gate. Fig.
4.4b shows the Dirac curves of the graphene channel, both for pristine graphene
and in the graphene/BSTS heterostructure region. The Dirac points at Vg = 43 V
(for the heterostructure region) and Vg = 41 V (for pristine graphene) indicate
negligible contribution from doping of graphene by the TI and band misalignment
between the graphene and BSTS, which could have offset the charge carriers. The
difference in the resistances comes from the longer channel for the graphene/BSTS
heterostructure. The mobility of the charge carriers was calculated [149] to be
µHS = 1200 cm2/Vs for the heterostructure graphene and µpr = 1000 cm2/Vs for
the pristine graphene, similar to what has been reported in literature [60, 123,
125, 150].

The gate dependence was measured for spin switch and Hanle spin precession,
as shown in Fig. 4.4c-d. As the TI is not very sensitive to gate voltage in the
experiments (because of shielding by the graphene and the thickness of the TI flake
itself), the modulation of the Fermi level in graphene from p- to n-doped regime
for Vg = ±70 V causes only a small Fermi level tuning of BSTS and does not
change the sign of the signal, proving the spin origin of the signal and ruling out
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Figure 4.4: Gate voltage dependence of charge-spin conversion signal in
graphene/BSTS junction. (a) Device geometry for gate dependence measurements with
back gate. (b) The Dirac curve of heterostructure and pristine graphene regions of the de-
vice. (c, d) Spin switch and Hanle spin precession signals for electron and hole doped
graphene regimes measured at Vg = ±70 V and I = 150 µA at room temperature. The
Hanle signals are presented with guides to the eye. Linear backgrounds have been sub-
tracted and the data are shifted vertically for clarity. (e, f) Spin valve and Hanle signals
of the pristine graphene region at electron and hole doped graphene regimes, measured at
Vg = ±70 V and I = −100 µA at room temperature.

any artifact arising from the stray magnetic field from the detector FM contacts on
the graphene [107]. The absence of a sign change of the spin signal also indicates
that the CSC does not originate from proximitized graphene in the device [123].
This is because both the proximity-induced SHE and the proximity-induced REE
would have given rise to a sign change of the spin polarization with change in
the carrier type in graphene [120, 123, 151]. The possibility that the change of
the charge carrier type would be prevented by screening of the electric field in
graphene due to the proximity to the TI [152] was deemed very unlikely because
a sign-change of the proximity-induced REE signal has previously been observed
with change of carrier type in similar CVD graphene/TI heterostructures [123].

Furthermore, the contribution from the bulk SHE and the bulk REE in the TI
are, however, not expected to cause a sign change, since this would necessitate
the Fermi level to be tuned across the TI band gap and would therefore require
a very large applied gate voltage [123, 125]. The TSML does not give a sign
change either, even when the Fermi level is tuned across the TI Dirac point, due
to the opposite chirality of the TSML above and below the Dirac point, which
counteracts the effect of the changed charge carrier types [123, 148]. It should
furthermore be noted that the device geometry is not very suitable for observing
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proximity-induced CSC, since these effects require the charge and spin currents
to be perpendicular at the graphene/BSTS interface [113]. While it is possible
for some charge current to flow in the y direction at the interface, this is not the
main contribution of the charge current direction. Additionally, the proximity-
induced SHE further requires out-of-plane spin polarization [113], which is not
observed in the spin switch and Hanle measurements. However, because of the
aforementioned similarities between the bulk SHE, the bulk REE and the TSML,
it is not possible to further narrow down the exact contributions of the CSC at
room temperature.

For comparison, signals from spin valve and Hanle measurements in pristine
graphene, with FM electrodes as both spin injector and detector, are shown in
Fig. 4.4e-f. Gate voltage modulation results in a behavior that is very similar
to the case with CSC, with the main difference being the symmetry of the Hanle
signals, as already discussed above.

4.1.5 The inverse charge-spin conversion (ICSC) signal in TI
Inverse CSC (ICSC) experiments were also performed with the TI to verify the
Onsager reciprocity of the system, by injecting spin current from the FM contact
into the graphene channel. The spin current in graphene is absorbed by the TI
and produces a NL voltage, as shown in Fig. 4.5a for two different measurement
geometries. The spin polarization causes the Fermi surface spin textures of the TI
to shift from the equilibrium position in the way shown in the inset of Fig. 4.5a,
which gives rise to a charge current. Spin switch measurements indeed showed
ICSC effects (Fig. 4.5b), which was measured at room temperature. It can clearly
be seen that the CSC (Fig. 4.3d, bottom signal) and the ICSC (Fig. 4.5b) obey
the Onsager reciprocity by generating spin signals of opposite sign for similar bias
current and the same geometry, due to the spin diffusion current having opposite
directions in the two cases.

The spin polarization of BSTS in the ICSC measurement was determined to
about 0.2 %, slightly higher than for the CSC counterpart. The reason for this
slight difference could be due to different spin injection and detection efficiencies
of the graphene/BSTS and the graphene/FM contacts with and without bias volt-
ages. Moreover, it is important to mention that the electric field across the BSTS
flake in the CSC measurement, which is different from the ICSC measurement,
can also reduce the measured spin polarization. Measurements in two geome-
tries with opposite x components of the spin current showed a change in sign of
NL voltage when the polarization of the injected spin current was reversed (Fig.
4.5b-c). This means that the ICSC has a dependence on the x component of the
spin current, similarly to the direct CSC. This, combined with the fact that no
sign change of the ICSC signal was detected for reversal of the gate voltage in
both n- and p-doped graphene regimes (Fig 4.5d), agrees with the results from
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Figure 4.5: The inverse charge-spin conversion signal in graphene/BSTS junc-
tion. (a) Schematic of the device and the two different measurement setups for measuring
ICSC. Inset: Schematic of ICSC through the inverse Rashba-Edelstein effect (IREE) and
TSML. (b, c) Spin switch NL signals for each of the two measurement setups in (a). The
measurements were performed for I = −150 µA and Vg = −70 V and for I = −100 µA
and Vg = −75 V, respectively. (d) Spin switch NL signals for Vg = 80 V and Vg = −75 V
at I = −100 µA in measurement geometry 2. (e, f) Hanle spin precession signals for the
two measurement setups with FM contact magnetization along the +y (↑) and the −y (↓)
direction, respectively, as well as the averaged signal (Avg) and its symmetric (Sym) and an-
tisymmetric (Asym) components. The green and purple solid lines are fits of the respective
signal components, and the blue solid lines are guides to the eye for the averaged signals.
The measurements were performed for I = 130 µA and Vg = −75 V. The data are shifted
vertically for clarity.

the CSC experiments and indicates that the ICSC comes from the TI and not
from proximitized graphene.
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The Hanle spin precession measurements in the two geometries are shown in
Figures 4.5e-f. The signals for opposite contact magnetization direction were
averaged and subsequently deconvoluted into symmetric and antisymmetric com-
ponents in the same way as described for the CSC signals. The angles between
the polarization of the injected spins from the FM contact and the SML of the
TI were calculated to be ϕ = 24 ± 8° and ϕ = 7.2 ± 0.2° for the two geometries,
respectively. The most likely explanation for the difference in asymmetry between
the CSC (4.2a) and the ICSC (4.5e-f) signals is that the charge current of the CSC
effects has a distribution along different paths through the interface and/or the
BSTS flake with and without the application of a bias.

The spin Hall angle was estimated [113, 150, 153] to be θSHE ≥ 2.8 % and
the spin Hall length scale was subsequently calculated [113, 150] as λSHE =
θSHEλBST S

s ≥ 0.55 nm, where λBST S
s is the spin diffusion length of the BSTS.

Similarly, the REE efficiency parameter was calculated [123] to be αREE = 2.8 %
and the Rashba-Edelstein length scale was estimated [123] to λREE ≤ αREEλs =
16.7 nm, where the spin diffusion length of graphene, λs, is chosen as an upper
bound of the heterostructure spin diffusion length. However, these values are only
to be regarded as rough estimates, due to the used models not being accurate for
this measurement geometries.

In summary, CSC and its inverse effect are demonstrated at room temperature
in the TI BSTS, using a hybrid device with a graphene spin valve. The lateral
nonlocal spin switch and precession measurements, supported by the detailed
dependence on bias current, gate voltage, different geometries and magnetization
orientations, prove the robustness of the CSC effects in BSTS. It can be concluded
that both the CSC and the ICSC originate from the bulk SHE or REE, from the
TSML of the TI surface states or from a combination of these effects. These results
prove CSC effects in TIs at room temperature, which is considered a potential
candidate for SOT-based memory, logic and neuromorphic computing technologies
[73]. With the recent progress in graphene spintronics [62, 64, 143], the attainment
of TIs as spin injectors/detectors can also provide substantial advances in all-
electrical spin-based devices and integrated circuits in 2D architectures.

4.2 Charge-spin conversion in TaTe2

In addition to TI, a spin-polarized current source using nonmagnetic high conduct-
ing semimetallic layered materials is promising for next-generation all-electrical
spintronic science and technology. This section presents electrical generation of
spin polarization in a layered semimetal tantalum ditelluride (TaTe2) via charge-
spin conversion processes. Using a hybrid device of TaTe2 in a van der Waals
heterostructure with graphene (Gr), the spin polarization in TaTe2 is efficiently
injected and detected by nonlocal spin-switch, Hanle spin precession, and inverse
spin Hall effect measurements. Systematic experiments at different bias currents



36 4 Charge-spin conversion in layered topological insulator and semimetals

and gate voltages in a vertical geometry prove the TaTe2 as a nonmagnetic spin
source at room temperature. These findings demonstrate the possibility of spin-
tronic devices in a two-dimensional heterostructure for spin-orbit technology.

4.2.1 Measurements of charge-spin conversion effects in
TaTe2
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Figure 4.6: Charge-spin conversion effects in TaTe2 at room temperature.
(a) Measurement geometry to detect the inverse spin Hall effect (ISHE) in TaTe2 by
injecting a spin current from the FM via graphene channel into TaTe2 and detecting
a voltage signal across the TaTe2 in a NL geometry. (b) ISHE signal Vnl measured
with an in-plane magnetic field (Bx) sweep for I = −50 µA at Vg = 40 V at room
temperature. (c) Bias current dependence of the ISHE signal amplitude ∆Vnl with
a linear fit (solid line). (d) Measurement geometry where TaTe2 is used as a spin-
polarized current source for vertical injection of spins into the graphene channel,
which is finally detected by a FM contact in a NL geometry. (e,f) The spin-switch
and Hanle spin precession measurements for spin injection from TaTe2 with a By and
Bz sweep, respectively, with an application of an I = −30 µA at Vg = 40 V. The
up and down magnetic sweep directions are indicated by arrows in e for spin-switch
experiments. A linear background is subtracted from the data.

First, the spin-to-charge conversion (SCC same as ICSC) experiments (mea-
surement geometry in Fig. 4.6a) were performed in TaTe2 via the inverse spin
Hall effect (ISHE), when the Gr-TaTe2 interface resistance, Rint., was low. In this
condition, the spin current is injected from an FM into the graphene channel is
strongly absorbed by TaTe2. The spin current in TaTe2 subsequently gives rise
to a transverse charge current due to the efficient SCC process in TaTe2, which is
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detected as a voltage signal (Vnl) across the TaTe2 (Fig. 4.6b). By sweeping an
in-plane magnetic field along the x-axis, Bx, the Vnl varies anti-symmetrically at
low field and saturates at B = ±0.4 T as the magnetization of the injector FM ro-
tates completely toward the x-axis. Considering the symmetry of the system with
the spin current being absorbed from graphene into TaTe2 along the z-direction,
spin polarization (≥ 0.4 T) in the x-direction and manifested orthogonal charge
current (Ic) is in the y-direction can be due to the ISHE or Edelstein effect (EE)
in TaTe2 [111]. The Vnl signal has been measured at different spin injection bias
currents at room temperature, which scales linearly (Fig. 4.6c).

A large SCC signal is observed at room temperature in TaTe2 with signal ampli-
tude, ∆RSCC= ∆Vnl/Ibias = -1.69 µV/-20 µA ∼ 84 mW, which is about few times
larger than in WTe2, MoS2 and Pt in heterostructure with graphene, one order of
magnitude larger than in graphene-MoTe2 heterostructure and few orders of mag-
nitude higher than in Pt/Cu heterojunction but comparable to the graphene-TaS2
heterostrcuture system [111–113, 151, 153–155]. It is to be noted that spin-orbit
torque experiments using TaTe2/FM heterostructure reported a dominating Oer-
sted field contribution by local measurements [117], which is avoided in the NL
measurements. From the manifested data, it is not possible to calculate the ex-
act spin Hall angle (θSH ∝ Js/Jc) in TaTe2, as the spin diffusion length λT aT e2,
is unknown. Furthermore, the larger width of TaTe2 flake (2.6 µm) compared
to the spin diffusion length in graphene (∼2.5 µm) restrains the use of available
model [111, 153, 154]. An estimation of θSH found to be in the range of 0.2 - 0.6
using a simple model and considering λT aT e2 = 10 - 110 nm and Rint of 10 - 100
W). Moreover, the estimated inverse Edelstein effect (IEE) of TaTe2 through IEE
length, λIEE = θSH ∗ λT aT e2, is found λIEE ≈ 6 - 60 nm as a function of λT aT e2

(10 - 110 nm).
Next, CSC mediated vertical spin injection (VSI) of in-plane spin polarization

from TaTe2 into a graphene channel at room temperature is realized (see Fig. 4.6d
for measurement geometry). In the spin-switch experiment, the measured spin
signal Vnl as a function of an in-plane magnetic field By sweep, which switches the
magnetization of the FM detector contact from parallel to anti-parallel orientation
with respect to the in-plane injected spin polarization from TaTe2 (Fig. 4.6e).
The amplitude (∆Rnl = ∆Vnl/Ibias) of the CSC signal is about 240 mW. A
confirmatory test of the in-plane spin polarization using a Hanle spin precession
measurement was performed in the same NL geometry, where a perpendicular
magnetic field (Bz) was swept while keeping the magnetization of the detector FM
contact in the in-plane orientation. Figure 4.6f shows the Hanle data measured
along with the fitting at room temperature while injecting spin from TaTe2 into
graphene channel. The spin lifetime τs = 195 ± 26 ps and spin diffusion length
λs =

√
τsDs = 1.98 ± 0.3 µm are estimated in a channel length of L = 3.75 µm.

The spin polarization of the FM detector contact is calculated about PFM ≈ 6.13%.
Subsequently, knowing the PFM, the for the current-induced spin-polarization of
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TaTe2 is approximated to be about PTaTe2 = 1.34 ± 0.26%.

4.2.2 Gate dependence of charge to spin conversion signal in
TaTe2
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Figure 4.7: Gate dependence of CSC signal in TaTe2-graphene heterostruc-
ture. (a) Measurement setup and band diagram of TaTe2 and graphene with an
application of a back-gate voltage (Vg) across the Si/SiO2 substrate. (b) The mea-
sured NL spin-switch signals at various Vg = - 40 V to 40 V for both n and p doped
graphene regime with a bias current I = -20 µA and room temperature. (c) The
magnitude of the signal ∆Vnl as a function of Vg (top panel). The Vg dependence
of the graphene-TaTe2 heterostructure channel resistance (bottom panel) along with
the Fermi-level position in the graphene band structure.

The back-gate (Vg) dependence of the VSI spin-switch signal due to CSC pro-
cess in TaTe2 as a spin injector is further investigated. Figure 4.7a shows a sketch
of the graphene-TaTe2 heterostructure and the change in the Fermi level posi-
tion in graphene with an application of Vg for electron- and hole-doped regimes,
whereas no change is expected in TaTe2 due to its metallic properties. The mea-
sured spin-switch signals (Vnl) at various Vg in the range from -40 V to 40 V are
depicted in Fig. 4.7b. The gate dependent magnitude of the spin signals ∆Vnl
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(∆Rnl ≈ 250−400mW) is presented in Fig. 4.7c (top panel), which shows that the
Vnl signal direction remains unchanged in the hole and electron transport regime.
To compare ∆Vnl with heterostructure channel properties, the gate dependence
of graphene-TaTe2 heterostructure channel resistance is presented in the bottom
panel of Fig. 4.7c, where the charge neutral point (VCNP) is ∼ 10 V with field-
effect mobility of about 1074 cm2V−1s−1. These results rule out any contribution
of the stray Hall effect produced by the fringe field from the FM detector contact
edges on the graphene since this effect should change its sign with carrier types
in graphene [107].

4.2.3 Bias dependence of charge to spin conversion signal in
TaTe2
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Figure 4.8: Electrical control of CSC signal in TaTe2 and spin injection into
graphene. (a) NL spin-switch signals (Vnl) with bias currents of I = ± 2 µA at Vg
= 20 V. (b) The Vnl at different bias currents, measured at Vg = 20 V. The data are
vertically shifted for clarity. (c) Bias dependence of the magnitude of the signal ∆Vnl.
Insets: The schematic of the non-equilibrium Fermi level positions for positive and
negative applied bias conditions. (d) The graphene-TaTe2 interface resistance (Rint.)
characteristics with bias current (I) measured in four-terminal geometry (inset).

Next, the electrical bias-controlled switching of the spin injection from TaTe2
was measured. Figure 4.8a shows the spin-switch signal (Vnl) with injection bias
currents of I = ± 2 µA. Reversing the current direction creates opposite spin
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polarization in TaTe2 and hence accumulation of opposite spins in the graphene
channel, which results in the opposite direction of the hysteretic behavior of the
measured Vnl. A full bias dependent measurement was carried out at larger biases
to understand the detailed energy dependence of the spin injection mechanism at
the graphene-TaTe2 junction (see Fig. 4.8b and 4.8c). In the -I range, an increase
of the ∆Vnl with bias currents is observed, where the amplitude of the spin to
charge conversion signal is about ∆Rnl = 300 mW. However, for the +I, the
∆Vnl increases linearly for low biases up to I = 8 µA and disappears at larger
bias within the measurement noise. One of the reasons for such bias dependence
can be ascribed to the energy dependence of spin polarization in TaTe2 or the
availability of spin-polarized density of states near the Fermi level in TaTe2. In
contrast to local detection of spin signal as the measurements were performed in
the NL geometry without any bias across the detector FM contact; any spurious
effects originating from the detector can be ruled out. This asymmetric feature of
the bias dependent spin injection effect in graphene-TaTe2 heterostructure can be
correlated to an electronic diode, where instead of controlling the charge current
with bias in the conventional diode, it is possible to control the spin injection in
the heterostructure. To examine the asymmetric bias dependent ∆Vnl, the bias
dependence of the graphene-TaTe2 interface resistance (Rint.) is checked (see Fig.
4.8d). Interestingly, Rint. is observed to be asymmetric with bias, which can be
the origin of the asymmetry in the spin injection signal due to a conductivity
mismatch issue between the TaTe2 spin source and graphene channel [144, 145].

To conclude, this section demonstrates efficient charge-spin conversion in semi-
metal TaTe2 as an efficient spin injector and detector in a graphene-based spin-
tronic device at room temperature. Detailed bias- and gate-dependent measure-
ments of the CSC signals indicate that the origin of spin polarization can be
mainly because of the SHE or REE in TaTe2. Such a nonmagnetic spin source
based on the charge-spin conversion effect shows great potential to replace the
ferromagnetic injector in all-electrical 2D spintronic circuits and is suitable for
spin-orbit technologies.

4.3 Charge-spin conversion in NbSe2

Van der Waals metals with high spin-orbit coupling and novel spin textures have
attracted significant attention for an efficient charge to spin conversion (CSC) pro-
cess. This section presents electrical generation of spin polarization due to CSC in
NbSe2 up to room temperature. Characterization of NbSe2 shows superconducting
transition temperature, Tc ∼ 7K. To probe the CSC process in NbSe2, a graphene-
based non-local spin-valve device is used, where the spin-polarization in NbSe2 is
efficiently injected and detected using non-local spin-switch and Hanle spin pre-
cession measurements. A significantly higher CSC in NbSe2 is observed at a lower
temperature. Systematic measurements provide the possible origins of the spin
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polarization to be predominantly due to the spin Hall effect or Rashba-Edelstein
effect in NbSe2, considering different symmetry allowed charge-spin conversion
processes.

4.3.1 Device properties and superconductivity of NbSe2
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Figure 4.9: Device architecture and superconductivity of NbSe2. (a) Col-
ored scanning electron microscopic (SEM) image of a fabricated device consisting of
CVD graphene, multilayer NbSe2 flake (blue), and multiple FM contacts (yellow).
The scale bar is 5 µm. (b) Schematic illustration of charge to spin conversion process
due to conventional spin Hall effect. (c) Charge current from the applied electric
field (E) induced spin polarization due to the Rashba-Edelstein effect (REE) at the
Fermi surface in a high spin-orbit coupling system. (d) Temperature dependence of
the longitudinal resistance of multilayer NbSe2 flake, where superconducting critical
temperature (Tc) around 6.8K is evident. Insets are the device picture (top) and
four-terminal measurement geometry (bottom). (e, f) The four-probe IV measure-
ments and corresponding differential resistance as a function of the bias current in
the multilayer NbSe2 flake at 3K.

Figure 4.9a presents the scanning electron microscopic (SEM) image of a NbSe2-
graphene vdW heterostructure device along with ferromagnetic (FM) contacts to
characterize the spin transport properties in the heterostructure. As a high SOC
material, NbSe2 can give rise to current-induced in-plane (y-axis) spin polariza-
tion via conventional spin Hall effect (shown in Fig. 4.9b), where charge current
(Ic) along the x-axis creates a transverse spin current (Is) along the z-axis. Fur-
thermore, high SOC in conjunction with breaking inversion symmetry in layered
NbSe2 crystal can result in Rashba spin splitting in the band structure with he-
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lical spin texture with opposite spin-subbands, as shown in Fig. 4.9c. Upon
application of an electric field (E), the charge current can shift the helical Fermi
surface in the k-space and create net spin polarization via the Rashba-Edelstein
effect. The created spin polarization in NbSe2 can be injected into a graphene
spin-channel in vdW heterostructure and detected by NL measurement geometry
to realize a pure spin signal.

Next, superconducting properties of exfoliated multilayer NbSe2 flake by mea-
suring the temperature dependence of longitudinal resistance is shown in Fig.
4.9d. A DC bias current of 1µA is used and the superconducting critical temper-
ature (Tc) in this flake is found to be 6.8K. The IV measurement with DC bias
current and corresponding differential resistance (dV/dI) as a function of the bias
current at 3K for the NbSe2 flake are shown in Fig. 4.9e and 4.9f, respectively.
The nonlinear IV is due to superconductive properties in NbSe2 and from the
dV/dI plot, the estimated critical current density is found, Jc = 0.7x106 A/cm2

for the multilayer NbSe2 at 3K, consistent with the recent study [156].

4.3.2 Charge to spin conversion in van der Waals metal NbSe2

In order to investigate the charge-spin conversion (CSC) effect in NbSe2, a charge
current is applied in a multilayer NbSe2 flake to create a non-equilibrium spin
polarization. The spins are injected into the graphene channel and finally detected
by an FM contact in NL measurement geometry. Figure 4.10a shows a schematic
illustration of the measurement geometry, used to detect the CSC effect in NbSe2
along with the axis orientation and corresponding spin (s), charge current (Ic)
and spin current (Is). According to the measurement geometry in Fig. 4.10a by
considering conventional SHE in NbSe2, a charge current along x-axis can create
an out-of-plane (z-axis) spin current, which renders spin polarization along y-axis.
It is worth mentioning that the spin diffusion current in graphene spin channel is
along x-axis in the measurement geometry with spin orientation towards y-axis
after spin is created in NbSe2 and injected into graphene. In the experiments, the
non-local (NL) voltage is measured at the FM contact (left nearest contact to the
NbSe2 flake, shown in Fig. 4.9b) by applying varying magnetic fields along with
the By and Bz directions. A varying magnetic field along the magnetic easy axis
(y-axis) switches the magnetization of the FM contact and renders a switching
signal which detects non-equilibrium in-plane spin in graphene injected from the
NbSe2 flake. The spin-switch signal, presented in Fig. 4.10b, is measured with I
= 400 µA at Vg = -40 V. The amplitude of the signal estimated from the change
in NL resistance corresponding to the opposite magnetization of the FM contact
is about ∆Rnl = 1.77 ± 0.6 mW.

Furthermore, an out-of-plane varying magnetic field (Bz) in this measurement
geometry should render a Hanle spin precession signal, which unequivocally con-
firms the CSC process in the NbSe2 and spin transport in the graphene spin
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Figure 4.10: Charge-spin conversion in NbSe2 at room temperature. (a)
Schematic illustration of non-local (NL) measurement geometry to detect the charge-
spin conversion effect in NbSe2 by injecting spin current into the graphene spin chan-
nel. (b, c) The spin-switch and Hanle spin precession measurements for spin injection
from NbSe2 with a By and Bz sweep, respectively. For spin-switch experiments, the
up and down magnetic sweep directions are indicated by arrows. A linear background
is subtracted from the data. (d) NL spin-switch signals (Vnl) at room temperature
with bias currents of I = ±400 µA and Vg = -40 V. A shift is added in the y-axis for
clarity. (e) The magnitude of the spin-switch signal (∆Vnl) with applied bias current
in NbSe2-graphene heterostructure. The error bars are calculated from the noise level
of the non-local signal. All the measurements were conducted at room temperature.

channel. Figure 3(c) shows the manifested Hanle spin signal measured with I =
+420 µA and Vg = -40 V while injecting spin from NbSe2 into the graphene chan-
nel along with the fitting. The estimated spin lifetime, τs = 23 ± 6 ps and spin
diffusion length, λs =

√
τsDs = 0.65 ± 0.05 µm are found, considering the channel

length L = 2.4 µm (distance between the center of the NbSe2 flake to the center of
the detector’s FM electrode). In NbSe2-graphene heterostructure, the lower τs in
graphene spin channel after spin is injected from NbSe2 can be attributed to the
influence of long-range disorders, lattice deformation, and extrinsic interstitials in
the graphene crystal that acts as spin-defect centers [157]. These imperfections
might be introduced during processing CVD graphene, NbSe2 transfer, and device
fabrication processes. Additionally, spin absorption by NbSe2 can also give rise to
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lower τs because of the transparent NbSe2-graphene interface. Interestingly, only
a symmetric Hanle component is observed, although the NbSe2 flake in the device
is at an angle to the graphene spin channel [158]. Furthermore, any contribution
from the spin injection from the FM contact on NbSe2 can be eliminated from
the spin switch signal, because the influence of any FM magnetization would have
manifested typical spin valve signal with double spin-valve switching while sweep-
ing By. Besides, Hanle measurement rules out any effect of stray fields from the
detector FM contact on the manifested CSC signals, since the stray Hall effect
would have rendered linear Hall signal for an out-of-plane field (B⊥) [107].

Next, the spin polarization of NbSe2 is found about PNbSe2 = 1 ± 0.3%, es-
timating the spin polarization of FM contact on bare CVD graphene is PCo =
1.5 ± 0.6% [58]. The efficiency of the CSC process due to spin Hall effect in
NbSe2 can be characterized by the spin Hall angle (θSH ∝ Js/Jc) and by using
a simple model, the θSH of NbSe2 is approximated from 0.68 ± 0.15 to 0.30 ±
0.06 by assuming the variation of spin diffusion length in NbSe2, λNbSe2 = 5 nm
to 40 nm [111, 153–155]. This estimation of θSH is consistent with the recently
reported theoretical study, where θSH in NbSe2 is predicted to be ≈ 0.5 by light
irradiation [159]. Note that the spin diffusion length (λNbSe2) in NbSe2 is not
experimentally reported yet. Moreover, the calculated Rashba-Edelstein length
scale, θSH .λNbSe2(nm), associated with the CSC in NbSe2 (5-13nm), is comparable
to the recently reported length scale in layered TMDCs, e.g., 5nm in WSe2 and
1.15nm in MoTe2 [113, 160]. Another plausible origin of the measured CSC sig-
nal could be the Rashba-Edelstein effect (REE) due to Rashba spin-split bands in
NbSe2 and its proximity effect in the NbSe2-graphene heterostructure region [161].
The characteristic efficiency parameter (αRE) of the REE is calculated to be 5.3 ±
1.8%, which is consistent with the recent studies on 2D material heterostructures
[113, 122, 123, 125, 151].

To control the spin polarization in NbSe2, the electrical bias dependence of the
CSC signal in NbSe2 is measured systematically. Figure 4.10d shows the spin-
switch signal (Vnl) with bias currents of I = ± 400 µA. It is evident that reversing
the bias current direction results in opposite spin-switch signals due to the reversal
of the accumulated spin polarization direction. A full bias-dependent spin-switch
measurement was carried out and the amplitudes of the spin-switch signal (∆Vnl)
at different bias current are summarized in Fig. 4.10e with a linear fitting (dashed
line). It can be seen that with increasing bias current the ∆Vnl increases linearly
because a larger bias current generates more spin polarization in NbSe2, which is
eventually injected and measured in the graphene spin channel.
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Figure 4.11: Temperature dependence of charge-spin conversion effect in
NbSe2. (a) Spin-switch signal for charge-spin conversion effect in NbSe2 resulting
in spin injection from NbSe2 into graphene at 3K. (b) Hanle spin precession mea-
surements along with the fitting (solid line). Measurements were performed in a bias
current range of 200 - 500 µA and at Vg = -40 V. A linear background is subtracted
from the data and shifted along the y-axis for clear visualization. (c) The magnitude
of the Hanle spin signal ∆Rnl and extracted spin lifetime (τs) at different tempera-
tures.

4.3.3 Temperature dependence of charge-spin conversion in
NbSe2

The temperature dependence of the CSC process in NbSe2 was measured to ob-
serve the evolution of spin polarization in NbSe2 with temperature. Figure 4.11a
shows the non-local spin-switch signal arising due to the CSC effect in NbSe2 and
subsequent spin injection into graphene at 3K. The magnitude of the CSC signal
is found to be ∆Rnl ≈ 106 ± 27 mW. Next, the Hanle spin precession signal above
and below Tc of NbSe2 is measured to validate the manifested spin-switch signal
is a spin-related phenomenon. Fig. 4.11b shows the Hanle signals along with the
fitting. The magnitude of the Hanle spin signal, ∆Rnl, and extracted spin lifetime
τs at different temperatures (3 to 30K) have been shown in Fig. 4.11c. Interest-
ingly it is observed that the ∆Rnl increases drastically below Tc, but τs remains
unchanged around 150 ps, below and above Tc, because spin transport parameters
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of graphene are known to be weakly dependent on temperature [112, 162]. Note
that, as τs remains mostly unchanged, the larger ∆Rnl can be attributed to more
efficient CSC conversion effect below Tc. However, the increase in CSC signal
with decreasing temperature could also be due to the decrease of NbSe2 resistiv-
ity (ρNbSe2) and conductivity mismatch between NbSe2 and graphene interface
[163]. interestingly, a recent report demonstrates multidirectional spin-to-charge
conversion in graphene/NbSe2 van der Waals heterostructures [119].

It is expected that quasiparticle mediated CSC process to be enhanced in the
superconducting state of the corresponding material [164–166]. Besides, the spin
lifetime can be extremely high in the superconducting state of NbSe2 because it
takes a longer time for the quasiparticles to scatter by the spin-orbit impurities
in comparison to the normal electron scattering rates [164, 167]. Although the
CSC signal is observed in NbSe2 at 3K (below Tc ∼ 7K), but it is to be noted
that the NbSe2 is not in the superconducting state in the CSC measurements as
the applied bias current density (∼ 4x106 A/cm2) is much higher than the critical
current density (∼ 0.7x106 A/cm2 at 3K). It is needed to optimize the bias current
magnitude to maximize the CSC signal at different temperatures to surmount the
noise level of the signals, which vary due to the conductivity mismatch of the
NbSe2 and detector FM contact with the graphene spin channel.

The possible origins of the CSC effect in NbSe2 are discussed here. First and
foremost, the NL spin-switch and Hanle spin-precession measurements confirm
that the detected signals are due to the in-plane (y-axis) spin-polarized current
that is created in NbSe2 and injected into graphene. We can rule out the spin
polarization via proximity induced SHE because this effect would have resulted
in an out-of-plane spin polarization (sz) in the heterostructure region, which is
not observed [121]. The CSC signal was observed only in the p-doped regime of
graphene with higher negative gate voltage, most likely due to the conductivity
mismatch issues of the graphene channel with NbSe2 and FM contacts in the
n-doped regime of graphene [144, 163]. Hence, proximity induced REE can nei-
ther be ruled out or nor be claimed to be the origin of the observed CSC signal
with these measurements. Furthermore, the unconventional CSC process, which
is recently reported in multilayer TMDCs ( WTe2 and MoTe2), cannot also be
disregarded in NbSe2 since it is a layered material with structural inversion asym-
metry in the crystal structure that can be further enhanced by the induced strain
at the vdW heterostructure device geometry [112, 113]. Finally, considering the
symmetry principle [113], the spin polarization direction (s) is set perpendicular
to the applied charge current (Ic) and spin current (Is) direction; the SHE and
REE in NbSe2 most likely merge or independently produce the observed CSC
signal in NbSe2.

The CSC effect in the normal metallic state of NbSe2 up to room temperature is
demonstrated. The engendered spin polarization can be injected into the graphene
channel and detected in non-local measurement geometry via spin-switch and
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Hanle spin precession measurements. A higher CSC signal in NbSe2 is detected
at a lower temperature, however, in its non-superconducting state. The spin-
switch and Hanle signals reveal that the possible origins of the in-plane spin
polarization are predominantly due to the spin Hall effect or Rashba-Edelstein
effect in NbSe2 considering different symmetry-permitted CSC processes. Such
features of current-induced spin polarization in NbSe2 have promising potentials
to be used as a non-magnetic spin source in future all-electric spintronic devices
and spin-orbit technologies.





5 Proximity-induced spin-orbit
coupling in graphene and TMDC
heterostructures

Graphene (Gr) is well-known for Dirac fermions and high carrier mobility along
with long-distance spin transport due to its low spin-orbit coupling (SOC) [62,
64, 75, 80, 162]. Introduction of SOC in Gr can induce new basic phenomena
and provide ways to control the spin polarization. Significant efforts have been
made to enhance SOC in Gr to realize gate tunable spintronic functionalities [45].
One way to achieve sizable SOC in Gr is by employing chemically-adsorbed heavy
adatoms [74, 168], however, doping can introduce defects in Gr and compromise
the fascinating electronic properties [169]. Alternatively, the vdW heterostruc-
tures of Gr with high-SOC 2D materials, such as transition metal dichalcogenides
(TMDCs) and topological insulators (TI), have emerged as a promising platform
for proximity-induced SOC [42, 109], while preserving their electronic proper-
ties [71, 76, 77, 123]. This chapter, first, presents proximity-induced gate-tunable
spin-galvanic effect (SGE) in vdW heterostructures of graphene with semi-metallic
molybdenum ditelluride (MoTe2) at room temperature. Next, proximity-driven
spin-valley coupling and spin-relaxation anisotropy in graphene-MoS2 heterostruc-
ture devices, prepared from scalable chemical vapor deposited (CVD) materials,
are presented.

5.1 Proximity-induced spin-galvanic effect in
MoTe2-Graphene heterostructure

The ability to engineer new states of matter and control their spintronic properties
by electric fields is at the heart of future information technology. This section re-
ports a gate-tunable spin-galvanic effect (SGE) in van der Waals heterostructures
of graphene (Gr) with a semimetal of molybdenum ditelluride (MoTe2) at room
temperature. The observed SGE is stemmed from the proximity-induced SOC in
Gr from MoTe2 that renders efficient spin-charge conversion (SCC) process. Mea-
surements in different device geometries with control over the spin orientations
exhibit spin-switch and Hanle spin precession behavior, confirming the spin origin
of the signal. The experimental spin-galvanic signals are supported by theoreti-
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cal calculations considering the spin-orbit induced spin-splitting in the bands of
the graphene in the heterostructure. The calculations also reveal an unusual spin
texture in graphene heterostructure with an anisotropic out-of-plane and in-plane
spin polarization. These findings open opportunities to utilize graphene-based
heterostructures for gate-controlled spintronic devices.

5.1.1 Spin-galvanic signal in MoTe2-graphene heterostructure
The charge-spin conversion (CSC) due to the proximity-induced SOC in Gr-MoTe2
heterostructure can be measured by employing a direct Rashba-Edelstein effect
(REE) or its inverse phenomenon (IREE) based methods [66]. The charge current-
induced REE can be detected by a FM contact due to CSC. In contrast, for the
IREE measurements, a spin current is injected from a FM into a heterostructure
region and, consequently, a voltage signal is measured due to a SCC. Figure 5.1a
shows the schematics of the NL measurement geometry used for the detection
of SGE. The device consists of Hall-bar shaped Gr-MoTe2 heterostructure region
for spin-to-charge conversion, graphene channel for spin transport, Co/TiO2 fer-
romagnetic contacts (FM) on graphene for spin injection, and Ti/ Au contacts
on graphene for detection of the voltage signal and also as reference electrodes,
and Si/SiO2 substrate acts as a global back gate. Due to the IREE in the Gr-
MoTe2 heterostructure region with a possibility of spin-split bands (5.1b), the
diffused spin-polarized carriers create a non-equilibrium spin density across the
heterostructure with a net momentum along the ±y-axis depending on the spin
direction (±s).

The SGE measurements were performed in various device geometries such as
magnetization rotation, spin switch, and Hanle spin precession methods. First,
the results from magnetization rotation experiments in a device are demonstrated
where the ferromagnetic contact is placed parallel to the Gr-MoTe2 heterostruc-
tures, as shown in the schematics (Fig. 5.1a). In this measurement method,
the spin current is injected from a FM contact into the graphene channel and
diffused into the Gr-MoTe2 heterostructure that is finally detected as a voltage
signal (VSGE) across the Hall-bar structure with non-magnetic Ti/Au contacts
on graphene. A changing magnetic field is applied along the magnetic hard axis
(Bx) of the FM magnetization that rotate the FM’s magnetization orientation
form magnetic easy axis (y-axis) to hard axis (x-axis). While sweeping the Bx,
the corresponding voltage signal due to SGE is detected, VSGE (Ic) ∝ ẑ × ns

(Is); here, Ic, ẑ and ns are the induced charge current, out-of-plane direction and
non-equilibrium spin density accumulated via spin current Is, respectively. The
direction of the injected spin is along ±x-axis at Bx ⪆ 0.4T and the VSGE is
controlled by sweeping a magnetic field in the x-direction (±Bx). Here, Bx in-
duces spin precession together with rotation and saturates the magnetization of
the injector FM (Fig. 5.1c).
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Figure 5.1: Proximity-induced spin-galvanic effect in graphene-MoTe2 van
der Waals heterostructure at room temperature. (a) The spintronic device
schematic with the measurement scheme consisting of graphene-MoTe2 heterostruc-
ture on Si/SiO2 substrate, ferromagnetic (FM) and non-magnetic (Ti/Au) contacts on
graphene. (b) A schematic band diagram of modified graphene in a heterostructure
with MoTe2, showing Rashba spin-split conduction and valence bands in accordance
with the energy in momentum space (Ek), where Fermi energy (Ef ) is in the conduc-
tion band. (c) Measured spin-galvanic signal (VSGE) by sweeping a magnetic field
along the x-axis (Bx) at room temperature in graphene-MoTe2 heterostructure with I
= 80 µA in the electron and hole doping regimes, respectively. A linear background is
subtracted from the data. (d) Measured non-local signals (Vnl) in pristine graphene
Hall cross by sweeping a magnetic field in the x-direction (Bx) for electron- and hole-
doped regions with I = 100 µA. (e) The low energy band structure of graphene
in proximitized to MoTe2 from density functional theory calculations. (f) Density
functional theory calculations for similar clockwise spin texture in the outermost con-
duction (ϵCB

1 ) and valence band (ϵV B
2 ) in graphene-MoTe2 heterostructure.

The spin precession due to the applied x-field (±Bx) will be in the y-z plane,
and the projection of spin polarization along the x-axis will be the same during the
spin precession. Nevertheless, the accumulated non-equilibrium spin density (ns)
depends on the spin direction towards the x-axis (±x) in the measurement system
of IREE. Due to the unchanged spin projection along the x-axis during the spin
precession, together with changing magnetization of the injector FM contact, the
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resulting IREE signal increases with Bx until the saturation of FM magnetization
(0.4T) without any contribution of spin precession. Accordingly, the measured
VSGE increases in the low field range and saturates at magnetic fields above B
≈ ±0.4T. A giant spin-galvanic signal has been obtained at room temperature
with an amplitude up to ∆RSGE = ∆VSGE/I ∼ 4.96W (with I = -80 µA at Vg
= 40 V) and lower bound of the efficiency (αRE) of IREE is estimated to be 7.6%
[121, 151].

In order to demonstrate the electric field-controlled switching of the SGE, VSGE
is measured for the electron (n) and hole (p) doped regimes of the Gr-MoTe2
heterostructure. The applied gate voltage (Vg) modulates the Fermi level (Ef )
position in the Gr-MoTe2 hybrid bands for probing the spin-split REE-induced
non-equilibrium spin accumulation (ns) with different charge carrier types. Fig-
ure 5.1c shows the opposite signs of VSGE signals for two different doping regimes,
electrons (violet) at Vg = 20V and holes (magenta) at Vg = -10V at room temper-
ature. The proximity-induced REE effect in graphene is predicted to be dependent
on the conduction charge carrier type, i.e., electrons and holes, since spin polarity
in Rashba contour remains unchanged in valence and conduction bands, unlike
the spin-momentum locking in topological insulators [72, 170]. The observed SGE
produces a charge current (Ic) perpendicular to the injected spin densities (ns),
which changes its direction because of a unidirectional accumulation of electrons
and holes (-q for electrons and +q for holes) in the heterostructure with specific
spin orientations. So, it can be concluded that the measured SGE signal and the
sign change of the VSGE is inherently due to induced IREE in Gr-MoTe2 het-
erostructure. To compare the induced SGE in Gr-MoTe2 with pristine graphene,
NL signals (Vnl) are measured for electron- and hole-doped regions, depicted in
Fig. 5.1d, with I = 100µA at Vg = 70V and -50V, respectively. The resultant
signals can be considered as null noise-signals because of the absence of REE in
pristine graphene.

To understand the experimental findings of SGE, density functional theory
(DFT) calculations of the electronic band structure of Gr-MoTe2 heterostructure
were carried out to identify the Rashba spin texture to verify the enhanced SOI
strength in the heterostructure [171, 172]. The low energy band structure of the
graphene and 1T′-MoTe2 heterostructure is presented in Fig. 5.1e and four states
(ϵVB/CB

1/2 ) of Rashba spin-splitting with SOI strength of around 2.5meV are found.
It can also be noticed that the bands display a clear signature of Rashba SOI,
as the spin in the outermost conduction (ϵCB

1 ) and valence band (ϵVB
2 ) is aligned

clockwise (Fig. 5.1f, g), while the corresponding spin-orbit split partner bands
(for example, ϵCB

1 and ϵCB
2 ) show a counter-clockwise sense of spin-alignment.

The calculations have also revealed an unusual proximity-induced spin texture
in graphene: the out-of-plane spin polarization is highly anisotropic around K,
and the in-plane spin polarization (Rashba) vortex is shifted from K. Such a spin
texture in the graphene valence and conduction band in the heterostructure can
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explain the measured SGE signal, where the sign of the SGE signal is efficiently
controlled by the application of a gate voltage.

5.1.2 Spin-galvanic signal with perpendicular FM
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Figure 5.2: Spin-galvanic signal with an injector ferromagnet (FM) perpen-
dicular to the graphene-MoTe2 heterostructure. (a) A schematic of the device
and measurement geometry to measure the non-local spin signal with a ferromag-
netic detector in graphene across the graphene-MoTe2 heterostructure. (b, c) Spin
valve and Hanle spin precession measurements, respectively. A linear background
is subtracted from the data. (d) A schematic of the device and measurement ge-
ometry to measure the non-local spin-galvanic signal (VSGE) with non-ferromagnetic
detectors (Ti/Au) along the Hall-cross of graphene-MoTe2 heterostructure. (e) The
spin-galvanic signal, VSGE, is measured with varying in-plane magnetic field (Bx) at
room temperature. (f) The spin-galvanic signal was detected via Hanle spin preces-
sion with varying out-of-plane magnetic field (Bz) along with Hanle fitting.

To substantiate the proximity-induced SGE in Gr-MoTe2 heterostructure via
spin-switch and Hanle spin precession measurements [123], a different device is fab-
ricated where an injector FM is placed perpendicular (x-axis) to the heterostruc-
ture. At first, the spin transport properties in graphene across the Gr-MoTe2
heterostructure have been verified. Figure 5.2a depicts the schematic of the de-
vice and measurement geometry to measure the non-local spin signal with a FM
detector in graphene across the Gr-MoTe2 heterostructure. The non-local spin
valve (Vnl) in graphene is depicted in Fig. 5.2b with I = -300µA at Vg = -50V,
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where the magnetic field is applied along the easy axis of the injector’s magneti-
zation (x-axis). The Hanle spin precession signal in graphene is presented in Fig.
5.2c with I = -50 µA at Vg = -50V. The characteristic switching in spin-valve and
antisymmetric Hanle are due to the perpendicular magnetization of the injector
(x-axis) and detector (y-axis) FM contacts. Next, the non-local SGE signal in the
Gr-MoTe2 has been investigated. Figure 5.2d shows the schematic of the device
and measurement geometry to measure non-local SGE signal (VSGE) with Ti/Au
contacts along the Hall-cross of Gr-MoTe2 heterostructure. In this measurement
geometry, it is expected that applying a changing magnetic field along the easy
axis (x-axis) of the FM injector should have manifested a spin switch signal across
the Hall-cross due to proximity-induced SGE. The SGE signal with varying in-
plane magnetic field (Bx) at room temperature is presented in Fig. 5.2e with I =
-100 µA at Vg = -50V. As the graphene channel was highly doped in this device, a
complete gate-dependent measurement could not be performed, as the signal be-
came noisy at positive gate voltages. As a confirmation of the spin-related origin
of the observed SGE, Hanle spin precession with out-of-plane field Bz is measured
and shown in Fig. 5.2f along with fitting for I = -100 µA at Vg = -50V. The spin
lifetime and spin diffusion length in Gr-MoTe2 heterostructure are extracted to
be around τs = 20 ps ± 1 ps and λs = 155 nm ± 5 nm.

In short, this part demonstrated the electrical detection and control of proximity-
induced Rashba spin-orbit interaction in vdW heterostructures at room tempera-
ture. The observed SGE in the heterostructure of semi-metallic MoTe2 and large-
area CVD graphene can offer unique advantages for faster and low-power spin-
charge conversion-based spintronic devices. The proximity effect enables graphene
to acquire strong SOI and a spin texture with spin-split conduction and valence
bands, which is ideal for tuning by a gate voltage. Controlling the magnitude
and sign of the spin voltage by an external electric field at room temperature
can be efficiently used for gate tunable spin-orbit torque (SOT) based magnetic
random-access memory (MRAM) [39] and logic technologies [173].

5.2 Spin dynamics in all-CVD Graphene-MoS2
heterostructure

Two-dimensional (2D) van der Waals (vdW) heterostructures fabricated by com-
bining 2D materials with unique properties in one ultimate unit can offer a
plethora of fundamental phenomena and practical applications. Recently, proximity-
induced quantum and spintronic effects have been realized in heterostructures of
graphene with 2D semiconductors and their twisted systems. However, these
studies are so far limited to exfoliated flake-based devices, limiting their poten-
tial for scalable practical applications. This section reports spin-valley coupling
and spin-relaxation anisotropy in graphene-MoS2 heterostructure devices prepared
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from scalable chemical vapor deposited (CVD) 2D materials. Spin precession and
dynamics measurements reveal an enhanced spin-orbit coupling (SOC) strength in
the heterostructure in comparison to the pristine graphene at room temperature.
Consequently, a large spin relaxation anisotropy is observed in the heterostruc-
ture, providing a method for spin filtering due to spin-valley coupling. These
findings open a scalable platform for all-CVD 2D vdW heterostructures design
and their novel device applications.

5.2.1 Device properties and electronic transport across the
all-CVD graphene-MoS2 heterostructure

Figure 5.3a shows the schematic of a device structure consisting of CVD grown Gr-
MoS2 heterostructure along with multiple contacts on Si/SiO2 substrate, which al-
lows to apply back-gate voltage (Vg). The bottom panel in Fig.5.3a illustrates the
band diagram of Gr and MoS2 with spin-split bands for up and down spins. Inter-
estingly, in the vdW heterostructure region, MoS2 can induce SOC into graphene
via proximity effect and modify the band structure (presented by the band di-
agram) and spin transport in the channel [71, 126]. An optical micrograph of
a fabricated device is presented in Fig. 5.3b, where the CVD graphene strip is
covered with a single layer of CVD MoS2, which was transferred by wet transfer
technique [174]. Subsequently, e-beam lithography was performed to make con-
tacts of TiO2 (∼ 1 nm)/Co (∼ 80 nm) to manifest charge and spin transport
properties.

First, the individual CVD-grown single-layer material is characterized to inspect
their electrical properties. The transport properties (source-drain current Ids vs.
gate voltage Vg) of single-layer MoS2 are depicted in Fig. 5.3c for different bias
voltages Vds, along with Ids vs. Vds at different Vg in the inset. The channel
current (Ids) increases monotonically with increasing Vds and the Ids increase
with increasing Vg for a fixed Vds due to increasing carrier concentration in the
MoS2, which corresponds to n-type transport properties as expected for the MoS2
[129]. The estimated field-effect mobility is found by µ = (Lgm)/(WCgVds) =
1.21 cm2V−1s−1; where L, W, Cg and gm are the channel length, width, gate
capacitance per area (1.15x10-8 Fcm−2 for 285nm SiO2) and transconductance,
respectively.

Next, charge transport properties are measured for Gr-MoS2 vdW junction.
Figure 5.3d shows the measured Ids as a function of applied Vds at various Vg
along with the measurement geometry. The asymmetric Ids for positive and nega-
tive Vds with diode-like behavior could be due to work function mismatch between
the electrodes and the materials [87, 89]. The transfer characteristic (Ids vs. Vg)
of the Gr-MoS2 heterostructure for Vds = 1V is depicted in Fig. 5.3e, both in a
linear and log-scale. An increase of Ids with increasing positive Vg is observed that
is derived mainly from the transport properties of MoS2, where graphene acts as
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Figure 5.3: All-CVD graphene-MoS2 heterostructure spintronic device and
electrical properties. (a) Graphical representation of the Gr and MoS2 vdW het-
erostructure device on Si/SiO2 substrate along with the FM contacts. Pictorial de-
piction of the band diagram of Gr, MoS2, and their heterostructure with spin-split
bands. (b) Optical image of CVD Gr (orange dotted line) and CVD MoS2 (green
dotted line) vdW heterostructure along with the different FM (Co/TiO2) contacts.
The scale bar is 5 µm. The width and the shapes of the FM contacts are designed on
Gr to facilitate spin injection and detection. (c) Source-drain current Ids as a function
of the applied back-gate voltage (Vg) of single-layer of CVD MoS2 field-effect transis-
tor with different source-drain bias voltages Vds. Inset shows Ids vs. Vds at different
Vg. (d) Ids vs. Vds plots at different gate voltages between Gr-MoS2 along with the
measurement geometry in the inset. (e) Transfer properties (Ids vs. Vg) between
Gr-MoS2 at Vds = 1V in linear (pink) and log (violet) scale. (f) Gate-dependent re-
sistivity of Gr channels in pristine and heterostructure regions probed in four-terminal
measurement geometry.

vdW contact. The field-effect mobility µ is estimated to be 12.4 cm2V−1s−1 in the
Gr-MoS2 heterostructure, which is one order of magnitude higher than the pristine
MoS2. This enhancement of mobility of MoS2 with graphene contact is attributed
to lesser defect states in the MoS2 contact region and smaller Schottky barrier
in the vdW interface [89, 175, 176]. Figure 5.3f presents the Vg dependent Gr
resistivity (ρ□ = (R4T W )/L) in the pristine and Gr-MoS2 heterostructure region,
with Dirac point at 6.8V and -5V, respectively. The µ is estimated to be 2340
cm2V−1s−1 for pristine Gr and 3000 cm2V−1s−1 for the Gr-MoS2 heterostructure
regions. The electrical properties of the heterostructure region indicate the ex-
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cellent quality of materials, and wet transfer of CVD MoS2 on CVD Gr does not
have a detrimental effect on its phenomenal electrical transport properties [62,
143].

5.2.2 Spin-lifetime anisotropy in the graphene-MoS2
heterostructure

It is predicted that graphene in proximity to high SOC materials can give rise
to large spin lifetime anisotropy (ξ = τ⊥/τ∥) in the system, mainly by means
of induced Rashba SOC or spin-valley coupling [127]. The SOC associated with
Rashba spin-split bands gives rise to a higher in-plane spin lifetime (τ∥ > τ⊥)
and anisotropy of less than unity (ξ < 1). On the other hand, induced spin-
valley coupling in the heterostructure renders higher out-of-plane spin polarization
(τ∥ < τ⊥) and results in ξ > 1 because of dominant out-of-plane spin polarization
in different valleys (K and K′) of the TMDC [58, 126, 128]. To verify the dominant
SOC mechanism in all-CVD Gr-MoS2 heterostructure region, anisotropy (ξ) was
estimated by employing oblique magnetic field-dependent evolution of Hanle spin
precession signals [177]. In this measurement scheme (Fig. 5.4a), the changing
magnetic field (B) is applied at an angle (β) to the FM contact in the yz-plane
and let the spins perpendicular to the external magnetic to dephase. Hence, the
manifested NL resistance only measures the projection of the dephashed spin onto
that applied field direction. Figure 5.4b shows measured Hanle spin precession
signals for different magnetic field directions.

Figure 5.4c shows the normalized value of the non-local resistances (Rnl,β/Rnl,0)
as a function of cos2(β∗) for the respective applied field (B) direction in the
dephased regime, which is highlighted by the shaded region in Fig. 5.4b. Here,
β∗ is the angle with a smaller correction of the out-of-plane tilting angle of the
FM contacts due to the external magnetic field [177]. The average value of data
points is accounted to reduce the effect of the measurement noise in the analysis.
The data points is fitted with the following equation 5.1 (Fig. 5.4c).

Rβ
NL

R0
NL

=
√√√√cos2(β) + 1

ξ
sin2(β)

−1

exp
− L

λ∥

√√√√cos2(β) + 1
ξ

sin2(β)
cos2(β∗)

(5.1)
Here, L represents the heterostructure channel length, and λ∥ is the in-plane
spin diffusion length. The anisotropy, ξ ≈ 1.6 ± 0.13 is found in the Gr-MoS2
heterostructure channel. Consequently, the spin-valley coupling is estimated in
the Gr-MoS2 heterostructure by using the following equation [127]:

ξ =
(

λV Z

λR

)2 τiv

τp
+ 1

2 (5.2)

Here, λV Z and λR are the valley Zeeman and Rashba SOC constants; τiv and
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Figure 5.4: Spin-lifetime anisotropy in the Gr-MoS2 heterostructure (a)
Schematic illustration of the device and measurement scheme for spin precession in
Gr-MoS2 heterostructure with an oblique magnetic field. The applied magnetic field
is at an angle β along the magnetic easy axis of the FM contacts (y-axis) in the
yz-plane. (b) Spin precession signals as a function of changing B field at different
angles with I = -350 µA at Vg = 40V. (c) Data points denote normalized non-local
resistances (Rnl,β/Rnl,0) as a function of cos2(β∗) along with the fitting (red line)
to equation 5.1 to estimate anisotropy. (d) Spin precession signals as a function of
changing B field at different angles with I = -100µA at Vg = 20V in pristine graphene.
(e) Data points denote normalized non-local resistances (Rnl,β/Rnl,0) as a function
of cos2(β∗) along with the fitting (solid line) to equation 5.1 to estimate anisotropy
in pristine graphene. The gray dashed lines in c and e visualize isotropic case.

τp are the intervalley and momentum scattering lifetimes. It is observed that
λV Z ∼ 238µeV by cosidering τiv ≈ τp and λR = 227µeV . The exact ratio of τiv

τp
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is difficult to estimate; however, the relatively lower ξ must be compatible with
the assumption, whereas the theoretical study report an anisotropy of ξ = 20,
considering τiv ∼ 5τp [127].

To compare the estimated anisotropy in the heterostructure channel with the
pristine graphene channel, oblique Hanle spin precession signals in pristine graphene
at different magnetic field directions were measured, shown in Fig. 5.4d. Figure
5.4e shows the normalized value of the non-local resistances (Rnl,β/Rnl,0) as a
function of β∗ for the respective B direction in the fully dephased regime, which
is highlighted by the shaded region in Fig 5.4d. The fit to equation 5.1 with the
data points provides an estimation of anisotropy close to unity, ξ ≈ 0.91 ± 0.12,
shown in Fig. 5.4e. It is expected that graphene on SiO2 substrate should render
isotropic spin lifetime [127, 143].

According to the theorical calculations and recent experiments in exfoliated Gr-
TMDC heterostructures, the anisotropy ξ can be in the range of 1 to 10 [126–128,
178]. For instance, exfoliated Gr-MoSe2 and Gr-WSe2 heterostructures show ξ >
10 at 75K, whereas Gr-WS2 heterostructure shows ξ ≈ 10 at room temperature
[126, 128]. Furthermore, the anisotropy in exfoliated Gr-MoS2 heterostructure is
estimated to be higher than unity (ξ > 1) at room temperature [126]. The esti-
mated spin lifetime anisotropy of ξ = 1.6 in the all-CVD Gr-MoS2 heterostructure
using oblique Hanle measurements can be due to proximity-induced spin-valley
locking in graphene from MoS2. Interestingly, the anisotropy in the Gr-TMDC
heterostructure significantly depends on the intervalley (τiv) and momentum scat-
tering (τp) lifetimes, which also depend on the charge scatterers (n) in the spin
transport channel [127]. The proximity SOC strength and anisotropy can also be
influenced by the interfacial interstitials, twist-angle and band alignment in the
all-CVD Gr-TMDC heterostrcuture channels [174, 179].

In summary, this section demonstrated spin-valley coupling and spin-relaxation
anisotropy in scalable all-CVD grown Gr-MoS2 vdW heterostructure devices at
room temperature. The CVD-grown materials and their heterostructures showed
excellent charge and spin transport properties, showing the good quality of the
hybrid devices and interfaces. The spin transport and Hanle precession in the het-
erostructure channel showed increased SOC strength in the proxmitized graphene,
which is three times higher than that in pristine graphene. The spin relaxation
anisotropy properties evaluated using oblique Hanle spin precession measurements
revealed an anisotropic spin dynamic of ξ ∼ 1.6 in the proximitized graphene,
compared to ξ ∼ 1 in the pristine graphene channel. The associated spin-valley
coupling strength of 238 µeV is estimated in the Gr-MoS2 heterostructure. The
observation of increased SOC strength and spin relaxation anisotropy between the
in-plane and perpendicular spin polarization in all-CVD Gr-MoS2 heterostruc-
tures have enormous prospects for making spin filtering devices in scalable all-2D
materials.





6 WS2 nanoribbon and all-CVD
MoS2-graphene FETs

Semiconducting transition metal dichalcogenides (TMDCs) have attracted tremen-
dous interest for high-performance and energy-efficient nanoscale field-effect tran-
sistors (FETs). In spite of recent progress on down-scaling the gate and channel
lengths of TMDC FETs, the fabrication of sub-25 nm narrow channel width of
TMDC FETs remained challenging. This chapter demonstrates the fabrication of
tungsten disulfide (WS2) nanoribbon down to sub-10 nm width using a controlled
anisotropic wet chemical nanostructuring technique. Nanoribbon FETs exhibit
good transistor performance, where the transport parameters such as on-current,
mobility, and threshold voltage are predominantly governed by the narrow channel
effects. In addition, scalable chemical vapour deposition (CVD)-grown MoS2 and
graphene FETs are very promising for future nanodevices, especially for flexible
solar cells, memory devices and neuromorphic computing. This chapter also shows
transport properties, memristive switching and Schottky barrier analysis in CVD-
grown MoS2-graphene heterostructure FET devices. These findings open the door
for the fabrication of future-generation nanometer-scale transistors, sensors, opto-
electronic devices, and integrated circuits based on van der Waals semiconductors.

6.1 Ultra-narrow semiconductor WS2 nanoribbon
FETs

Semiconductor field-effect transistors (FETs) representing the basic building blocks
of modern computers have revolutionized information technology due to successful
miniaturization over several decades [16]. However, continued down-scaling of con-
ventional silicon transistors has reached its physical limits and poses critical chal-
lenges for its high performance and energy efficiency [24]. To facilitate continued
progress, two-dimensional (2D) semiconducting transition metal dichalcogenides
(TMDCs) have attracted tremendous interest due to their atomically thin body
and dangling-bond-free surface [17]. The ultimate miniaturization of TMDC-
based FETs will allow sustainable progress in Moore’s scaling law for high-density
integration [131] and enhanced performance beyond silicon technologies [32, 180–
182].

The design and control of semiconducting TMDC-based FETs and engineering

61
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their properties at an atomic scale are challenging and of paramount importance
for advances in basic science and technology [30, 43]. Recently, considerable efforts
have been devoted to scale-down the channel length and width of the TMDC-based
FETs [132, 134, 135]. Devices with planar and vertical TMDC FET structures
with sub-10nm channel [134, 183] length and sub-nm gate dimensions with carbon
nanotube [130] and graphene [131] were realized [183, 184].However, the channel
width of the state-of-the-art devices is mostly limited to be more than 25 nm [132,
135–137] due to limited resolution of lithography processes and physical etching
techniques used so far. Importantly, controlling edge structures remains one of the
main interests because electronic properties of the edge-states become increasingly
relevant in such nanoscale transistors [50–52].

Here, we demonstrate the fabrication of ultra-narrow WS2 nanoribbons down to
9 nm width with atomically sharp zig-zag edges using a wet-chemical anisotropic
etching technique with atomic precision [50]. Transistor performance with good
channel conductance could be measured down to 18 nm width of WS2 nanorib-
bon. The nanoribbons FETs of different widths (18-70 nm) were systematically
investigated, showing the transport properties in the extremely narrow channels
to be governed by the narrow channel effects. The mobility in the narrowest chan-
nel FETs is found to be limited by the impurity scattering process in comparison
to the wider channels. A bias and gate-induced metal-to-insulator transition is
observed in the temperature dependence of FETs, elucidating the percolation
transport mechanism in the nanoribbons. These findings can promote the scaling
down of transistors for next-generation electronics.

6.1.1 Device architecture and fabrication processes of WS2
nanoribbon FETs

Figure 6.1a. presents the schematic of ultra-narrow nanoribbon FETs with mul-
tilayer WS2 channels having atomically controlled zig-zag edges along with the
measurement geometry. The colored scanning electron microscopic (SEM) image
of the fabricated nanoribbon FETs of various channel widths is shown in Fig. 6.1b.
Figure 6.1c shows the crucial steps for the fabrication of nanoribbons, where WS2
flakes were exfoliated on SiO2/Si substrate and are patterned first by electron
lithography and CHF3 ion beam etching. This is followed by a final anisotropic
wet chemical etching using hydrogen peroxide (H2O2) to fabricate nanoribbons
down to 9 nm width. This anisotropic wet etching yields WS2 edges to be ex-
clusively zig-zag and atomically sharp [50]. Figure 6.1d shows a comparison of
the nanofabricated TMDC nanoribbon channel width with the state-of-the-art
results, where channel width is limited by the resolution of lithography processes
and physical etching techniques. Electronic transport properties were investigated
in WS2 nanoribbons FETs of different channel widths W= 9nm to 70 nm, thick-
ness of t=35 nm, channel length L=600 to 800 nm, with Ti/Au source and drain
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Figure 6.1: Ultra-narrow nanoribbon WS2 field-effect transistors with zig-zag
edges. (a, b) Schematics and scanning electron microscopic image of the fabricated WS2
nanoribbon FETs on Si/SiO2 substrate. (c) Key process steps for fabricating WS2 nanorib-
bons with zig-zag edges by combining physical (CHF3), wet-chemical (H2O2) etching and
nano-patterning processes. (d) Comparison of our nanofabricated WS2 nanoribbon channel-
width with state-of-the-art results.

contacts and Si/SiO2 substrate as back-gate.

6.1.2 Transport measurements of WS2 nanoribbon FETs
First, electrical transport measurements were performed to investigate WS2 nanorib-
bon properties at room temperature. Figure 6.2a shows the measured output
characteristics with source-drain current (Ids) as a function of applied source-
drain voltage (Vds) at various back-gate voltages, Vg = -10 to 80V. The nanorib-
bon channel conductance increases monotonically with increasing Vds for a fixed
applied gate voltage Vg. It is evident that with increasing Vg, the Ids increase
due to increasing carrier concentration in the WS2 nanoribbon channel. Figure
6.2b shows transfer characteristics (Ids vs. Vg) of the WS2 nanoribbon at different
Vds on a linear scale. We observed an increase of Ids with increasing positive Vg,
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Figure 6.2: Field effect transistor properties of WS2 nanoribbons. (a) Output
characteristics showing Ids vs. Vds of WS2 nanoribbon FET with a channel width of 70 nm at
different gate voltages. (b) Transfer characteristics of WS2 FET with 70 nm channel width
at different bias voltages. (c) Transfer characteristics of WS2 nanoribbons for different
channel widths with Vds = 5V. Inset schematic explains the narrow channel effect, where
the fringe-depletion enhances the threshold voltage (Vth) in the channels.(d) Semilog plots
of transfer characteristics for different widths of WS2 nanoribbon to estimate the narrow
channel effect. (e) The plots of threshold voltages Vth (top panel), on-state current level Ids

(middle panel) at Vg = 80V, and field-effect mobilities µ (bottom panel) for WS2 nanoribbon
FETs with different channel widths measured with Vds = 5V. The error bars in estimating
mobilities are calculated from the noise level in determining the transconductance. (f) Ids

vs. Vds properties of nanoribbon FETs with various widths at Vg = 80V, mimicking a diode
characteristic. Inset shows the actual device geometry with the source and drain contacts
that are asymmetrically positioned on WS2 nanoribbon and bulk regions.

which resembles typical n-type transport behavior, as expected for WS2 [185].
From the transfer characteristics, the field-effect mobility (µ = L

W CgVds

dIds

dVg
) is es-

timated to be 24 cm2V−1s−1 with Vds = 1V, where the gate capacitance per unit
area, Cg = ϵϵ0/dox = 1.15 × 10−8Fcm−2 (dox = 285 nm SiO2 structure with relatie
dielectric conctant ϵ = 3.9), L and W are channel length and width, respectively,
Vds is the applied drain-source voltage and dIds

dVg
is the transconductance (gm). We

estimated Schottky barrier height (SBH) of WS2 nanoribbon with Ti/Au contact
to be ϕb = 78 ± 2.5 meV using thermionic-emission model [91, 92, 186].
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6.1.3 Narrow channel effects in WS2 nanoribbon FETs
To study the evolution of electrical transport properties, we compared WS2 nanorib-
bon FETs with different widths (18 to 47 nm) fabricated on the same flake. Figure
6.2c and 6.2d show the transfer characteristics of different channel widths of WS2
nanoribbon FETs in linear and log scale, respectively. In the WS2 nanoribbons,
when the gate-induced depletion region is comparable to the channel width, the
narrow channel effect should dominate the transport mechanism [187], as schemat-
ically presented in the inset of Fig. 6.2c. In narrow channels, the effect of the
fringe depletion region should be significant in contrast to the wider channel, as
the latter has enough space for strong inversion [187]. The origin of the fringe
depletion most likely due to the surface absorbents (e.g., water, etchants) that re-
sults in carrier depletion [132]. The inversion region in the narrow channel requires
it to act on both fringe depletion and field depletion via an applied gate voltage,
which eventually enhances the threshold voltage (Vth) to accumulate charge car-
riers [132, 137].

As shown in Fig. 6.2e, we observe strong modulation in device parameters
due to narrow channel effects in WS2 nanoribbon FETs, such as on-state current
(Ids), threshold voltage (Vth), and field-effect mobility. It is conspicuous that with
increasing channel width (W) of nanoribbon, the corresponding on-state current
also increases because channel conductance (G = Ids/Vds = σWt/L) is directly
proportional to the width of the channel. We also observe that the Vth increases
with decreasing channel width due to the narrow channel effect, since the increase
of threshold voltage can be written as, ∆Vth ∝ (1 + π

2
Xdepmax

W ). Here, Xdepmax

and W are the maximum depth of depletion in WS2 nanoribbon and the channel
width, respectively. As long as W >> Xdepmax, ∆Vth does not scale much with
W, but when W ≤ Xdepmax, then ∆Vth greatly scales with W [188]. Furthermore,
relative channel current (Ids/L, L is the channel length) decreases with decreasing
channel width, and it can be understood by considering that the channel current
would decrease since Vth increases in narrower channels. We could measure good
transport properties in all WS2 nanoribbon FETs down to 18 nm, except for
the narrowest 9 nm channel width, which could be due to the shift of Vth to
higher gate voltages and could not be measured with our Si/SiO2 back-gated
device. Furthermore, the extremely narrow channel should be more susceptible to
the depletion width and edge-induced scattering mechanisms, which would limit
the mobility in the channel. From the transfer characteristics, the field-effect
mobility (µ) is estimated for different channel widths. The observed enhancement
of µ with increasing channel width can be attributed to the relatively reduced
edge/boundary induced scattering in wider channels in comparison to narrower
channels [132, 136].

Figure 6.2f shows the Ids vs. Vds properties of nanoribbon FETs with various
widths at Vg = 80V. Interestingly, the IV properties emulate diode characteristics,
showing enhancement of current for positive Vds (forward bias) and negligible
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current for negative Vds (reverse bias). It is conspicuous that the diode-like IV
behavior is observed in nanoribbon FETs with widths 18-48nm, unlike to the
symmetric IV in 70nm wide nanoribbon FET. The actual device geometry with the
source and drain contacts that are asymmetrically positioned on WS2 nanoribbon
and bulk regions, as shown in the inset of Fig. 6.2f. A hypothesis to explain such
diode properties is that etching pristine WS2 depletes electrons due to relatively
higher effects of surface absorbates and edge defects [132, 137] and transforms
nanoribbon WS2 a lesser n-type material, in other words, a p-type material in
comparison to the bulk (lower etching effects). Thus, one can attribute the etched-
nanoribbon part a p-type and the bulk part a n-type region, as a result it behaves
like a pn junction diode. Furthermore, the asymmetric SB at the contacts between
the nanoribbon and bulk regions can also give rise to such diode-like IV because
relatively lesser n-type nanoribbon section should have higher SB with the contact
compare to bulk WS2 region.

6.1.4 Temperature dependence of transport properties in WS2
nanoribbon

Next, we investigated the evolution of the transport properties in WS2 nanorib-
bon FETs with temperature (T) for different channel widths. Figure 6.3 (a,b,c)
presents the measured transfer properties in color contour plots at different T
for WS2 nanoribbon FETs having 18, 28, and 34 nm wide channels, respectively.
We observed strong insulating behavior for the 18 nm wide nanoribbon channel.
However, we observed a gate- and bias-voltage induced metal-to-insulator transi-
tion in wider nanoribbons (28 and 34 nm), which showed an insulating property
at the low T range (<200K) and metallic behavior at higher T range (>200K)
with a reduction in Ids with increasing T.

The evolution of field-effect mobility (µ) with temperature T is presented in
Fig. 6.3 (d,e,f) for WS2 nanoribbon FETs of 18, 28 and 34 nm channel widths,
respectively. The generic dependency of µ on T is fitted with µ ∝ T γ, where
the exponent (γ) depends on the scattering mechanism in the nanoribbons [185,
189]. For the 18 nm nanoribbon channel, we observe an increase of µ with an
increase of T at low temperature and saturation for higher T (> 235K). We
estimate γ ≈ 8.6 due to mainly the boundary/edge or impurity scattering process
in the 18 nm FET. Whereas for 28 nm FET, the γ ≈ 0.95 at the low T limit (<
165K) and γ ≈ -7.8 at the higher T limit were estimated. The limiting factor
of µ at the low T range can be correlated to the edge or impurity scattering
mechanisms, whereas µ is mainly dominated by phonon scattering at the higher
T range (> 250K) [95, 185, 189]. Similarly, for nanoribbon of 34 nm wide, we
estimate γ ≈ 1.94 at a lower T range (< 150K), ascribing to the dominating
edge/impurity scattering mechanism limiting the channel mobility. At the higher
T range (>200K), γ ≈ -4.7, consistent with the phonon scattering mechanisms



67

100 200 300
1

10

m
 (

c
m

2
V

-1
s

-1
)

T(K)

m  T 1.94± 0.15

m  T -4.7± 0.32 

34 nm

40 60 80

100

200

300

Vg (V)

T
 (

K
)

0.00

0.500

1.00

I (mA)

34 nm

150 200 250 300

0.01

0.1

1

m
 (

c
m

2
V

-1
s

-1
)

T (K)

Model Allometric1

Equation y = a*x^b

Plot mobility

a 1.76846E-21 ± 7.06902E-21

b 8.67287 ± 0.75384

Reduced Chi-Sqr 17.84476

R-Square (COD) 0.92798

Adj. R-Square 0.91357

m  T 8.6± 0.7 

18 nm

100 200 300

1

2

3

m
 (

c
m

2
V

-1
s

-1
)

T (K)

m  T 0.95± 0.06 

m  T -6.93 ± 0.09 

28 nm

40 60 80

100

200

300

Vg (V)

T
 (

K
)

5.00

10.0

 I (nA)

18 nm

40 60 80

100

200

300

Vg (V)

T
 (

K
)

0.00

50.0

100

150

I (nA)

28 nm

a

d

b

e

c

f

Figure 6.3: Temperature dependence of WS2 nanoribbon FET device parame-
ters. (a, b, c) Colour contour plots of the transfer characteristics within Vg = 40-80V of
the WS2 FETs with 18, 28 and 34 nm channel widths at different temperatures. (d, e, f)
Mobility µ as a function of temperature T of the WS2 nanoribbon FETs with 18, 28 and 34
nm wide channels along with the power-law fitting to µ ∝ T γ (solid line) at different temper-
ature ranges. The exponent (γ) depends on the scattering mechanism in the nanoribbons.
Error bars are estimated based on uncertainties in determining the conductance across the
channel.

limiting the channel mobility. Overall, in the wider channels, the dependencies of
µ on T in the low-temperature regime are consistent with transport dominated
by impurity scattering, whereas at T > 200K, it is limited by phonon scattering
mechanism. The narrowest channel shows dominant edge or impurity scattering in
comparison to wider channels, as expected because transport in narrow channels
are more influenced by the WS2 edges. Therefore, it is important to control the
edge structures of TMDC nanoscale devices by controlled fabrication processes.
The edge structures in our devices are sharp and zigzag-terminated [50] compared
to the nano-ribbons that are fabricated via physical etching techniques.

6.1.5 Gate and bias induced metal to insulator transition in
WS2 nanoribbon

We further examined the bias-dependent transport properties with temperature
to verify the influence of the edges or impurity states in our WS2 nanoribbon de-
vices. Figure 6.4a shows the transfer characteristics of WS2 nanoribbon FET (W
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Figure 6.4: Gate and bias induced metal to insulator transition in WS2 nanorib-
bon FET. (a) Colour contour plots of the temperature dependence of transfer characteris-
tics in WS2 nanoribbon transistor with a channel width of 70nm at Vds = 0.25V (top panel),
1V (middle panel), and 2V (bottom panel). (b) Ids as a function of temperature in WS2
nanoribbon transistor at Vg = 80V with Vds = 0.25V (top panel), 1V (middle panel), and
2V (bottom panel). (c) Derived exponent (α) at different temperatures from the power-law
fitting to verify the percolation transport mechanism in the WS2 nanoribbon FET. Inset
shows the deformation of the potential barrier with respect to the applied electric field in
the conduction band. (d) Arrhenius plot of σT 0.8 as a function of T − 1

3 along with the linear
fitting to disseminate 2D VRH with Vds = 0.25V (top panel), 1V (middle panel) and 2V
(bottom panel). (e) Localization length (ξ) at different Vg for Vds = 0.25V (black dots), 1V
(red dots) and 2V (blue dots).

= 70nm) at different temperatures with Vds = 0.25V, 1V, and 2V, respectively.
The WS2 nanoribbon FET demonstrates insulating properties at lower bias volt-
age (Vds = 0.25V) within the 80-300 K temperature range. However, with applied
Vds = 1V, the transistor deviates from insulating behavior with temperature, es-
pecially at higher temperature limits (T>275K), and remains metallic afterward
at high Vg. Interestingly, a stronger gate-induced metal to insulating transition
(MIT) is observed in the WS2 nanoribbon FET for higher Vds = 2V with a tran-
sition at Vg = 70V. To clearly visualize the MIT, Ids as a function of temperature
is plotted in Fig. 6.4b for different Vds and at Vg = 80V. Channel current Ids
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monotonically increase with T for Vds =0.25V, whereas for Vds = 1V the Ids first
increases with T but afterward decreases with increasing T (T>275K), and Vds

= 2V data shows a monotonic decrease of Ids with increasing T resembling the
metallic transport.

Gate and bias-induced MIT observed in WS2 nanoribbons can be attributed to
the percolation transport mechanism in TMDCs in a strongly interacting regime
[82, 94, 95]. The strength of the Coulomb interaction of the carriers can be
estimated by the Wigner-Seitz radius (rs), which is the ratio between Coulomb
potential, Ec, and kinetic (Fermi, EF ) energy of the carriers using the following
equation [189, 190].

rs = Ec

EF
= nv

α∗
B

√
πn2D

= nvm∗e2

4πϵℏ2√πn2D
(6.1)

Here, nv = 2 is degenerate valleys number, α∗
B = 4πϵℏ2/m∗e2 is effective Bohr

radius of the system, considering ϵ = 6.7 for multilayer WS2, m∗ = 0.34me is
the effective mass of the carriers in WS2 [185, 191]. We obtain rs ∼ 5.3 in the
nanoribbon FET at 80K near the MIT region with Vds=2V and a system with
rs >> 1 is considered strongly interacting [189]. Next, MIT due to percolation
driven transport and screening of the charge carriers depends on the applied gate
voltage with the relationship σ(Ids) = A(n − nc)α, where A, n, nc, and α are
proportional constant, carrier density, percolation threshold carrier density, and
critical percolation exponent, respectively [82, 94]. By considering n ∝ Vg, we
have (n − nc)α ∝ (Vg − Vc)α; where Vc is critical gate voltage for nc. When
Vg < Vc, carriers are strongly bound by the potential valleys and the WS2 chan-
nel shows semiconducting transport properties. For Vg > Vc, carriers are weakly
bounded by the potential valleys and the WS2 channel depicts metallic properties.
It is expected that in a 2D system, α = 1.33 (4/3). The estimated α (near the
transition region) in the WS2 nanoribbon FET at Vds = 2V is about 1.23 ± 0.1,
shown in Fig. 6.4c. In a strongly interacting system considering the percolation
transport model, the carriers in the channel transport via the tunneling and hop-
ping across the potential valleys, as presented schematically in the inset of Fig.
6.4c. As the electric field in the channel increases, the tunneling and hopping
probability increase because of distortion and decrease of barrier height, and WS2
nanoribbon FET shows MIT with gate voltage, as reported in monolayer and
multilayer pristine TMDCs [82, 94, 95].

Further, we analysed the bias- and gate-induced MIT transport in nanoribbon
WS2 FET in light of variable range hopping (VRH) model. In VRH transport,
carriers hop through the traps states in the crystal structure, along the edges or
at the WS2-SiO2 interface [192]. The conductance (σ) in the VRH model can be
expressed as

σ = AT me−(T0
T )γ

(6.2)
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where, A is constant, T0 is a hopping parameter related to characteristics tem-
perature, γ = 1

3 for 2D system and m is between -1 and -0.8 [95, 192]. Figure
6.4d shows the Arrhenius plot of σT 0.8 as a function of T − 1

3 along with the linear
fitting to equation 6.2 for Vds = 0.25V, 1V and 2V, respectively at various Vg. 2D
VRH has been reported in various 2D materials, where the localization length (ξ)
increasesdue to efficient screening of the potential of trap states at higher carrier
density [82, 94, 95, 192, 193]. The estimated ξ at different gate voltages with Vds

= 0.25V, 1V, and 2V is depicted in Fig. 6.4e. It is conspicuous that at the lower
Vds = 0.25V and 1V the ξ saturates around 8nm and 27nm, respectively with
Vg. On the contrary, for Vds = 2V the localization length exponentially increases
with Vg and a strong MIT is observed. These findings support our presumptions
of reducing the potential barrier of the trap states at the higher electric field in
the percolation mediated transport, presented in Fig. 6.4c (inset). Here, higher
Vds (electric field) assists the gate voltage (Vg) to screen the trap sites (reducing
the hopping mediated transport), thus transport takes place through unlocalized
states.

6.2 All-CVD MoS2-graphene heterostructure FET
Two-dimensional (2D) semiconductors and their van der Waals heterostructures
have generated huge interests for sustainable electronics, optoelectronics, and en-
ergy harvesting devices [53, 84, 138]. Moreover, neuromorphic computations and
non-volatile memory applications greatly desire memristive switching devices due
to their ability to store data and locally perform computation by electrical means
[142]. Conventional materials with metal-oxide-metal show memristive switch-
ing, but are limited by flexibility, scaling effects and high power consumption
issues [141]. On the other hand, 2D semiconductors can overcome such chal-
lenges [14]. So far, memristive switching in semiconducting 2D material (MoS2)
is realized with conventional 3D contact materials (Au) [53, 54]. However, mem-
ristive switching in all CVD 2D materials is a highly sought-after phenomenon for
large-area applications. In this section, we demonstrate the memristive switching
and contact properties of FET device based on scalable molybdenum disulfide
(MoS2)-graphene heterostructures grown by chemical vapor deposition (CVD).

Figure 6.5a shows the sketch of a MoS2 FET device with vdW graphene con-
tacts on Si/SiO2 substrate and electrical connections to measure basic transistor
properties. Si/SiO2 substrate is used to apply gate voltage (Vg). Graphene vdW
contacts are very suitable for 2D materials since it does not exert pinning effect
in the materials [89, 138]. The transfer properties ( Ids vs. Vg) are shown in Fig.
6.5b at various bias voltages, Vds = 1V-4V. The mobility is estimated to be 4
cm2V−1s−1 and threshold voltage (Vth) is around Vg = 0V. It is to be noted that
the transfer properties for Vds = 1V and 2V are almost similar, which is explained
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Figure 6.5: Gate-tunable memristive switching in all-CVD graphene and MoS2
heterostructure. (a) Schematic of MoS2 FET device with vdW graphene contacts on
Si/SiO2 substrate and electrical connections. (b) Ids vs. Vg at different Vds. (c) Ids vs.
Vds at Vg = 60V, where memristive switching is observed. The arrows indicate the sweep
directions. (d) Evolution of memristive switching with Vg.

in the next paragraph.
The Ids vs. Vds is shown in Fig. 6.5c and a switching behaviour of Ids with Vds

emerges. When sweeping the Vds up (toward positive values), Ids sharply decrease
from 1.65µA (low resistive state, LRS) to 0.75µA (high resistive state, HRS) at
Vds ∼ 2V. This switching (Vds ∼ 2V) explains the similar transfer properties,
shown in Fig. 6.5b for Vds = 1V and 2V. The ratio of the memristive switching
is about 2.2. Similar memristive switching is observed is CVD grown MoS2 with
vertical and lateral transistor transport with conventional metallic contacts [53,
54, 194]. To check the evolution of memristive switching in the MoS2 FET with
gate-voltage (Vg), Ids vs. Vds is measured at different Vg (Fig. 6.5d ) by sweeping
Vds up and down. It can be observed that memristive switching emerges at
Vg ≥ 50V. The mechanisms that can give rise to such gate-tunable memristive
switching are bias-mediated motion of defects in the MoS2 crystal, dynamic change
of Schottky barrier and migration of grain boundaries [53, 54, 195, 196]. This
gate-tunable memristive switching functionality in three terminal transistor with
atomically thin monolayer semiconducting TMDC and graphene vdW FETs have
prospects to be used in all CVD 2D material-based in-memory-computation and
data-storage devices.
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6.2.1 Gate tunable Schottky barrier at the all-CVD
MoS2-graphene heterostructure
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band structure accordingly.

The contact properties of CVD-grown graphene on MoS2 in vdW heterostruc-
ture were investigated to understand device performance for scalable applica-
tions. Figure 6.6a demonstrates a schematic of vdW heterostructure device of
MoS2-graphene on Si-SiO2 substrate and electrical connection to measure trans-
port properties. The temperature dependent Ids vs. Vg is shown in Fig. 6.6b
from 70K-300K at Vds = 1V. At this temperature range with this applied Vds,
the transfer properties show insulating behaviour, where with decreasing tem-
perature, Ids decreases. The thermionic emission model is used to estimate the
Schottky barrier (SB) in this heterostructure junction and the Arrhenius plots of
ln(Ids/T 3/2) with 1000/T at different Vg are shown in Fig. 6.6c [91, 92, 186, 197].
Figure 6.6d depicts the estimated SB at different gate voltages (Vg) at Vds = 1V.
The flat-band SB is found to be 20meV in CVD-grown MoS2-graphene junction
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at around Vg = -20V. The SB seems to be decreasing with increasing Vg, and at
Vg ≥ −5V, the calculation deviates from the thermionic emission model and lim-
its further SB estimation. Here, applied Vg modulates the Fermi level of graphene
and MoS2 simultaneously.

Figure 6.6e shows the pictorial illustration of band alignment of graphene and
MoS2 to explain the gate modulation of SB. When Vg is negative ≤ −20V ,
graphene is p-doped and MoS2 channel is off, then the SB height is higher. With
increasing Vg, the Fermi-level (EF ) in graphene moves toward the conduction
band (CB) and in MoS2, it moves towards Ec. At Vg = -20V, the flat-band con-
dition is reached (Fig. 6.6e, middle panel). Increasing Vg further moves the EF

in graphene into the CB and in MoS2, it moves nearer to Ec. At Vg ≥ −5V ,
inversion in MoS2 happens and graphene shows accumulation contact properties
[138, 197].

In summary, the realization of ultra-narrow nanoscale semiconducting WS2
FETs with atomically controlled zig-zag edges is extremely promising for future
scaling down of semiconductor technology. The adapted nanostructuring process
is compatible with the current semiconductor manufacturing using a top-down
approach by anisotropic wet etching in conjunction with physical etching tech-
niques. The charge transport properties in the extremely narrow channels are
found to be governed by the narrow channel effects, where the ON current and
mobility decrease and Vth increases with reducing the channel width. Besides,
memristive switching and SB analysis in all-CVD MoS2 and graphene vdW het-
erostructure have been presented. These all-CVD 2D vdW heterostructures have
prospects to be used in large-area nanoelectronics, future data storage and in-
memory-computation.





7 Conclusion and Outlook
The exploration of alternative device technology along with new materials is im-
portant for the near future computation and data storage processes. It is en-
visaged that the integration of memory and logic in compact device geometry
will enable efficient computation by reducing the time required to transfer data
between different components. Similarly, introducing neuromorphic computation
will be beneficial for low-power and higher-efficient computation and data storage
processes. Neuromorphic computation implements in-memory data processing
techniques by mimicking the human brain, where data processing and storage are
carried out using the neurons and synapses. Furthermore, scaling down conven-
tional silicon-based FET to enhance its performance and energy efficiency becomes
very complicated. Recent field effect transistors (FET) have evolved from planner
to vertical “fins” (FINFET) device design to improve device performance. More-
over, gate-all-around (GAA) FETs based on nanosheets are already proposed to
truncate the device size to further follow the Moore’s law. However, these schemes
require complicated fabrication processes and inflict mobility degradation due to
dangling bonds in ultrathin layers of conventional 3D bulk materials. Hence, new
technologies are needed to continue increasing device performance to meet future
demand.

Spintronic technology can be used in the next generation memory and logic de-
vices. Spintronics exploits electron’s charge and spin quantum properties for faster
and energy-efficient data storage and processes. Spintronic applications from 2D
materials offer a plethora of opportunities for device applications and to realize
fundamental physical phenomena. The main features of spintronic applications
are spin-polarized current generation, detection and modulation in a channel. We
utilized graphene as a spin transport channel and other 2D materials are used in
vdW heterostructure device geometry.

In this thesis, we take the advantage of high SOC property of vdW topolog-
ical insulator (TI) materials (BSTS) and combined it with graphene to explore
its spintronics properties in the non-local lateral spin-valve device. We presented
room temperature CSC and its inverse effect (ICSC) in BSTS and the detailed
dependence on bias current, gate voltage, different geometries and magnetization
orientations, proving the robustness of the CSC effects in the TI. We could con-
clude that both the CSC and the ICSC originate from the bulk SHE or REE, the

75
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TSML of the TI surface states, or a combination of these effects. A study on the
temperature dependence of (I)CSC measurements in TI-graphene heterostructure
can help to isolate different contributions of spin polarization from the bulk (SHE,
REE) and surface (TSML) states in the TI.

Next, we used semimetal TMDC (TaTe2) as a spin-injector and detector in
a lateral graphene spin-valve device at room temperature. Systematic bias and
gate-dependent measurements of the spin injection signal indicate that the origin
of spin polarization can mainly be because of the SHE or REE in TaTe2. The
advantage of using such a material as spin source is that the spin polarization
direction can be controlled by an electrical bias instead of the magnetic field as
conventionally achieved with ferromagnetic materials. Furthermore, we demon-
strated CSC in the normal metallic state of NbSe2 up to room temperature. The
engendered spin polarization is injected into the graphene channel and detected
in non-local measurement geometry via spin-switch and Hanle spin precession
measurements. A higher CSC signal in NbSe2 is detected at a lower temper-
ature, however, in its non-superconducting state. Systematic measurements of
the spin-switch and Hanle signals reveal that the possible origins of the in-plane
spin polarization are predominantly due to the SHE or REE in NbSe2 considering
different symmetry-permitted CSC processes. It would be a great leap of advance-
ment in spintronics to observe the CSC effect in NbSe2 in the superconducting
state since superconducting quantum materials with high SOC can enhance the
spintronic device performance by generating a larger spin current with a long spin
lifetime [164, 167].

To modulate spin transport in the graphene spin channel, we used proximity-
induced SOC effects of TMDCs. Graphene in proximatized to MoTe2 acquires
strong Rashba SOC and a spin-texture with spin-split conduction and valence
bands, which allow tuning of spin-signal by a gate voltage. We observed gate-
tunable SGE in graphene-MoTe2 heterostructure that can be used for gate-controlled
MRAM and spin-logic devices. Moreover, we measured spin-valley coupling and
spin-relaxation anisotropy in all-CVD graphene-MoS2 heterostructure devices,
compatible with scalable devices. Spin precession and dynamics measurements
reveal an enhanced SOC strength in the heterostructure compared to the pristine
graphene at room temperature. Another exciting aspect is the observation of spin
lifetime anisotropy in the graphene-MoS2 heterostructure, which results in spin
filtering functionalities due to the different spin relaxation times for in-plane and
out-of-plane spins. Further study can shed some light to enhance imprinting SOC
in graphene, for example, by improving the wet-transfer technique, integrating
hBN substrate to get a clean homogeneous interface between the graphene and
MoS2.
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Interestingly, a memory unit is accompanied by a field-effect transistor (FET) to
access a particular memory cell. Hence, all-2D memory applications will require
2D material-based FETs. Besides, in the post-silicon era, 2D TMDC semicon-
ducting materials (MoS2, WS2) have enormous potential for applications in next-
generation (opto-) electronics and sensors. It is essential to investigate and en-
gineer their electronic features by using an industrial-compatible etching method
with atomic-scale control in the compact FET device structure to engineer their
physical transport properties. In this thesis, we showed the fabrication of WS2
FET with sub-10 nm width using a controlled anisotropic wet chemical technique.
The adapted nanostructuring process is compatible with the current semiconduc-
tor manufacturing processes using a top-down approach of anisotropic wet etching
in conjunction with physical etching techniques. The charge transport properties
in the extremely narrow channels are found to be governed by the narrow chan-
nel effects, where the ON current and mobility decrease and Vth increase with
reducing the channel width. Surprisingly, we observed diode-like IV behavior in
the nanoribbon FETs with narrow channels (18-48nm) due to etching-dependent
doping in the channels and such diode-like IV was not present in the FET with
wider channels (70nm).

Temperature-dependent mobility in the nanoribbon FETs infers a competitive
trend between phonon and defect-mediated scattering, where defect-mediated
scattering is dominant in narrower channels. Gate and bias-induced MIT with
temperature are observed and attributed to percolation-driven transport in the
nanoribbons. In addition to the narrow channel TMDC FETs demonstrated here,
the development of nanostructuring techniques for monolayer materials in a large
area will enable a further leap in the miniaturization of transistors. Furthermore,
the use of 2D materials heterostructures can enhance channel mobility and novel
device architectures could help to reduce the channel length and gate dimensions
to a sub-nm regime for cutting-edge nanoscale devices and electronic circuits. We
also presented memristive switching and carried out Schottky barrier analysis in
atomically thin all-CVD MoS2-graphene vdW heterostructure FETs. The CVD-
grown materials have prospects to be used in large-area nanoelectronics, data
storage and computation. Fabrication and characteristics of ultra-narrow WS2
nanoribbon FETs and all-CVD vdW heterostructure open the platform for inves-
tigating electronic properties and the development of unique nanoscale devices
with 2D materials.
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Abstract

Topological insulators (TIs) are emerging materials for next-generation nanoelec-
tronic devices, thanks to the non-trivial spin-momentum locking of their topological
surface states. Although charge-spin conversion (CSC) has previously been reported
in TIs by potentiometric measurements, reliable nonlocal detection has so far been
observed only at cryogenic temperatures up to T = 15K. Here, we report nonlocal
detection of CSC and its inverse effect in a TI compound Bi1.5Sb0.5Te1.7Se1.3 at room
temperature using a van der Waals heterostructure with a graphene spin valve de-
vice. The lateral nonlocal device design with graphene allows observation of both spin
switch and Hanle spin precession signals for generation, injection and detection of spin
currents by the TI. Detailed bias- and gate-dependent measurements in different ge-
ometries prove the robustness of the CSC effects in the TI. These findings demonstrate
the possibility of using topological materials to make all-electrical room-temperature
spintronic devices.

Keywords

topological insulator, charge-spin conversion, graphene spin-valve, Hanle spin precession,

spin Hall effects, spin momentum locking, room temperature
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Topological insulators (TIs) have attracted significant attention in condensed matter
physics and information technology because of their unique nontrivial electronic band struc-
ture with topologically protected electronic states.1–3 Their inverted bulk bands for electronic
excitations induced by strong spin-orbit coupling creates a gapless metallic Dirac state with
helical spin textures.4–6

The topological states are characterized by spin-momentum locking (SML), where the
electron spin orientation is locked perpendicularly to its momentum. Such spin-polarized
states have a great potential for spintronic technologies, as application of a charge current
can create a significant non-equilibrium spin density, providing a large charge-spin conver-
sion (CSC) efficiency.7–10 The spin polarization has been utilized to create energy-efficient
magnetization dynamics and switching of an adjacent ferromagnet (FM) in a heterostructure
via spin–orbit torque (SOT) phenomena.8,11–13 However, the origins of a large SOT are not
well understood14 and the contributions of spin polarization from the topological surface
states, quantum confinement at the surfaces and bulk bands can coexist at the Fermi level,
and interfacial effects in TI/FM heterostructures15,16 cannot be ruled out.

The CSC effects in TIs have been investigated using ferromagnetic (FM) tunnel contacts
in potentiometric measurements up to room temperature17–23 and the competition between
the bulk and surface contribution has been evaluated.24 However, the background voltage
in local measurement geometries and TI/FM interfaces also raise concerns about the mea-
sured signals. It has been shown that nonlocal (NL) measurement geometries enable the
measurement of pure spin currents without any charge current contribution.25,26 Graphene
based hybrid spin valves have been employed in the sensing circuit to take advantage of
graphene’s excellent spin transport and precession capabilities.27–31 However, the measured
NL spin signals were only detected at very low temperatures up to T = 15K,30 limiting its
practical applications.

Here, we demonstrate room temperature CSC and its inverse effect in the TI Bi1.5Sb0.5Te1.7Se1.3
(BSTS) using a van der Waals (vdW) heterostructure with a graphene spin valve device. The
generated spin current in the TI is injected into a chemical vapor deposition (CVD) graphene
channel and subsequently detected using a FM contact in a hybrid NL spin valve device. We
take advantage of the lateral NL spin valve device design with graphene to observe both spin
switch and Hanle spin precession signals, reliably demonstrating generation, injection and
detection of spin currents by the TI. Detailed measurements in different device geometries
and bias- and gate-dependent studies at room temperature prove the robustness of the CSC
effects in the TI.

Results and discussion

To detect CSC in the TI, we utilized BSTS and graphene heterostructure based spin valve
devices, as shown in Figures 1a-b. We choose BSTS as a TI, which is part of the well-
studied5,15,18,30,32–35 Bi2-xSbxTe3-ySey familty of TIs and has its Fermi level in the band gap,
giving rise to a dominant surface contribution to maximize the CSC efficiency.24,36,37 On the
other hand, we used CVD graphene as the spin channel material because it has been shown
to exhibit a robust and long distance spin transport with multifunctional spin logic operation
at room temperature,27–29 as well as being more suitable than exfoliated graphene for future
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Figure 1: Graphene/BSTS heterostructure device for nonlocal detection of charge-spin con-

version at room temperature. (a, b) Schematic and coloured SEM image of the graphene/BSTS het-

erostructure device with NL measurement geometry, with reference nonmagnetic (Cr/Au) and FM (TiO2/Co)

contacts. The scale bar shown is 5µm. (c) Schematic of two CSC mechanisms: the Rashba-Edelstein effect

(REE) and topological spin-momentum locking (TSML). (d) Spin switch signal (RNL = VNL/I) for spin

injection from BSTS with By magnetic field sweep. (e) Hanle signal RNL with Bz magnetic field sweep.

The measurements were performed at T = 295K for a bias current of I = 150µA and a gate voltage of

Vg = −70V. Linear backgrounds of 4µV and 5µV have been subtracted from the measured data in (d) and

(e), respectively.

large-scale fabrication.25,27,38 We fabricated graphene/BSTS vdW heterostructures with ref-
erence non-magnetic (20 nm Cr/90 nm Au) and FM (∼ 1 nm TiO2/90 nm Co) contacts for
spin injection and detection in the graphene channel (see Supplementary information S1).
Here, the TiO2 oxide layer acts as a tunnel barrier to help mitigate issues with the graphene
channel.39,40

The CSC in TIs can arise due to the bulk spin Hall effect (SHE), the Rashba-Edelstein
effect (REE) of the bulk states or the trivial surface states, and/or the topological spin-
momentum locking (TSML) of the surface states.33,41 As shown in Figure 1c, the Fermi
surface has a winding spin texture for both REE and TSML, which will be offset from the
equilibrium position by the additional electron momentum that is caused by an applied
electric field.35,42 Importantly, BSTS has been found to have dominant TI properties below
90K,24 which means that also the bulk SHE and the bulk REE can contribute to CSC at
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room temperature, although the TSML may still be present.
We used a recently developed device geometry and measurement technique for detection

of CSC in the TI, shown in Figure 1a.43–47 An applied charge current creates a spin density
due to CSC in the TI, which is then injected into the graphene spin channel. The diffused
spin polarization in the graphene channel is detected as a NL voltage by a remote FM
electrode placed at a channel length of L = 3.4µm (center-to-center distance) away from
the TI flake. First, spin switch measurements were performed while sweeping an in-plane
magnetic field along the y axis (By), which is the easy axis of the FM electrodes. The applied
magnetic field results in switching of the magnetization orientation of the FM detector from
parallel to antiparallel orientation with respect to the injected spin-polarized electrons from
the TI into the graphene channel. This results in a change in NL resistance (RNL = VNL/I)
as shown in Figure 1d, where VNL is the measured voltage and I is the applied charge
current across the graphene/TI structure. In order to prove the spin origin of the signal,
Hanle spin precession measurements were conducted by sweeping the magnetic field out-of-
plane along the z axis (Bz). This causes the in-plane spins to precess and dephase while
diffusing along the graphene channel, and reach the FM detector electrode with a finite angle
with respect to the contact magnetization direction.26 As shown in Figure 1e, the measured
Hanle signal RNL depends on Bz, as it changes the projection of the spin polarization onto
the FM contact magnetization direction. The observation of both spin switch and Hanle
spin precession signals is a confirmation of the spin injection from the TI into the graphene
channel due to an efficient CSC effect. By using data from the CSC signals and reference
measurements (see below), the spin polarization of the BSTS flake could be estimated to
about 0.1% (see Supplementary information S2).

The Hanle signals were further investigated with the magnetization direction of the FM
detector electrode in parallel and antiparallel orientations (±y), respectively, as shown in
Figure 2a. Depending on the FM magnetization direction, the Hanle signal has either a
minimum or a maximum around Bz = 0. The two curves for opposite magnetization were
averaged to get rid of any non-spin-related background (see Supplementary information S3).
As the observed signals are not symmetric, the averaged signal was then deconvoluted into
its symmetric and antisymmetric components and subsequently fitted (see Supplementary
information S3). From this, values for the spin lifetime τs and the spin diffusion length
λs in the graphene were extracted as 75 ps and 1.5µm, respectively. The relative contri-
bution of the symmetric and antisymmetric components depends on the angle between the
polarization of the spin current that is injected from the BSTS flake into the graphene and
the magnetization direction of the FM detector contact,27,45,47 and this angle could here be
estimated to φ = 67± 1◦ (see Supplementary information S3). Simulated Hanle signals for
different values of φ are illustrated in Figure 2b.45,47

The asymmetric characteristic of the Hanle signals can have different origins, such as a
combination of conventional and unconventional CSC mechanisms,48,49 however, the most
likely one is the bias current distribution in the TI. Because of the positions of the two
electrodes (one on TI and the other on graphene) that the bias current is applied between,
the charge current through the BSTS flake has nonzero x, y and z components. Due to the
mechanism of the CSC, the generated in-plane spin polarization (which is detected in the
Hanle measurements) will be perpendicular to the charge current. The injected spin from the
TI into the graphene channel will therefore have nonzero x and y components, corresponding
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Figure 2: Asymmetric components of the charge-spin conversion Hanle signal. (a) Hanle spin

precession signals with FM contact magnetization along the +y (↑) and the −y (↓) direction, respectively,

as well as the averaged signal (Avg) and the symmetric (Sym) and the antisymmetric (Asym) components

of the averaged signal. The green and purple solid lines are fits of the respective signal components, and

the blue solid line is a guide to the eye for the averaged signal. The measurements were performed for

I = 150µA and Vg = −70V. The data are shifted vertically for clarity. (b) Simulation of the evolution

of the CSC signal with the tilt angle of the injected spin polarization in the device. Inset: The top view

of the CSC measurement geometry with the tilt angle (φ) of spins S injected from the BSTS with respect

to the magnetic moment M of the FM spin injector. (c) A reference spin valve signal measured in pristine

graphene with FM contacts used as both spin injector and spin detector. The measurement was performed

for I = −50µA and Vg = −70V. Inset: Schematic of the measurement setup with pristine graphene. (d)

Hanle spin precession signal for measurement in pristine graphene. The solid line is a fit of the detected

signal. The measurement was performed for I = −100µA and Vg = −70V. Linear backgrounds of 5µV,

−1µV and −1µV have been subtracted from the measured data in (a), (c) and (d), respectively.

to asymmetric Hanle signals.27,34,43,45,47,48

For comparison, signals from spin valve and Hanle measurements in a pristine graphene
region of the same device with FM electrodes as both spin injector and detector28 are shown
in Figures 2c-d. In contrast to the CSC-based measurements, the Hanle signal for pristine
graphene is symmetric, because the injected spin and the detector contact magnetization
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are always either parallel or antiparallel. The spin transport parameters that were extracted
from Figure 2d are τs = 45 ps and λs = 0.85µm. Similar Hanle measurements for the
graphene channel across the vdW heterostructure (see Supplementary information S4) give
τs = 103 ps and λs = 1.0µm. The variation in transport parameters between the three
different measurements is most likely because of differences in contact and channel properties.
By comparing the results from the pristine graphene to those from the vdW heterostructure,
we can conclude that there is little or no spin absorption by the TI flake, as discussed in
Supplementary information S4.

Geometry and bias dependence of CSC in TI

In order to investigate the origin of the CSC, experiments were performed for the different
measurement geometries shown in Figure 3a. In the first geometry, the bias current I1 is
applied on the +x side of the BSTS flake and the NL voltage V1 is detected on the −x side
of the flake. In the second setup, an opposite geometry is used with I2 and V2. Both setups
have similar channel lengths of 3.4µm and 3.2µm, respectively. As shown in Figure 3b, there
is a sign change for the spin switch signal between the two measurement geometries: setup 1
gives a high NL voltage when the contact magnetization of the detector is in the +y direction
and a low NL voltage for −y contact magnetization, while setup 2 gives the opposite. The
origin of the CSC must therefore be odd with the x component of the charge current, but
may also depend on the y and z components. This behavior indicates that the origin of the
spin current can be due to either of the conventional SHE, REE or TSML, since all of these
effects depend on the in-plane charge current direction.33,34,41 These control experiments,
however, rule out any such unconventional CSC mechanism in the TI as the one recently
reported in the case of WTe2,

43 where the latter showed a CSC which is independent of the
x component of the charge current. It should be noted that differences in amplitude between
the two signals in Figure 3b can arise from different detector FM contacts being used, which
may have different polarizations and/or interface resistances with the graphene.

The bias current dependence of the spin signal was examined through both spin switch
and Hanle measurements with an experimental setup as shown in Figure 3c. Both the spin
switch (Figure 3d) and the Hanle (Figure 3e) signals show a sign change with reversed bias
current. Furthermore, Figure 3f shows a linear bias dependence of the amplitude of both the
spin switch and the Hanle signals. Here, the Hanle signal is larger than the spin switch signal.
This is logical because the Hanle amplitude is the vector addition of the symmetric and the
antisymmetric components, and therefore consists of both the x and the y components of
the injected spin polarization from BSTS into graphene, due to the precession of spins in the
xy plane. The spin switch signal, on the other hand, consists of only the y component of the
spin, since there is no precession and the FM detector is only sensitive to spin components
in the y direction.

Furthermore, considering that reversing the bias current means changing between injec-
tion and extraction of polarized spin, the observation of a sign change of the spin signal is
as expected.47 In principle, the linear bias dependence is also expected, since a larger charge
current enables a larger spin polarization. The observation of linear bias dependence also
rules out thermal effects (e.g. the Seebeck effect) in our data in the measured bias ranges.50
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Figure 3: Geometry and bias current dependence of charge-spin conversion signal in

graphene/BSTS junction. (a) Schematic of the device and the two different CSC measurement ge-

ometries. (b) Spin switch signals for each of the two measurement geometries. The measurements were

performed at room temperature for I = 120µA and Vg = −60V and for I = 300µA and Vg = −75V,

respectively. (c) Schematic of the device and measurement geometry with arrows indicating the direction of

positive and negative bias currents. (d, e) Spin switch and Hanle signals for I = 120µA and I = −150µA.

The Hanle signals are presented with corresponding guides to the eye. The measurements were performed

at room temperature for Vg = −60V and Vg = −70V, for spin switch and Hanle signals, respectively, and

the data are shifted vertically for clarity. (f) The amplitude of the measured spin switch and Hanle signals

as a function of bias current, and linear fits. Some error bars are smaller than the data points. Linear back-

grounds of −4µV and 28µV in (b), −4µV and 4µV in (d) and 1µV and −3µV in (e) have been subtracted

from the respective measured data.

Gate dependence of CSC signal in TI

The gate dependence of the spin signal was investigated using the device geometry shown
in Figure 4a, with use of the n++Si/SiO2 substrate as the back gate. Figure 4b shows the
Dirac curves of the graphene channel, both for pristine graphene and in the graphene/BSTS
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Figure 4: Gate voltage dependence of charge-spin conversion signal in graphene/BSTS junc-

tion. (a) Device geometry for gate dependence measurements with back gate. (b) The Dirac curve of

heterostructure and pristine graphene regions of the device. (c, d) Spin switch and Hanle spin precession

signals for electron and hole doped graphene regimes measured at Vg = ±70V and I = 150µA at room

temperature. The Hanle signals are presented with guides to the eye. The data are shifted vertically for

clarity. (e, f) Spin valve and Hanle signals of the pristine graphene region at electron and hole doped

graphene regimes, measured at Vg = ±70V and I = −100µA at room temperature. Linear backgrounds of

−7µV and −3µV in (c), 2µV and 3µV in (d), 4µV and 0µV in (e) and −2µV and −1µV in (f) have been

subtracted from the respective measured data.

heterostructure region. The Dirac points at Vg = 43V (for the heterostructure region) and
Vg = 41V (for pristine graphene) indicate negligible contribution from doping of graphene
by the TI and band misalignment between the graphene and BSTS, which could have offset
the charge carriers. The difference in the resistances comes from the longer channel for the
graphene/BSTS heterostructure. The mobility of the charge carriers was calculated51 to be
µHS = 1200 cm2/Vs for the heterostructure graphene and µpr = 1000 cm2/Vs for the pristine
graphene, as reported in literature.34,46,52,53

The gate dependence was measured for spin switch and Hanle spin precession, as shown
in Figures 4c-d. As the TI is not very sensitive to gate voltage in our experiments (because
of shielding by the graphene and the thickness of the TI flake itself, see Supplementary
information S8), the modulation of the Fermi level in graphene from p- to n-doped regime
for Vg = ±70V causes only a small Fermi level tuning of BSTS and does not change the
sign of the signal, proving the spin origin of the signal and ruling out any artifact arising
from the stray magnetic field from the detector FM contacts on the graphene.54 The absence
of a sign change of the spin signal also indicates that the CSC does not originate from
proximitized graphene in our device.34 This is because both the proximity-induced SHE and
the proximity-induced REE would have given rise to a sign change of the spin polarization
with change in the carrier type in graphene.34,53,55,56 The possibility that the change of the
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charge carrier type would be prevented by screening of the electric field in graphene due to
the proximity to the TI57 was deemed very unlikely because a sign-change of the proximity-
induced REE signal has previously been observed with a change of the carrier type in similar
CVD graphene/TI heterostructures.34

In our device, the contribution from the bulk SHE and the bulk REE in the TI are,
however, not expected to cause a sign change, since this would necessitate the Fermi level
to be tuned across the TI band gap and would therefore require a very large applied gate
voltage.34,52 The TSML does not give a sign change either, even when the Fermi level is tuned
across the TI Dirac point, due to the opposite chirality of the TSML above and below the
Dirac point, which counteracts the effect of the changed charge carrier types.24,34 It should
furthermore be noted that our device geometry is not very suitable for seeing proximity-
induced CSC, since these effects require the charge and spin currents to be perpendicular at
the graphene/BSTS interface. While it is possible for some charge current to flow in the y
direction at the interface, this is not the main contribution of the charge current direction.
Additionally, the proximity-induced SHE further requires out-of-plane spin polarization,58

which is not observed in the spin switch and Hanle measurements. However, because of
the aforementioned similarities between the bulk SHE, the bulk REE and the TSML, it is
not possible to further discern the exact contributions of the CSC in our device at room
temperature.

For comparison, signals from spin valve and Hanle measurements in pristine graphene,
with FM electrodes as both spin injector and detector, are shown in Figures 4e-f. Gate
voltage modulation results in a behavior that is very similar to the case with CSC, with
the main difference being the symmetry of the Hanle signals, as already discussed above.
The detailed gate dependence of the Hanle spin signal and the extracted spin transport
parameters are shown in Supplementary figure S3.

Inverse CSC effects

Inverse CSC (ICSC) experiments were also performed with the TI to verify the Onsager
reciprocity of the system, by injecting spin current from the FM contact into the graphene
channel. The spin current in graphene is absorbed by the TI and produces a NL voltage,
as shown in Figure 5a for two different measurement geometries. The spin polarization
causes the Fermi surface spin textures of the TI to shift from the equilibrium position in
the way shown in the inset of Figure 5a, which should give rise to a charge current. Spin
switch measurements indeed showed ICSC effects (Figure 5b), which was measured at room
temperature. It can clearly be seen that the CSC (Figure 3d, bottom signal) and the ICSC
(Figure 5b) obey the Onsager reciprocity by generating spin signals of opposite sign for
similar bias current and the same geometry, due to the spin diffusion current having opposite
directions in the two cases.

The spin polarization of BSTS in the ICSC measurement was determined to about 0.2%,
slightly higher than for the CSC counterpart. The reason for this slight difference could
be due to different spin injection and detection efficiencies of the graphene/BSTS and the
graphene/FM contacts with and without bias voltages. Moreover, it is important to mention
that the electric field across the BSTS flake in the CSC measurement, which is different from
the ICSC measurement, can also reduce the measured spin polarization.
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Figure 5: The inverse charge-spin conversion signal in graphene/BSTS junction. (a) Schematic

of the device and the two different measurement setups for measuring ICSC. Inset: Schematic of ICSC

through the inverse Rashba-Edelstein effect (IREE) and TSML. (b, c) Spin switch NL signals for each of

the two measurement setups in (a). The measurements were performed for I = −150µA and Vg = −70V and

for I = −100µA and Vg = −75V, respectively. (d) Spin switch NL signals for Vg = 80V and Vg = −75V

at I = −100µA in measurement geometry 2. (e, f) Hanle spin precession signals for the two measurement

setups with FM contact magnetization along the +y (↑) and the −y (↓) direction, respectively, as well as

the averaged signal (Avg) and its symmetric (Sym) and antisymmetric (Asym) components. The green and

purple solid lines are fits of the respective signal components, and the blue solid lines are guides to the eye

for the averaged signals. The measurements were performed for I = 130µA and Vg = −75V. The data are

shifted vertically for clarity. Linear backgrounds of −11µV in (c), −22µV and −11µV in (d), 10µV and

3µV in (e) and −7µV and −7µV in (f) have been subtracted from the respective measured data.

10



Measurements in two geometries with opposite x components of the spin current showed
a change in sign of NL voltage when the polarization of the injected spin current was reversed
(Figures 5b-c). This means that the ICSC has a dependence on the x component of the spin
current, similarly to the direct CSC. This, combined with the fact that no sign change of the
ICSC signal was detected for reversal of the gate voltage in both n- and p-doped graphene
regimes (Figure 5d), agrees with the results from the CSC experiments and indicates that
the ICSC comes from the TI and not from proximitized graphene.

The Hanle spin precession measurements in the two geometries are shown in Figures 5e-
f. The signals for opposite contact magnetization direction were averaged and subsequently
deconvoluted into symmetric and antisymmetric components in the same way as described
for the CSC signals. The angles between the polarization of the injected spins from the FM
contact and the SML of the TI were calculated to be φ = 24± 8◦ and φ = 7.2± 0.2◦ for the
two geometries, respectively. The most likely explanation for the difference in asymmetry
between the CSC (Figure 2a) and the ICSC (Figures 5e-f) signals is that the charge current
of the CSC effects has a distribution along different paths through the interface and/or the
BSTS flake with and without the application of a bias (see Supplementary information S6).

The spin Hall angle was estimated46,48,59 to be θSHE ≥ 2.8% and the spin Hall length scale
was subsequently calculated46,48 as λSHE = θSHEλ

BSTS
s ≥ 0.55 nm, where λBSTS

s is the spin
diffusion length of the BSTS. Similarly, the REE efficiency parameter was calculated34 to be
αREE = 2.8% and the Rashba-Edelstein length scale was estimated34 to λREE ≤ αREEλs =
16.7 nm, where the spin diffusion length of graphene, λs, is chosen as an upper bound of
the heterostructure spin diffusion length. However, these values are only to be regarded as
rough estimates, due to the used models not being accurate for our measurement geometries.
The calculations are shown in detail and the results are discussed in the Supplementary
information S7.

Finally, some important differences should be emphasized between this work and a pre-
vious work by our group,34 where the origin of the ICSC was found to be the proximity-
induced IREE in graphene. First and foremost, the voltage signal was measured directly
in the graphene Hall cross in the previous work, while this work utilizes contacts on top of
the TI flake. In the first case, spins are more likely to only propagate through the graphene
channel, leaving them mainly unaffected by the surface and bulk effects of the TI. Mean-
while, this work requires spins to be absorbed by the TI in order for a voltage to be detected.
This difference in measurement geometry hence greatly influences the relative exposure of
the polarized spins to the TI flake and the graphene in the heterostructure region, respec-
tively. Second, the two different TIs that are used in the two works ((Bi0.15Sb0.85)2Te3 and
Bi1.5Sb0.5Te1.7Se1.3, respectively) are expected to have different electronic band structures
and properties, which may also affect the relative contribution of the different possible ICSC
mechanisms.
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Conclusion

In summary, we demonstrated room temperature CSC and its inverse effect in the TI BSTS,
using a hybrid device with a graphene spin valve. The lateral nonlocal spin switch and
precession measurements, supported by the detailed dependence on bias current, gate volt-
age, different geometries and magnetization orientations, prove the robustness of the CSC
effects in BSTS. We could conclude that both the CSC and the ICSC originate from the
bulk SHE or REE, from the TSML of the TI surface states or from a combination of these
effects. These results prove CSC effects in TIs at room temperature, which is considered
a potential candidate for SOT-based memory, logic and neuromorphic computing technolo-
gies.3,60 With the recent progress in graphene spintronics,27–29 the attainment of TIs as spin
injectors/detectors can also provide substantial advances in all-electrical spin-based devices
and integrated circuits in 2D architectures.

Methods

Patterned graphene stripes were processed from 7mm chips cut from a 4 ′′ wafer with CVD
graphene (from Grolltex Inc.) through electron beam lithography and oxygen plasma etching.
The Bi1.5Sb0.5Te1.7Se1.3 (BSTS) flakes were exfoliated mechanically on top of the graphene
stripes inside a glovebox in N2 atmosphere. Nonmagnetic reference contacts (20 nm Cr/90 nm
Au) on BSTS and graphene were made using electron beam lithography, thin film deposition
by electron beam evaporation and liftoff in acetone at 65 ◦C. Ferromagnetic tunnel contacts
(∼ 1 nm TiO2/90 nm Co) were subsequently made similarly using electron beam lithography,
thin film deposition and liftoff processes. The TiO2 tunnel barriers were prepared by electron
beam evaporation of Ti in two steps, each followed by in-situ oxidation in a pure oxygen
atmosphere. The bias current and gate voltage were applied using a Keithley 6221 current
source and a Keithley 2400 source meter, respectively, and the nonlocal voltage was detected
by a Keithley 2182A nanovoltmeter.
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A spin-polarized current source using nonmagnetic layered materials is promising for next-generation all-
electrical spintronic science and technology. Here we electrically created spin polarization in a layered semimetal
TaTe2 via the charge-spin conversion process. Using a hybrid device of TaTe2 in a van der Waals heterostructure
with graphene, the spin polarization in TaTe2 is efficiently injected and detected by nonlocal spin-switch, Hanle
spin precession, and inverse spin Hall effect measurements. Systematic experiments at different bias currents and
gate voltages in a vertical geometry prove the TaTe2 as a nonmagnetic spin source at room temperature. These
findings demonstrate the possibility of making an all-electrical spintronic device in a two-dimensional van der
Waals heterostructure, which can be essential building blocks in energy-efficient spin-orbit technology.

DOI: 10.1103/PhysRevResearch.2.033204

I. INTRODUCTION

Spintronic technology was mainly governed by the gener-
ation of spin-polarized currents by using the exchange inter-
action of conduction electrons in magnetic materials, which
require a magnetic field to control their spin orientation [1–4].
However, the demand for faster and smaller spintronic tech-
nologies for memory, logic, and artificial intelligence requires
efficient and spontaneous spin-polarized current sources using
nonmagnetic materials, where all the device operations can
be controlled by electrical means [5,6]. Recently, the elec-
tronic generation of spin-polarized currents was realized in
nonmagnetic materials via the spin Hall effect (SHE), Rashba-
Edelstein effect (REE), and spin momentum locking (SML)
phenomenon [7–9].

Due to their potential for spintronic applications, the
SHE and REE were extensively studied in heavy metals
[10,11], semiconductors, oxide heterostructures [7], and more
recently, on transition metal dichalcogenides (TMDs) [12],
Weyl semimetals [12,13], Rashba spin-orbit materials [14],
and their heterostructures with graphene [12,13,15–18]. Topo-
logical insulators (TIs) were shown to possess SML char-
acteristics in the Dirac surface states, which could be de-
tected using potentiometric measurements [19–21] and the
charge-spin conversion process [22–24]. However, the spin
injection from TIs into graphene is so far restricted to very
low temperatures due to contributions from trivial bulk states
[25,26]. Utilizing the SHE in Pt metal thin films, spin injec-
tion and detection has been realized in a graphene channel
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[10,11]. However, the direct deposition of metallic layers
on graphene can modify its electronic properties [27,28].
Recently discovered two-dimensional (2D) magnets can be
potential candidates for spin injection into graphene; however,
the low Curie temperature of the 2D magnets at this stage
limits their room-temperature applications [29]. Therefore,
finding a nonmagnetic layered material as a spin source in
a van der Waals (vdW) heterostructure with graphene is
necessary for newly emerging 2D spintronics science and
technology [30].

Using our recently developed vertical measurement geom-
etry [13], we demonstrate the electronic creation and injection
of in-plane spin polarization using a layered semimetal tanta-
lum ditelluride (TaTe2) due to efficient charge-spin conversion
processes. In a hybrid spintronic device, the spin polarization
generated in TaTe2 is efficiently injected into the graphene
channel and subsequently detected by a ferromagnet using
a sensitive nonlocal spin-valve and Hanle spin precession
measurements. Detailed measurements using different bias
currents and gate voltages provide insight into the current-
induced spin polarization in TaTe2 at room temperature.

II. RESULTS AND DISCUSSION

The choice of the layered monoclinic (1T’) semimetal
TaTe2 is motivated by its high spin-orbit interaction (SOI)
originating from 5d electrons along with the potential for use
in charge-to-spin conversion technologies [7,31], and it can be
exfoliated into thin 2D layers. Mainly, TaTe2 is an excellent
candidate for the generation of pure spin current due to SHE
[7,32] and REE [9,33,34], as shown schematically in Fig. 1(a).
Figure 1(b) shows the fabricated device picture, where a
vdW heterostructure of TaTe2 is prepared with a graphene
channel to use its excellent spin transport properties [35,36]
together with ferromagnetic Co/TiO2 (FM) injector/detector
tunnel contacts (see Appendix A for detailed fabrication
processes). The characteristic Raman spectrum of a TaTe2
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(a)

(c) (e)

(d)

(b)

FIG. 1. Characterization of TaTe2 and spin transport in the graphene-TaTe2 heterostructure. (a) Schematic representation of the spin Hall
effect in a symmetric system, where a spin current (Is) is created due to transverse charge current (Ic). The adjacent diagram shows the
current-induced spin polarization in Rashba spin-split bands near the Fermi level. (b) Optical micrograph with false colors of a device consisting
of graphene (black), TaTe2 (blue), and FM contacts (gray). The scale bar is 4 µm. (c) Raman spectrum of TaTe2 at room temperature. (d)
Magnetoresistance (MR%) of TaTe2 at room temperature and 25 K. (e) Nonlocal spin-valve (NLSV) signal without and with spin absorption
in the high-Rint and low-Rint conditions, respectively. The inset shows the NLSV measurement geometry.

flake is shown in Fig. 1(c) using a 638-nm laser, where three
prominent peaks at 87, 116, and 135 cm−1 are visible [31].
In the transport measurements, TaTe2 shows semimetallic
properties (see Appendix B) and a large magnetoresistance
(MR % = RB−R0

R0
× 100) [Fig. 1(d)], showing MR ∼30% at

room temperature and ∼120% at 25 K at a magnetic field of
−0.8 T [37].

Standard nonlocal (NL) spin-valve measurements were
performed across the graphene-TaTe2 heterostructure channel
in different graphene-TaTe2 interface resistance (Rint) condi-
tions [Fig. 1(e)]. The spin-polarized electrons were injected
and detected by FM contacts in the NL geometry while mea-
suring a �Rnl = ( �Vnl

I ) as a function of magnetic field sweep
(By) to achieve the parallel and antiparallel magnetization of
FM electrodes. As shown in Fig. 1(e), while a large spin
transport signal �Rnl of 272 m� was measured for high Rint of
16 k�, for very low Rint, tentatively < 100 � (see Appendix
C), the �Rnl drastically reduced to 16 m� due to strong spin
absorption in the low-Rint regime.

First, the spin-to-charge conversion experiments [measure-
ment geometry in Fig. 2(a)] were performed in TaTe2 via
the inverse spin Hall effect (ISHE), when the Rint is <100 �

(see Appendix C). In this condition, the spin current injected
from a FM into the graphene channel is strongly absorbed
by TaTe2, as shown in Fig. 1(e). The spin current in TaTe2

subsequently gives rise to a transverse charge current due

to the efficient spin-charge conversion in TaTe2, which is
detected as a voltage signal (Vnl) across the TaTe2 [Fig. 2(b)].
By sweeping an in-plane magnetic field along the x axis, Bx,
the Vnl varies antisymmetrically at low field and saturates
at ±0.4 T as the magnetization of the injector FM rotates
completely toward the x axis. The saturation field range of
the FM contacts for the Bx field sweep has been verified from
the spin precession x-Hanle measurements in the graphene
channel (see Appendix D). Considering the symmetry of the
system with the spin current being absorbed from graphene
into TaTe2 along the z direction, spin polarization (�0.4 T)
in the x direction and manifested orthogonal charge current
(Is) in the y direction can be due to the ISHE or the Edelstein
effect (EE) in TaTe2 [12]. The Vnl signal has been measured
at different spin injection bias currents, which scales linearly
[Fig. 2(c)] at room temperature.

We observed a large spin-charge conversion (SCC) signal
at room temperature in TaTe2 with signal amplitude �RSCC =
�Vnl/Ibias = −1.69μV/−20 μA ∼ 84 m�, which is about
few times larger than in WTe2 [12], MoS2, and Pt in het-
erostructure with graphene [10,11,17], one order of magnitude
larger than in graphene-MoTe2 heterostructure [38], and a
few orders of magnitude higher than in Pt/Cu heterojunction
[39] but comparable to the graphene-TaS2 heterostructure
system [15]. Recently, spin-orbit torque experiments using
a TaTe2-ferromagnet heterostructure reported a dominating
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(a) (b) (c)

(d) (e) (f)

FIG. 2. Charge-spin conversion effects in TaTe2 at room temperature. (a) Measurement geometry to detect the inverse spin Hall effect
(ISHE) in TaTe2 by injecting a spin current from the ferromagnet-graphene channel into TaTe2 by spin absorption and detecting a voltage
signal across the TaTe2 in a NL geometry. (b) ISHE signal Vnl measured with an in-plane magnetic field (Bx) sweep for I = 50 μA at Vg = 40 V
at room temperature in device 1. (c) Bias current dependence of the ISHE signal amplitude �Vnl with a linear fit (solid line). (d) Measurement
geometry where TaTe2 is used as a spin-polarized current source for vertical injection of spins into the graphene channel, which is finally
detected by a FM contact in a NL geometry. (e, f) The spin-switch and Hanle spin precession measurements for spin injection from TaTe2 with
a By and Bz sweep, respectively, with an application of an I = −30 μA with Vg = 40 V at room temperature in device 2. The up and down
magnetic field sweep directions are indicated by arrows in (e) for spin-switch experiments. The Hanle data is fitted using Eq. (2). A linear
background is subtracted from the data.

Oersted field contribution by local measurements [40], which
is avoided in our NL measurements. Form our data, it is not
possible to calculate the exact spin Hall angle (θSH) in TaTe2,
as the spin diffusion length λTaTe2 , is unknown. Furthermore,
the larger width of a TaTe2 flake (2.6 µm) compared to the
spin diffusion length in graphene (∼2.5 µm) restrains the use
of the available model [10–12]. An estimation of θSH was
found to be in the range of 0.2–0.6 using a simple model
and considering λTaTe2 = 10–110 nm and Rint of 10–100 �

(see Appendix E). Moreover, we have also approximately
calculated the inverse Edelstein effect (IEE) of TaTe2 through
IEE length λIEE = θSH ∗ λTaTe2 , and we found λIEE ≈ 6–60 nm
(see Appendix E for more discussion) as a function of λTaTe2

(10–110 nm).
Next, we focus on the observation of vertical spin injection

(VSI) of in-plane spin polarization from TaTe2 into a graphene
channel at room temperature [see Fig. 2(d) for measurement
geometry]. In the spin-switch experiment, we measured the
spin signal Vnl as a function of an in-plane magnetic field By

sweep, which switches the magnetization of the FM detector
contact from parallel to antiparallel orientation with respect to
the in-plane injected spin polarization from TaTe2 [Fig. 2(e)].
The amplitude (�Rnl = �Vnl/Ibias) of the spin-to-charge con-
version signal for vertical spin injection is about 240 m�.
A confirmatory test of the in-plane spin polarization using
a Hanle spin precession measurement was performed in the
same NL geometry [Fig. 2(d)], where a perpendicular mag-
netic field (Bz) was swept while keeping the magnetization of

the detector FM contact in the in-plane orientation. The Bz

field induces spin precession in addition to diffusion and de-
phasing, which results in a reduction of the spin signal as the
detector probes only the projection of the spin orientation onto
the FM contact. Figure 2(f) shows the Hanle data measured
at room temperature while injecting spin from TaTe2 into
the graphene channel, and fitting with Eq. (F1), we estimate
the spin lifetime τs = 195 ± 26 ps and spin diffusion length
λs = √

τsDs = 1.98 ± 0.3μm, considering the channel length
between the TaTe2 and detector FM electrode L = 3.75 μm
(distance between the center of the TaTe2 flake to the center
of the FM electrode). We found the spin polarization of the
FM detector contact is about PFM ∼ 6.13% (Fig. 10). Sub-
sequently, knowing the PFM , the lower limit for the current-
induced spin polarization of TaTe2 is calculated to be about
PTaTe2 = 1.34% ± 0.26% (see Appendix F).

We further investigated the back-gate (Vg) dependence
of the VSI spin-switch signal using TaTe2 as the spin in-
jector. Figure 3(a) shows a sketch of the graphene-TaTe2

heterostructure and the change in the Fermi-level position in
graphene with an application of Vg from electron- to hole-
doped regimes, whereas no change is expected in TaTe2 due
to its metallic state. The measured spin-switch signals (Vnl)
at various Vg in the range from −40 to 40 V are depicted in
Fig. 3(b). The gate dependence of the magnitude of the spin
signal �Vnl(�Rnl ≈ 250–400 m�) is presented in Fig. 3(c)
(top panel), which shows that the spin-switch signal direction
remains unchanged in the hole and electron transport regime.
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FIG. 3. Gate dependence of spin injection signal from TaTe2. (a)
Measurement setup and the band diagram of TaTe2 and graphene
with an application of a back-gate voltage (Vg) across the Si/SiO2

substrate. (b) The measured NL spin-switch signals at various
Vg = −40–40 V for both n- and p-doped graphene regime in
device 3 with a bias current I = −20 μA at room temperature. (c)
The magnitude of the signal �Vnl as a function of Vg (top panel).
The Vg dependence of the graphene-TaTe2 heterostructure channel
resistance (bottom panel) along with the Fermi-level position in the
graphene band structure.

To compare �Vnl with the heterostructure channel proper-
ties, the gate dependence of the graphene-TaTe2 heterostruc-
ture channel resistance is presented in the bottom panel of
Fig. 3(c), where the charge neutrality point (VCNP) is ∼10 V
with field-effect mobility of about 1074 cm2 V−1 s−1. Similar
gate dependence of the spin-switch signal is observed for
device 1 (see Appendix G). These results rule out any con-
tribution of the local Hall effect produced by the local fringe
field from the FM detector contact edges on the graphene,
since this effect should change its sign with carrier types in
graphene [41].

Next, the electrical-bias-controlled switching of the spin
injection from TaTe2 was measured. Figure 4(a) shows the
spin-switch signal (Vnl) with injection bias currents of I =
+ / − 2 μA at Vg = 20 V. Reversing the current direction
creates opposite spin polarization in TaTe2 and hence accu-
mulation of opposite spins in the graphene channel, which
results in the opposite direction of the hysteretic behavior
of the measured spin-switch signal. A full bias-dependent
measurement was carried out at larger biases to understand the
detailed energy dependence of the spin injection mechanism
at the graphene-TaTe2 junction [see Figs. 4(b) and 4(c)]. In
the −I range, we observed an increase of �Vnl with bias
currents, where the amplitude of the spin-to-charge conver-
sion signal is about �Rnl = 300m�. However, for the +I,
the �Vnl increases linearly for low biases up to I = 8 μA
and disappears at larger bias within the measurement noise.
One of the reasons for such bias dependence can be ascribed
to the energy dependence of spin polarization in TaTe2 or

the availability of spin-polarized density of states near the
Fermi level in TaTe2. In contrast to local detection of the
spin signal [42,43], as the measurements were performed
in the NL geometry without any bias across the detector
FM contact, any effects originating from the detector can
be ruled out. This asymmetric feature of the bias-dependent
spin injection effect in graphene-TaTe2 heterostructure can be
correlated to an electronic diode, where instead of controlling
the charge current with bias in the conventional diode we
control the spin injection in the heterostructure. To further
examine the asymmetry of the bias dependence, we also
checked the bias dependence of the graphene-TaTe2 injector
interface resistance (Rint [see Fig. 4(d)]. Interestingly, Rint

is observed to be asymmetric with bias, which can be the
origin of the asymmetry in the spin injection signal due to
a conductivity mismatch issue between the TaTe2 spin source
and the graphene channel [35,44].

We discuss the possible mechanisms that engender the
generation of current-induced in-plane spin polarization in
the TaTe2 in VSI geometry. First, like the ISHE measure-
ments, we can also explain the VSI signal in TaTe2 using
the symmetry principle [see Appendix H, Figs. 12(a)–12(d)],
that the generated field or spin (s) is perpendicular to the
applied charge current (Ic) and spin current (Is). As the TaTe2

crystals have a relatively smaller thickness (70 nm) compared
to their lateral width (2.6–6 µm), as well as a low resistance
compared to the graphene and interface (Rint), this makes the
electric field within TaTe2 predominantly in plane. Moreover,
considering the in-plane spin injection in graphene, the origin
of spin polarization can be attributed to the bulk SHE of
TaTe2 due to an in-plane electric field in TaTe2. Similarly, the
surface or bulk states of TaTe2, if present and spin polarized,
can also inject in-plane spin into graphene due to the EE
[13] (see Fig. 12). If we consider the lower symmetry of the
TaTe2 crystals [40], both SHE and EE can also give rise to
in-plane spin polarization in the TaTe2, as it does not have
to follow the orthogonal rule between s, Ic, and Is [45]. On
the other hand, proximity-induced SHE in graphene can be
excluded as an origin of the signals, as it is expected to
align spin in the out-of-plane direction [16–18,46]. Moreover,
with the lack of gate-dependent sign change behavior of the
spin-switching signal for electron and hole transport regimes,
the contribution of proximity-induced REE in graphene can be
ruled out [15,16,47–49]. Any contribution of spin polarization
from the Te layer can also be ruled out because equal and
opposite contributions from both Te surfaces within a single
TaTe2 layer will be canceled out [50].

III. CONCLUSION

In summary, we demonstrated efficient charge-spin con-
version in semimetal TaTe2 as an efficient spin injector in
graphene-based spintronic devices at room temperature by
using a vertical spin injection geometry. The advantage of
using such a spin source is that the spin polarization direc-
tion can be controlled by an electrical bias instead of the
magnetic field as conventionally achieved with ferromagnetic
materials. Systematic bias and gate-dependent measurements
of the spin injection signal indicate that the origin of spin
polarization can be mainly because of the SHE or EE in
TaTe2 considering symmetric or low-symmetric spin-charge
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(a) (b)

(c) (d)

FIG. 4. Electrical control and bias dependence of spin injection signal from TaTe2. (a) NL spin-switch signals (Vnl) with bias currents of
I = + / − 2μA at Vg = 20 V at room temperature in device 3. (b) The Vnl at different bias currents, measured at room temperature at Vg = 20 V.
The data are vertically shifted for clarity. (c) Bias dependence of the magnitude of the signal �Vnl. Insets: Schematic of the nonequilibrium
Fermi-level positions for positive and negative applied bias conditions. (d) Graphene-TaTe2 interface resistance (Rint) characteristics with bias
current (I) measured in four-terminal geometry (inset).

conversion processes. Such a nonmagnetic spin source based
on the charge-spin conversion effect shows great potential to
replace the ferromagnetic injector in all-electrical 2D spin-
tronic circuits and is suitable for spin-orbit technologies.
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APPENDIX A: FABRICATION AND CHARACTERIZATION
OF GRAPHENE-TaTe2 HETEROSTRUCTURE

To fabricate graphene-TaTe2 heterostructure spintronic de-
vices, first a few layer graphene were mechanically exfoliated
from highly ordered pyrolytic graphite (HOPG) onto SiO2

(300 nm)/n-doped Si substrate using the Scotch tape method.
Later, TaTe2 flakes were exfoliated from bulk crystal (from
Hq Graphene) on polydimethylsiloxane (PDMS) film and
dry transferred onto the few-layer graphene flake under a

microscope using a home-built micromanipulator-controlled
transfer stage. Contacts to graphene and TaTe2 were defined
by electron-beam lithography, electron-beam evaporation, and
a lift-off process. For the preparation of ferromagnetic tunnel
contacts to graphene, a two-step deposition of 0.5 nm of Ti
at less than 3 × 10−7 Torr and 30 min in situ oxidation at
above 30 Torr was carried out, followed by 90 nm of Co
deposition. The resistances of ferromagnetic tunnel contacts
(TiO2/Co) on the graphene channel were in the range of 5–20
k�s at room temperature. The spin injection measurements
were performed in a vacuum cryostat with a magnetic field
up to 0.8 T. All the measurements were performed at room
temperature using a Keithley 6221 current source, a Keithley
2182A nanovoltmeter, and Keithley 2612B source meter for
application of gate voltages.

Figures 5(a) and 5(b) show the optical microscopic pic-
ture and atomic force microscopic image of device 1 con-
sisting of exfoliated TaTe2, graphene with Co/TiO2 tunnel
contacts. The widths of the TaTe2 flake and graphene stripe
are 2.6 µm and 1.8 µm, respectively. After bias-dependent
measurements of the inverse spin Hall effect, the flake was
damaged, presumably due to gate leakage. The thickness of
the exfoliated TaTe2 flake is about 70 nm, scanned along
the dotted orange line in the atomic force microscopy image.
Figures 5(c) and 5(d) present the optical micrographs of
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(a) (b)

(c) (d)

FIG. 5. (a, b) Optical microscopic picture and atomic force mi-
croscopic image of device 1 consisting of exfoliated 70 nm TaTe2,
graphene with Co/TiO2 tunnel contacts. (c, d) Optical microscopic
images of devices 2 and 3. The green color scale bar in the micro-
scopic images is 6 µm.

devices 2 and 3, respectively, prepared by similar fabrication
procedures. Dotted lines in the optical micrographs are to
highlight the exfoliated multilayer graphene region below the
TaTe2 flake.

APPENDIX B: ELECTRIC AND MAGNETOTRANSPORT
PROPERTIES OF TaTe2

Figure 6(a) shows conventional four-terminal (4T) I-V
characteristics of the TaTe2 flake with channel resistance
120 � at room temperature (pink line) and 70 � at 25 K (green
line). The resistivity (ρ = R A

L ) of TaTe2 is approximated to
be ∼300 × 10−8 �m at room temperature and is ∼60 ×
10−8 �m at 25 K. The TaTe2 channel length (L) is 13 µm and
the width (w) is 11 µm; the thickness of TaTe2 is about 30 nm.

We examined the magnetoresistance (MR%) of TaTe2 with
angle dependence measurements up to ±0.8 T from the per-

pendicular (⊥ ) to in-plane field (ll) with respect to the device
plane at 300 K with I = −150 μA, as shown in Fig. 6(b).
Figure 6(c) presents a maximum MR% at different angles at
0.8 T with a cosine fit. It can be seen [from Figs. 6(b) and 6(c)]
that MR% is maximum with the out-of-plane field (Angle =
0) but turns to a minimum with an in-plane field.

APPENDIX C: INTERFACIAL RESISTANCE OF
GRAPHENE-TaTe2 HETEROSTRUCTURE

The graphene-TaTe2 interfacial resistance (Rint) is esti-
mated by two-terminal (2T) measurement geometry in de-
vice 1 [Fig. 7(a)]. At the start of the measurements, the
2T resistance was 35 k� [Fig. 7(b)], and the 4T Rint was
about 16 k� [Fig. 4(d)]. In such a high-Rint condition, the
spin transport in graphene is not much affected (without spin
absorption). Such high resistance, in the beginning, can be
due to the larger van der Waals gap between graphene and
TaTe2. After a few hours of measurement, we observed the
2T resistance to decrease and stabilize at ∼5 k� [Fig. 7(b)].
The 4T measurements could not be performed in the low-
interface condition due to a lack of working contacts on both
sides of the TaTe2 flake. By considering the graphene channel
and contact resistances, the low Rint is estimated to be less
than 100 �. In this low-Rint condition, we observed a drastic
reduction of the spin transport signal in graphene due to spin
absorption by TaTe2 [presented in Fig. 1(e)]. The inverse spin
Hall effect measurements were performed in low-Rint and
vertical spin injection measurements that were performed in
high-Rint conditions.

APPENDIX D: x-FIELD HANLE IN GRAPHENE-TaTe2

HETEROSTRUCTURE

Figure 8(a) shows a schematic of the measurement setup
for nonlocal xHanle, where the magnetic field is applied in
the planner perpendicular direction (x axis) to the magnetic
easy axis (y axis) of the FM contacts [51]. Figure 8(b) shows
the measured xHanle spin signal in a condition where TaTe2

does not absorb the spin significantly. It can be seen that the
magnetization of the FM becomes saturated at ±0.4 T along
the x axis.

(a) (b) (c)

FIG. 6. Transport properties of TaTe2. (a) Four-terminal (4T) I-V characteristics of TaTe2 along with the measurement geometry. (b)
Angle-dependent measurements of MR% in TaTe2 from perpendicular (⊥) to the in-plane field (ll) at room temperature. (c) Maximum MR%
at different angles at 0.8 T with cosine fit.
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(a) (b)

FIG. 7. Interfacial resistance in the graphene-TaTe2 heterostruc-
ture. (a) Schematic of the 2T measurement geometry to measure
I-V characteristics of the graphene-TaTe2 heterostructure. (b) 2T
I-V properties of the graphene-TaTe2 heterostructure, where high
resistance, 35 k� (orange line), and low resistance, 5 k� (blue line),
stages are shown.

APPENDIX E: ESTIMATION OF SPIN HALL ANGLE

We have estimated the spin Hall angle (θSH) in TaTe2

by using the spin diffusion model [10–12]. The manifested
inverse spin Hall effect (ISHE) signal can be represented using
the following equation:

�RISHE = 2θSHρTaTe2 X

wTaTe2

(
Îs

Ic

)
. (E1)

(a) (b)

FIG. 8. x-field Hanle in graphene-TaTe2 channel. (a) Schematic
representation of the measurement setup to measure nonlocal
xHanle, where the magnetic field is applied in the planner perpen-
dicular direction (x axis) to the magnetic easy axis (y axis) of the FM
electrodes. (b) Measured xHanle spin signal at I = −200 μA and
Vg = 40 V at room temperature.

Here, �RISHE, θSH, ρTaTe2 , X , and wTaTe2 are the ISHE
signal amplitude (�RISHE = �VISHE/I50μA = 43 m�), spin
Hall angle, resistivity of TaTe2 (300 µ� cm), shunting
factor (0.94), and width of TaTe2 (2.6 µm). Îs and Ic

are the effective spin current absorbed by TaTe2 from the
graphene channel due to the shunting effect and converted
charge current due to ISHE in TaTe2. The shunt factor
(X) is estimated by considering the spin signal is in the linear
regime with bias current, and from the spin signal presented
in Fig. 1(e), X = 1 − 16

272 = 0.94, which alludes to 94% spin
absorption by TaTe2.

Îs
Ic

can be written as below.

Îs

Ic
≡ ∫tM

0 Is(z)dz

IctTaTe2

= λTaTe2

tTaTe2

(1 − e
− tTaTe2

λTaTe2 )
2

1 − e
−2

tTaTe2
λTaTe2

Is(z = 0)

Ic

= λTaTe2

tTaTe2

(1 − e
− tTaTe2

λTaTe2 )
2

1 − e
−2

tTaTe2
λTaTe2

×
2piQIF1

[
(2QIF2 + 1)(1 − QIM )e

−LSH
λgr − (1 + QIM )e

−3LSH
2λgr

]
(2QIF1 + 1)(2QIF2 + 1)(1 + QIM ) − (2QIF1 + 1)(1 + QIM )e

−3LSH
2λgr − (2QIF2 + 1)(1 − QIM )e

−LSH
λgr − (QIM − 1)e

−2LSH
λgr

.

Here, Rgr = Rgrλgr

wgr
, QIFi = 1

1−p2
Rci
Rgr

, with I = 1, 2, Rci cor-
responding to injector and detector contact resistances, re-
spectively. QIM = wgr Rint .

Rgrλgr
, Rint, wgr, Rgr are the TaTe2-

graphene interface resistance, graphene channel width, and
square resistance, respectively, and are presented in Table I.
As the spin diffusion length in TaTe2 is an unknown parame-
ter, we estimated spin Hall angle (θSH) as a function of spin

TABLE I. Parameters of graphene-TaTe2 for device 3 to estimate the spin Hall angle in TaTe2 to solve Eq. (E1).

Ds τs λGr wGr LSH tTaTe2 wTaTe2 Rsq,Gr ρTaTe2 Rc1 Rc2

(m2/s) (ps) (μm) (μm) (μm) (nm) (μm) (�) (μ� cm) (k�) (k�)

Device 1 0.021 311 2.56 1.8 2.5 70 2.6 339 300 20 15
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(a) (b) (c)

FIG. 9. Estimation of the spin Hall angle (θSH) in TaTe2. (a) Spin Hall angle (θSH) as a function of spin diffusion length in TaTe2 (λTaTe2 )
considering Rint = 20 �. (b) IEE length (λIEE ) as a function of λTaTe2 . (c) Spin Hall angle (θSH) as a function of Rint considering spin diffusion
length λTaTe2 = 30 nm.

diffusion length (λTaTe2 ) in TaTe2 by assuming Rint = 20 �

[shown in Fig. 9(a)]. The spin Hall angle θSH decays expo-
nentially with increasing λTaTe2 according to Eq. (E1) and its
simplified solution. We found θSH is 0.59 at λTaTe2 = 10 nm;
0.23 at λTaTe2 = 30 nm, and becomes saturated with 0.20. We
can also approximately calculate the inverse Edelstein effect
(IEE) of TaTe2 through IEE length λIEE = θSH ∗ λTaTe2 , and
we found λIEE ≈ 6–60 nm [see Fig. 9(b)] as a function of
λTaTe2 (10–110 nm) by considering Rint = 20 �.

Overall, the calculated range of θSH for TaTe2 seems
to be consistent with Pt (θSH,Pt ≈ 0.23) [10,11], and
other TMDs such as MoTe2 (θSH,MoTe2 ≈ 0.2) [38], MoS2

(θSH,MoS2 ≈ 0.1) [17], but one order of magnitude higher
compared to the lower limit of the θSH,WTe2 for WTe2

(θSH,WTe2 = 0.01) [12]. Interestingly, the estimated values of
λIEE are comparable to topological insulators [52] (2.1 nm),
oxide interfaces [53] (6.4 nm), but it seems to be one order
of magnitude higher than in heavy metals (0.1–0.4 nm) and
other Rashba systems [33,54]. Figure 9(c) depicts θSH as a
function of Rint by considering spin diffusion length in TaTe2,
λTaTe2 = 30 nm at room temperature. The spin Hall angle, θSH,
shows a linear dependence on Rint and ranges from 0.22 to
0.29 for Rint = 1–100 �.

APPENDIX F: SPIN TRANSPORT AND SPIN
POLARIZATION IN GRAPHENE-TaTe2

HETEROSTRUCTURE

We characterized the spin transport properties in the
graphene-TaTe2 channel (without spin absorption) to estimate
the spin polarization of the detector FM contact. Figure 10
(a) shows the sketch of the measurement geometry for NL
Hanle measurement, where the magnetic field is applied in the
out-of-plane direction. The measured spin precession signal
is fitted with the following Hanle precession Eq. (F1) to
approximate the spin diffusion constant (Ds), spin diffusion
length (λs), and lifetime (τs):

�RNL ∝
∫ ∞

0

1√
4πDt

e− L2

4Dst cos (ωLt ) e
−t
τs dt . (F1)

Furthermore, the measured Hanle spin signal (purple cir-
cles) along with its fit (magenta line) to Eq. (F2) is shown in
Fig. 10(b) to extract TiO2/Co contact polarization:

�RNL = ± PiPd RsqDs

W
Re

{
1

2Ds

e−L
√

λ−2
s −i ω

Ds√
τ−1

s − iω

}
. (F2)

Here, ω depends on the frequency of spin flips and Larmor
precession, ωL = gμB

h̄ B⊥ is the Larmor frequency, where B⊥
is an applied perpendicular magnetic field to the easy axis of
the FM contacts, g = 2 is assumed. In equation (F1) and (F2),
Ds is the spin diffusion constant, and λs (2.56 ± 0.14 μm)
and τs (311 ± 16 ps) are the spin diffusion length and spin
lifetime, respectively. In device 1, Rsq = 339 � for multilayer
exfoliated graphene at Vg = 40 V on Si/SiO2 substrate. The
distance between spin injection and spin detection electrodes
is L = 4.5 μm, graphene width, w = 1.8 μm. Considering
the spin polarization of the injector and detector to be equal
(Pi = Pd ), PCo/TiO2 is estimated to be about 6.13% ± 0.9%.

To estimate the current-induced spin polarization in TaTe2

in device 2, we have also used the same equation, Eq. (F2),
to fit the Hanle signal, as shown in Fig. 2(f). In device 2,
using the graphene channel resistance, Rsq = 1425 �, width

(a) (b)

FIG. 10. Spin transport in the graphene-TaTe2 heterostructure.
(a) Sketch of the measurement setup for nonlocal Hanle measure-
ment. (b) Hanle spin precession signal (violate circles) without spin
absorption by TaTe2 at back-gate voltage Vg = 40 V with bias current
I = −30 μA along with the fitted line (magenta line) to Eq. (F2) to
estimate the spin polarization of FM contacts.
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(a) (b)

FIG. 11. Spin injection from TaTe2 into graphene and spin-
switch signal in device 1. (a, b) Spin injection from TaTe2 into
graphene for the electron- and hole-doped regimes at gate voltages
Vg = 40 and −50 V with I = −40 and −30 µA, respectively.

w = 1.2 μm, we found that√
PTaTe2 PCo/TiO2 = 0.0287 ± 0.0127

PTaTe2 = 0.02872

PCo/TiO2
± 0.01272

PCo/TiO2

= 0.0134 ± 0.0026 .

Now, using previously obtained PCo/TiO2 = 6.13%, the
spin polarization is of TaTe2 is approximated to be PTaTe2 =
1.34% ± 0.26%.

APPENDIX G: SPIN INJECTION FROM TaTe2 INTO
GRAPHENE IN DEVICE 1

The vertical spin injection results were reproducibly ob-
served at room temperature in three different devices fabri-
cated with similar methods, as presented in this manuscript.
Figure 11 shows the spin injection from TaTe2 into graphene
and spinswitch signal in device 1. The possibility of spin

transport contribution from the reference FM electrodes on
the graphene channel in the injector and detector circuit can
be ruled out, as it would have resulted in multiple switches in
the measured signal (see Fig. 1(e), where both FM injector and
detector contacts are involved in the conventional spin-valve
measurements).

APPENDIX H: CURRENT-INDUCED SPIN POLARIZATION
IN SYMMETRIC AND LOW-SYMMETRIC CRYSTALS

Here we discuss possible origins of in-plane spin polar-
ization in TaTe2 considering the crystal structure of TaTe2.
1T’-TaTe2 is a centrosymmetric layered material at room tem-
perature where spin current (Is), charge current (Ic), and spin
polarization (s) are perpendicular to each other for symmetric
measurements of the spin Hall effect (SHE) or Edelstein effect
(EE). To facilitate our discussion, three-dimensional (3D) axis
directions are presented in Fig. 12(a), similar to the schematics
shown in Figs. 2(a) and 2(d). Conventional ISHE in the
symmetric 3D crystal of TaTe2 is shown in Fig. 12(b), where
Is, Ic, and s are perpendicular to each other in the z, y, and
x directions, respectively, and can explain the measurements
depicted in Figs. 2(a)–2(c).

Interestingly, in-plane spin polarization along the y axis in
TaTe2, presented in Figs. 2(d)–2(f), is possible while injecting
charge current (Ic) can be along the z axis [Fig. 12(c)] and
x axis [Fig. 12(d)], which needs to be perpendicular to the
corresponding spin current (Is) to maintain symmetry. These
symmetries allow bulk and surface states to inject spin from
bulk (via SHE) or surface states (via Edelstein effect) of
TaTe2. While charge current (Ic) and spin current (Is) are
along the z axis and x axis, respectively, the spins are accumu-
lated at the edges of TaTe2 [Fig. 12(c)]. However, the TaTe2

crystals have a relatively smaller thickness (70–100 nm) and

FIG. 12. (a) The x, y, and z-axis directions similar to the schematics shown in Figs. 2(a) and 2(d) to explain three-dimensional crystal
symmetry. (b) Spin to charge conversion due to inverse spin Hall effect (ISHE), shown in Figs. 2(a)–2(c) in the high-symmetry crystal structure,
where spin absorption in TaTe2 renders z-direction spin current (Is,z ) with the spin direction along the x axis (sx) and measured charge current
in the y axis (Ic,y ). (c) Spin polarization in symmetric TaTe2 to explain the spin-switch measurements shown in Figs. 2(d)–2(f). In this case,
injected spin current in graphene is along the y direction, and keeping this in mind, we have two possible scenarios. First, charge current and
spin current are out of plane (along the z axis) and in plane (along the x axis), respectively, and spins are accumulated at the edges of TaTe2. In
the second scenario, shown in (d), where spin along the y direction is accumulated at the top and bottom surface of TaTe2 and charge current
and spin current are in x and z direction. (e, f) Spin polarization and spin current are parallel and along the y axis in lower symmetry situations
but perpendicular to the charge current, which can be in the z or x axis, respectively.
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negligible edge area in contact with graphene compared to the
bottom surface area. Hence, in-plane (y-axis) spin injection
into graphene from the accumulated spins at the TaTe2 edges
is improbable. On the other hand, considering charge current
(Ic) and spin current (Is) are along the x and z axis [Fig. 12(d)],
where spin along the y axis can accumulate at the top and
bottom surface of TaTe2, this can explain our measurements
of spin polarization in symmetric TaTe2 crystal with lateral
widths of 2.6–6 µm in contact with graphene and nanometer-
range thickness.

However, in-plane spin polarization can also emerge in
unconventional and lower symmetric TaTe2 crystal [see
Figs. 12(e) and 12(f)], where spin current and spin orientation
can be parallel to each other and along the y axis (s ‖ Is)
but are perpendicular to the charge current (Ic), which could
be in either z or x direction in our measurement geometry
[45]. Again, considering k-dependent spin polarization and
the lateral width of TaTe2, which is considerably higher than
the thickness, the latter situation is more likely to emanate in
such a lower symmetric crystal because of SHE or EE.
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Abstract:  

Quantum materials with a large charge current-induced spin polarization are promising for next-generation 

all-electrical spintronic science and technology. Van der Waals metals with high spin-orbit coupling and 

spin textures have attracted significant attention for an efficient charge-to-spin conversion process. Here, 

we demonstrate the electrical generation of spin polarization in NbSe2 up to room temperature. 

Characterization of NbSe2 shows superconducting transition temperature, Tc ~ 7K. To probe the current-

induced spin polarization in NbSe2, we used a graphene-based non-local spin-valve device, where the 

spin-polarization in NbSe2 is efficiently injected and detected using non-local spin-switch and Hanle spin 

precession measurements. A significantly higher charge-spin conversion in NbSe2 is observed at a lower 

temperature. Systematic measurements provide the possible origins of the spin polarization to be 

predominantly due to the spin Hall effect or Rashba-Edelstein effect in NbSe2, considering different 

symmetry-allowed charge-spin conversion processes.  

 

 

 

 

 

 

 

 

 

Keywords: Nonmagnetic spin source, current-induced spin polarization, NbSe2, graphene, spin Hall effect, Rashba Edelstein 

effect, spintronics, spin-valve, Hanle 

Corresponding author: saroj.dash@chalmers.se 

 

 



2 
 

Two-dimensional (2D) materials and their van der Waals (vdW) heterostructures have become attractive 

platforms to explore numerous physical phenomena, primarily associated with spin-orbit coupling (SOC), 

exotic superconductivity, and magnetism for next-generation electronic devices1,2. 2D transition metal 

dichalcogenides (TMDCs) are ideal hosts for realizing spin-polarized electronic states due to the high SOC 

accompanied with broken symmetries in the crystal structure3,4. Recently, vdW materials have paved the 

way for utilizing various charge-to-spin interconversion (CSC) processes3,5,6. For example, charge-to-spin 

interconversion and spin-orbit torque (SOT) effects are observed in semimetals such as WTe2, MoTe2, and 

NbSe2 up to room temperature7–12. Furthermore, the 2D materials can be fabricated in vdW 

heterostructures with atomically clean interfaces without adulterating their distinctive electronic properties 

that provide routes for band structure engineering and proximity-induced SOC13. For instance, 

heterostructures of graphene with 2D materials have shown unprecedented gate-tunable CSC processes 

and spin textures11,14–19. 

It is known that 2H NbSe2 is a vdW layered metallic TMDC with superconducting (SC) behaviour below a 

critical temperature Tc ≈ 7K20. It is expected that the CSC effects can be enhanced in the SC state mediated 

by quasiparticles with higher spin lifetimes2,21. Interestingly, NbSe2 in the normal state also has enormous 

prospects in the CSC process, triggered by high SOC of the Nb 4d orbital and breaking of symmetries with 

higher electrical conductivities than semiconductive and semimetallic TMDCs7. NbSe2 also exhibits Ising-

type SOC similar to the intrinsic Zeeman field, which results in unconventional spin textures22. Recently 

NbSe2/Permalloy strcutures demonstrated a large anti-damping torque, which is attributed to strain-

induced symmetry breaking7. Furthermore, spin- and angle-resolved photoemission spectroscopy 

(ARPES) also reveals that the electronic band structure of NbSe2 in the normal state hosts a strong 

momentum-dependent spin polarization at Fermi level23. Such fascinating spin-dependent electronic 

properties in NbSe2 are highly desirable to create current-induced spin polarization. 

Here, we demonstrate the electronic generation of spin polarization in NbSe2 up to room temperature 

owing to the efficient CSC process. The engendered spin polarization in NbSe2 is efficiently injected into 

the graphene spin-channel in the vdW heterostructure spin-valve device and detected by a ferromagnet 

(FM) using non-local (NL) spin-switch and Hanle spin-precession measurements. A significantly higher 

CSC signal in NbSe2 is observed at a lower temperature in the non-superconducting regime. These 

findings demonstrate NbSe2 to be a metallic spin source up to room, which can be pivotal for future energy-

efficient all-electric spin-based technologies6,24. 

To detect the CSC properties in NbSe2, we fabricated NbSe2-graphene vdW heterostructure devices.  We 

used chemical vapor deposited (CVD) graphene as a spin channel material, due to its excellent spin 

transport property arising from low SOC and hyperfine interactions25,26. Most interestingly, it was 

demonstrated that graphene can make a very good vdW heterostructure with other 2D materials27. Figure 

1(a) presents the schematic of the NbSe2-graphene vdW heterostructure device along with ferromagnetic 

(FM) contacts to characterize the spin transport properties in the heterostructure (see the Methods in the 

Supplementary for details). A scanning electron microscopic (SEM) image of a fabricated device consisting 

of CVD graphene, multilayer NbSe2 flake, and multiple FM contacts is shown in Fig.1(b). An optical 

micrograph and atomic force microscopic (AFM) image of the corresponding device has been shown in 

Supplementary Fig. S1. The interface resistance between NbSe2-graphene is found to be 50 Ω, the FM 

contact resistance is 12kΩ and the field-effect mobility (µ) of the graphene channel is ≈ 2000cm2V-1s-1 (see 

Supplementary Fig. S2). 

As a high SOC material, NbSe2 can give rise to current-induced in-plane (y-axis) spin polarization via 

conventional spin Hall effect (shown in Fig. 1(c)), where charge current (Ic) along the x-axis creates a 

transverse spin current (Is) along the z-axis10,12. Furthermore, high SOC in NbSe2 crystal along with 

structure inversion asymmetry (SIA) in the layered NbSe2-graphene interface can result in Rashba spin 

splitting in the band structure with helical spin texture with opposite spin-subbands, as shown in Fig. 1(d). 
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Upon application of an electric field (E), hence the charge current can shift the helical Fermi surface in the 

k-space and create net spin polarization via the Rashba-Edelstein effect. The created spin polarization in 

NbSe2 can be injected into a graphene spin channel in vdW heterostructure and detected by NL 

measurement geometry to realize a pure spin signal.   

 

Figure 1. The device design of NbSe2-graphene heterostructure. (a) Schematic of NbSe2-graphene 
heterostructure, where NbSe2 creates non-equilibrium spin polarization and injects spin-polarized electrons into 
graphene spin-channel, which is detected by an FM (TiO2/Co) contacts in non-local measurement geometry. (b) 
Colored scanning electron microscopic (SEM) image of a fabricated device consisting of CVD graphene, multilayer 
NbSe2 flake (blue), and multiple FM contacts (yellow) to characterize spin transport properties. The scale bar is 5 
µm.  (c) Schematic illustration of charge to spin conversion process due to conventional spin Hall effect in NbSe2, 
where charge current (Ic) engenders a transverse spin current (Is).  (d) Charge current from the applied electric field 
(E) induced spin polarization due to the Rashba-Edelstein effect (REE) at the Fermi surface in spin-split bands of a 
high spin-orbit coupling interface. 

At first, high-quality crystal structures of the materials were ensured by Raman spectroscopy. The Raman 

spectrum of single-layer CVD graphene (top panel) and exfoliated multilayer NbSe2 (bottom panel) using 

638 nm LASER have been presented in Fig. 2(a). The Raman spectra of graphene confirm high-quality 

graphene crystal since almost no defect-induced D peak is observed. Furthermore, the higher intensity of 

the 2D peak at 2645 cm-1 than that of the G peak at 1590 cm-1 indicates the growth of single-layer 

graphene28. In the case of NbSe2, the characteristic A1g peak for multilayer 2H NbSe2 is observed at 230 

cm-1 29. 

We started with investigating the superconducting properties of exfoliated multilayer NbSe2 flake by 

measuring the temperature dependence of longitudinal resistance, as shown in Fig. 2(b). The device 

picture and measurement geometry are shown in the insets of Fig. 2(b). We used 1μA of DC bias current 

and the superconducting critical temperature (Tc) in this flake is found to be 6.8K.  The IV measurement 

with DC bias current and corresponding differential resistance (dV/dI) as a function of the bias current at 

3K for the NbSe2 flake are shown in Fig. 2(c) and 2(d), respectively. The nonlinear IV is due to 

superconductive properties in NbSe2 and from the dV/dI plot, we can estimate the critical current density, 

Jc, NbSe2 = 0.7x106 A/cm2 for the multilayer NbSe2 at 3K, consistent with the recent study30. The room 

temperature IV measurement (Supplementary Fig. S3(b), (c)) is in agreement with the metallic properties 

of NbSe2. Raman spectroscopies, together with the presence of superconducting transition in NbSe2 

confirm good-quality materials are used in the heterostructure.  
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Figure 2. Materials characteristics of NbSe2 and graphene. (a) Raman spectrum of single-layer CVD graphene 
(top panel) and exfoliated multilayer NbSe2 (bottom panel) using 638 nm LASER. (b) Temperature dependence of 
the longitudinal resistance of multilayer NbSe2 flake, where superconducting critical temperature (Tc) is around 6.8K 
is evident. Insets are the four-terminal measurement geometry (top) and device picture (bottom) along with scale bar 
of 5µm. (c), (d) The four-probe IV measurements and corresponding differential resistance as a function of the bias 
current in the multilayer NbSe2 flake at 3K. 

To investigate the charge-spin conversion (CSC) effect in NbSe2, a charge current is applied in a multilayer 

NbSe2 flake to create a non-equilibrium spin polarization on its surface. The spins are injected into the 

graphene channel and finally detected by an FM contact in NL measurement geometry. Figure 3(a) shows 

a schematic illustration of the measurement geometry used to detect the CSC effect in NbSe2 along with 

the axis orientation and corresponding spin (s), charge current (Ic) and spin components (Is). According to 

our measurement geometry in Fig. 3(a) by considering conventional SHE in NbSe2, a charge current along 

x-axis can create an out-of-plane (z-axis) spin current, which renders spin polarization along y-axis. It is 

worth mentioning that the spin diffusion current in graphene spin channel is along x-axis in our 

measurement geometry with spin orientation towards y-axis after spin polarization is created in NbSe2 and 

injected into graphene. In our experiments, we measure the NL voltage at the FM contact (left nearest 

contact to the NbSe2 flake, shown in Fig. 1(b) by applying varying magnetic fields along with the By and Bz 

directions, respectively. A varying magnetic field along the magnetic easy axis (y-axis) switches the 

magnetization of the FM contact and renders a switching signal which detects non-equilibrium in-plane 

spin in graphene injected from the NbSe2 flake. The spin-switch signal presented in Fig. 3(b) is measured 

with I = 400 µA at Vg = -40 V. The amplitude of the signal estimated from the change in NL resistance 

corresponding to the opposite magnetization of the FM contact is about ΔRnl = 1.77 ± 0.6 mΩ.  

 

Furthermore, an out-of-plane varying magnetic field (Bz) in our measurement geometry should render a 

Hanle spin precession signal, which unequivocally confirms the CSC process in the NbSe2 and spin 

transport in the graphene spin channel.  Figure 3(c) shows the manifested Hanle spin signal measured 

with I = +420 µA and Vg = -40 V while injecting spin from NbSe2 into the graphene channel along with the 

fitting to equation S1. We have estimated the spin lifetime, 𝜏𝑠 = 23 ± 6 ps and spin diffusion length, λs = 

√𝜏𝑠𝐷𝑠 =  0.65 ± 0.05 μm, considering the channel length L = 2.4 μm (distance between the center of the 

NbSe2 flake to the center of the detector’s FM electrode). Moreover, the spin transport in the pristine CVD 

graphene is shown in Supplementary Fig. S4, where spin lifetime is estimated to be around 150 ps. To 

mention, we observe variations in spin lifetime in different CVD graphene channels in the range of 100 - 

400 ps. In NbSe2-graphene heterostructure, the lower 𝜏𝑠 in graphene spin channel after spin is injected 

from NbSe2 can be attributed to the influence of long-range disorders, lattice deformation, and extrinsic 

interstitials in the graphene crystal that acts as spin-defect centers. These imperfections might be 
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introduced during processing CVD graphene, NbSe2 transfer, and device fabrication processes. 

Additionally, spin absorption by NbSe2 can also give rise to lower 𝜏𝑠 because of the transparent NbSe2-

graphene interface31. Interestingly, we observe only symmetric Hanle component, although the NbSe2 

flake in our device is at an angle to the graphene spin channel32. Furthermore, any contribution of the spin 

injection from the FM contact on NbSe2 can be eliminated from the spin switch signal, because the 

influence of the FM magnetization would have manifested a typical spin valve signal (as presented in Fig. 

S4(a)) with double spin-valve switching while sweeping By. If any other substantial amount of spin 

component other than the y-axis were present, the Hanle measurement would have rendered an anti-

symmetric component, which was not observed, presumably due to the small efficiency of SHE in other 

directions. Besides, Hanle measurement rules out any effect of stray fields from the detector FM contacts 

on the manifested CSC signals since the stray Hall effect would have rendered a linear Hall signal for an 

out-of-plane field (BꞱ)33.  

 

 

Figure 3. Charge-spin conversion in NbSe2 at room temperature. (a) Schematic illustration of non-local 
measurement geometry to detect the charge-spin conversion effect in NbSe2 by injecting spin current into the 
graphene spin channel. (b), (c) The spin-switch and Hanle spin precession measurements for spin injection from 
NbSe2 with a By and Bz sweep, respectively. For spin-switch experiments, the up and down magnetic sweep 
directions are indicated by arrows. The Hanle data is fitted using equation S1. A linear background is subtracted from 
the data. 

Next, we estimated the spin polarization of NbSe2 is about PNbSe2 = 1 ± 0.3%, assuming the spin 

polarization of FM contact on bare CVD graphene is PCo = 1.5 ± 0.6% (see Supplementary Note 1). This 

estimated spin-polarization accounts for the creation of spin polarized carriers in NbSe2 along the y-axis 

and injected into the graphene channel through the vdW gap. The efficiency of the CSC process due to 

spin Hall effect in NbSe2 can be characterized by the spin Hall angle (θSH ∝ Js/Jc) and by using a simple 

model (as discussed in Supplementary Note 1), we found the θSH of NbSe2 varies approximately from 0.68 

± 0.15 to 0.30 ± 0.06 by assuming the  variation of spin diffusion length in NbSe2, 𝜆𝑁𝑏𝑆𝑒2 = 5 - 40 nm (see 

Fig. S5(a) and Supplementary Note 2)10,12,34,35. This estimation of θSH is consistent with the recently 

reported theoretical study, where θSH in NbSe2 is predicted to be ≈ 0.5 by light irradiation36. Note that the 

spin diffusion length (𝜆𝑁𝑏𝑆𝑒2) in NbSe2 is not experimentally reported yet. We also analytically calculated 

the length scale, θSH.𝜆𝑁𝑏𝑆𝑒2 (nm), associated with the CSC in NbSe2 (5-13nm) (Supplementary Fig. S5(b)), 

which is comparable to the recently reported length scale in layered TMDCs, e.g. 1.15nm in MoTe2
10. We 



6 
 

restrict our calculation by assuming 𝜆𝑁𝑏𝑆𝑒2 = 5 - 40nm to be in the comparable spin diffusion length of other 

TMDCs, e.g., WTe2 = 8nm and to get reasonable θSH
12. Another plausible origin of the measured CSC 

signal could be the Rashba-Edelstein effect (REE) due to Rashba spin-split bands in NbSe2 and its 

proximity effect in the NbSe2-graphene heterostructure region4. The characteristic efficiency parameter 

(α𝑅𝐸) of the REE is calculated (Supplementary Note 2) to be 5.3 ± 1.8%, which is consistent with the recent 

studies on 2D material heterostructures10,15,16,37,38. It is to be noted that the models that are used to quantify 

the spin Hall angle and the Rashba-Edelstein efficiency parameter are not fully compatible with our 

measurement geometry. However, these approaches helped us to evaluate these parameters roughly, 

enabling us to compare with other materials on an order-of-magnitude scale.  

 

We measured the temperature dependence of the CSC process in NbSe2 to observe the evolution of spin 

polarization in NbSe2 with temperature in Dev2 (Fig. S1(d)).  Figure 4(a) shows the NL spin-switch signal 

arising due to the CSC effect in NbSe2 and subsequent spin injection into graphene at 3K. The magnitude 

of the CSC signal is found to be 𝛥𝑅𝑛𝑙 ≈ 106 ± 27 mΩ. Next, we measured the Hanle spin precession signal 

above and below Tc of NbSe2 to validate the manifested spin-switch signal is a spin-related phenomenon. 

Figure 4(b) shows the Hanle signals along with the fitting to equation S1. The magnitude of the Hanle spin 

signal, ΔRnl, and extracted spin lifetime 𝜏s at different temperatures (3K to 30K) have been shown in Fig. 

4(c). Interestingly we found that the ΔRnl increases drastically below Tc, but 𝜏s remains unchanged around 

150 ps, below and above Tc, because spin transport parameters of graphene are known to be weakly 

dependent on temperature9,26. We would like to note that, as 𝜏s remains unchanged, the larger ΔRnl can 

be attributed to more efficient CSC conversion effect below Tc. However, the increase in CSC signal with 

decreasing temperature could also be due to the decrease of NbSe2 resistivity (ρNbSe2) and conductivity 

mismatch between NbSe2 and graphene interface.  

It is expected that quasiparticle mediated CSC process to be enhanced near the superconducting state of 

the corresponding material21. Although we manifested CSC signal in NbSe2 at 3K (below Tc~7K), but we 

would also like to mention that the NbSe2 flake is not in the superconducting state in our CSC experiments 

as the applied bias current density (~4x106 A/cm2) is much higher than the critical current density (~0.7x106 

A/cm2 at 3K). We optimized the bias current magnitude to maximize the CSC signal at different 

temperatures that surmount the noise level of the signals, which vary due to the conductivity mismatch of 

the NbSe2 and detector FM contact with the graphene spin channel.  

 

Figure 4. Temperature dependence of charge-spin conversion effect in NbSe2. (a) Spin-switch signal for charge-
spin conversion effect in NbSe2 (Dev. 2) resulting in spin injection from NbSe2 into graphene at 3K. (b) Hanle spin 
precession measurements along with the fitting to equation S1 (solid line). Measurements were performed in Dev 2 
in a bias current range of 200 - 500 μA and at Vg = -40 V. A linear background is subtracted from the data and shifted 
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along the y-axis for clear visualization. (c) The magnitude of the Hanle spin signal ΔRnl and extracted spin lifetime 
(𝜏s) at different temperatures. 

Here, we discuss possible origins that can give rise to the manifested CSC signal in NbSe2. First and 

foremost, the NL spin-switch with varying in-plane By field and Hanle spin-precession measurements with 

changing out-of-plane field  Bz confirm that the detected signals are due to the in-plane (y-axis) spin-

polarized current that is created in NbSe2 and injected into graphene. We can rule out the spin polarization 

generation via proximity-induced spin Hall effect (SHE) because this effect would have resulted in an out-

of-plane spin polarization (sz) in the heterostructure region, which is not observed39. In addition, the 

proximity-induced Rashba-Edelstein (REE) effect in graphene from NbSe2 should have rendered the 

opposite sign of the measured CSC signal for the p- and n-doped regimes14,16,37. However, we observed 

CSC signal only in the p-doped regime of graphene with higher negative gate voltage, most likely due to 

the conductivity mismatch issues of the graphene channel with NbSe2 and FM contacts in the n-doped 

regime of graphene17,19,40. Hence, proximity-induced REE cannot be ruled out or nor be claimed to be the 

origin of the observed CSC signal with our measurements. Furthermore, the unconventional CSC process, 

which is recently reported in multilayer TMDCs ( WTe2 and MoTe2),  cannot also be disregarded in NbSe2 

since it is a layered material with structural inversion asymmetry in the crystal structure that can be further 

enhanced by the induced strain at the vdW heterostructure device geometry9,10. Finally, considering the 

symmetry principle10, spin polarization direction (s) is set perpendicular to the applied charge current (Ic) 

and spin current (Is) direction; the SHE and REE in NbSe2 most likely merge or independently produce the 

observed CSC signal in NbSe2. In future, the measurements of the CSC and inverse CSC in NbSe2 with 

different device configurations and measurement geometries with different thicknesses and their 

correlation with properties in the superconducting state can be interesting. To be noted, during the review 

process of our manuscript, multidirectional spin-to-charge conversion in graphene/NbSe2 van der Waals 

heterostructures has been reported41.  

 

In summary, we demonstrated CSC in the normal metallic state of NbSe2  up to room temperature. The 

engendered spin polarization can be injected into the graphene channel and detected in non-local 

measurement geometry via spin-switch and Hanle spin precession measurements. A higher CSC signal 

in NbSe2 is detected at a lower temperature, however, in its non-superconducting state because of the 

requirement of a higher bias current than the critical current of NbSe2 for observation of spin signals. 

Systematic measurements of the spin-switch and Hanle signals reveal that the possible origins of the in-

plane spin polarization are predominantly due to the spin Hall effect or Rashba-Edelstein effect in NbSe2 

considering different symmetry-permitted CSC processes. Such features of current-induced spin 

polarization in NbSe2 have promising potentials to be used as a non-magnetic spin source in future all-

electric spintronic devices and spin-orbit technologies. Furthermore, the realization of CSC in 

superconducting quantum materials with high SOC strength can enhance the spintronic device 

performance by generating a larger spin current with a longer spin lifetime2. 

Supplementary Material 

Details about the device fabrication, characterization, and estimation of charge-spin conversion. 
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ARTICLE

All-electrical creation and control of spin-galvanic
signal in graphene and molybdenum ditelluride
heterostructures at room temperature
Anamul Md. Hoque 1, Dmitrii Khokhriakov 1, Klaus Zollner2, Bing Zhao1, Bogdan Karpiak1,

Jaroslav Fabian 2 & Saroj P. Dash 1,3✉

The ability to engineer new states of matter and control their spintronic properties by electric

fields is at the heart of future information technology. Here, we report a gate-tunable spin-

galvanic effect in van der Waals heterostructures of graphene with a semimetal of molyb-

denum ditelluride at room temperature due to an efficient spin-charge conversion process.

Measurements in different device geometries with control over the spin orientations exhibit

spin-switch and Hanle spin precession behavior, confirming the spin origin of the signal.

The control experiments with the pristine graphene channels do not show any such signals.

We explain the experimental spin-galvanic signals by theoretical calculations considering the

spin-orbit induced spin-splitting in the bands of the graphene in the heterostructure.

The calculations also reveal an unusual spin texture in graphene heterostructure with an

anisotropic out-of-plane and in-plane spin polarization. These findings open opportunities to

utilize graphene-based heterostructures for gate-controlled spintronic devices.
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The spin-orbit interaction (SOI) is the fundamental physical
phenomenon and pivotal for state-of-the-art spintronics and
quantum technologies1–4. Specifically, the SOI is the origin of

fascinating effects like current-induced transverse spin polarization
in non-magnetic materials, known as spin Hall effect (SHE) in bulk,
Rashba-Edelstein effect (REE) at the heterostructure interfaces, and
spin-momentum locking (SML) in topological materials5. Recent
experiments utilizing the charge-to-spin conversion (CSC) and its
inverse effects have been performed on metallic multilayers6,
semiconductors2, oxide heterostructures7,8, two-dimensional (2D)
materials9,10, van der Waals (vdW) heterostructures with graphene
(Gr)11–17, and the topological insulators18,19. Such SOI-induced
charge-spin conversion features are promising for all-electrical spin-
orbit torque-based technology1–4.

Recently discovered topological Weyl semimetals (WSMs)
were predicted to provide a much larger CSC efficiency, giant
REE20 and SHE21, due to their non-trivial band structure in both
bulk and surface states. The type-II WSMs, such as tungsten
ditelluride (WTe2) and molybdenum ditelluride (MoTe2) possess
strong SOI and band structure with a large Berry curvature
and spin-polarized bulk and surface states up to room
temperature22,23. Furthermore, the CSC in WSMs is of great
interest in its own9,15,24–28, but their true potential lies in forming
vdW heterostructures with graphene. It has been predicted that
the addition of a graphene layer on topological materials can even
enhance the REE by orders of magnitude29–32, which can be due
to different proximity-induced interactions in the hetero-
structures, such as Kane-Mele SOI, spin-valley coupling, and
Bychkov-Rashba interaction30,33. Recently, charge-spin conver-
sion effects are also reported in Gr-TMD heterostructure34,35 and
also in low-symmetry semimetal WTe215,26, with both conven-
tional and unconventional nature. Moreover, an interesting
energy-dependent spin texture and giant CSC efficiency are also
expected to be present in semimetal-graphene heterostructures.
The much-needed experimental proof of such gate tunable
charge-spin conversion effect in graphene-semimetal vdW het-
erostructure would considerably boost the chance of its utilization
in emerging spintronic technologies.

Here, we report the creation of proximity-induced spin-
galvanic effect (SGE) in vdW heterostructures of semimetal
MoTe2 and graphene. This article demonstrates a proximity-
driven SOI mechanism, the Rashba-Edelstein effect (REE), in
the vdW heterostructure-based spintronic device to achieve
spin-to-charge conversion (SCC) with high efficiency. The
magnitude and the sign of the spin-galvanic signal can be
controlled by applying gate voltage near the charge neutrality
point, which is understood based on our density functional
theory (DFT) calculations showing SOI-induced spin-split
electronic band structure of the graphene in the hetero-
structure. We also performed measurements in geometries
where the injector ferromagnet is placed perpendicularly to the
Gr-MoTe2 heterostructures, showing the REE-induced spin-
switch and Hanle spin precession signals. These results high-
light the unique possibility of achieving efficient gate tunability
of the SGE in vdW heterostructure.

Results
We have chosen semimetal MoTe2 as the high SOI material, which
has gained growing interest regarding its topological properties in
the Td phase. The MoTe2 is verified as the first type-II WSM, where
tilted Weyl cones exist in pairs as the contact point between electron
and hole pockets, which are connected by a spin-polarized Fermi
arc surface states23,36,37. Our basic measurements of temperature
dependence (Supplementary Fig. S1) together with the Raman
spectrum (Supplementary Fig. S2) of MoTe2 show the metallic 1 T′

phase of the material at room temperature38. Because of the ability
to create designer heterostructure of various layered materials39,40,
we prepare the heterostructure of multilayer MoTe2 of thickness
43 nm (Supplementary Fig. S3) and monolayer chemical vapor
deposited (CVD) graphene41,42 by dry transfer method inside a
glovebox.

The hybrid spintronic devices were nanofabricated in Hall-bar-
shaped geometry with multiple contacts to detect the SGE.
Measurements were performed in various device geometries such
as magnetization rotation, spin switch, and Hanle spin precession
methods. First, we present results from magnetization rotation
experiments in a device where the ferromagnetic contact is placed
parallel to the graphene-MoTe2 heterostructures, as shown in the
schematics and the device picture (Fig. 1a and b). The device
consists of Hall-bar shaped Gr-MoTe2 heterostructure region for
spin-to-charge conversion, graphene channel for spin transport,
Co/TiO2 ferromagnetic contacts (FM) on graphene for spin
injection (contact 1 in Fig. 1b), and Ti/Au contacts (contact 3 & 4
in Fig. 1b) on graphene for detection of the voltage signal and also
as reference electrodes (contact 2 in Fig. 1b), and Si/SiO2 sub-
strate acts as a global back gate. To be noted, the contacts (3 & 4)
are made explicitly on graphene to detect the proximity-induced
effects. This is in contrast to the devices used in Zhao, B.
et al.12,15,26, where the contacts are made on WTe2 flake to
measure spin Hall effects (SHE) in WTe2, and no proximity effect
could be detected. The contact resistances of FMs on graphene
are about 5-8 kΩ and the channel mobility of Gr-MoTe2 het-
erostructure is estimated to be about 2200 cm2V-1s-1 at room
temperature.

The basic spin transport measurements were carried out at
room temperature using FM injector and detector tunnel contacts
in the pristine graphene (Lch = 5.7 µm) and Gr-MoTe2 hetero-
structure regions (Lch = 6.7 µm), as depicted in Supplementary
Fig. S4. The spin transport in pristine graphene shows 200 mΩ of
spin-valve signal and corresponding Hanle measurements pro-
vide an estimated spin lifetime of ~ 185 ps; on the other hand, no
spin transport signal could be observed through the Gr-MoTe2
heterostructure region. This disappearance of the spin signal
across the heterostructure can be either due to spin absorption by
MoTe2 or the creation of a strong SOI and band structure
hybridization in the Gr-MoTe2 heterostructure. Although the
spin absorption effect by MoTe2 cannot be ruled out, the mea-
sured gate tunable spin galvanic signal presented below does not
indicate the contribution of charge-spin conversion from only
MoTe2, but to be originating from the proximitized graphene. As
predicted for graphene-transition metal dichalcogenides (TMD)
heterostructure33, graphene in proximity to MoTe2 can also
acquire strong SOI and a spin texture with a Rashba spin-split in
conduction and valence bands with the same spin chirality
(Fig. 1c), which can be probed by tuning the Fermi level (Ef) using
a gate voltage.

Proximity-induced spin-galvanic effect. The charge-spin con-
version due to the proximity-induced SOI in Gr-MoTe2 hetero-
structure can be measured by employing a direct REE or its
inverse phenomenon (IREE) based methods5. The charge
current-induced REE can be detected by a FM contact due to
charge-to-spin conversion. In contrast, for the IREE measure-
ments, a spin current is injected from a FM into a heterostructure
region and, consequently, a voltage signal is measured due to a
spin-to-charge conversion. Figure 1a shows the schematics of the
NL measurement geometry used for the detection of SGE in the
IREE measurement geometry. In this hybrid spintronic device,
the spin current is injected from a FM contact into the graphene
channel and diffused into the Gr-MoTe2 heterostructure, and
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finally detected as a voltage signal (VSGE) across the Hall-bar
structure with non-magnetic Ti/Au contacts on graphene. Due to
the IREE in the Gr-MoTe2 heterostructure region with a possi-
bility of spin-split bands (Fig. 1c), the diffused spin-polarized
carriers create a non-equilibrium spin density across the hetero-
structure with a net momentum along the ±y-axis depending on
the spin direction (±s). This is detected as a voltage signal, VSGE

(Ic) ∝ z x ns (Is); here, Ic, z and ns are the induced charge current,
out-of-plane direction non-equilibrium spin density accumulated
via spin current Is, respectively. The direction of the injected spin
(in ±x-direction) and hence the VSGE is controlled by sweeping a
magnetic field in the x-direction (±Bx), which induces spin pre-
cession together with rotation and saturates the magnetization of
the injector FM (Fig. 1d). The spin precession due to the applied
x-field (±Bx) will be in the y–z plane, and the projection of spin
polarization along the x-axis will be the same during the spin
precession. Nevertheless, the accumulated non-equilibrium spin
density (ns) depends on the spin direction towards the x-axis (±x)
in our measurement system of IREE. Due to the unchanged spin
projection along the x-axis during the spin precession, together
with changing magnetization of the injector FM contact, the
resulting IREE signal increases with Bx until the saturation of FM
magnetization (0.4 T) without any contribution of spin preces-
sion. Accordingly, the measured VSGE increases in the low field

range and saturates at magnetic fields above B ≈ ± 0.4 T (see
Supplementary Fig. S5, where a x-Hanle measurement shows the
saturation field of the FM contact). A giant spin-galvanic signal
has been obtained at room temperature with an amplitude up to
ΔRSGE= ΔVSGE/I ~ 4.96 Ω (with I=−80 µA at Vg= 40 V) and
lower bound of the efficiency (αRE) of IREE is estimated to be
7.6% by using the Eq. (1)17,34.

αRE ¼ ΔRSGE

2ρG

wMoTe2

PλG e�
L
λG � e�

LþwMoTe2
λG

� � ð1Þ

Here, ΔRSGE, P, wMoTe2
(2.3 µm), λG (2.65 µm), ρG (1.6 kΩ), and

L (3.37 µm) are the signal amplitude, the spin polarization of Co/
TiO2 contact (considering 10%, see Supplementary Fig. S6), the
width of the MoTe2 flake, spin diffusion length, channel
resistivity, and channel length, respectively. Here, we consider
the spin diffusion length of the pristine graphene region since no
spin precession signal is observed in the Gr-MoTe2 hetero-
structure region. However, we would like to mention that the
estimated αRE is the lower limit as the spin diffusion length in Gr-
MoTe2 heterostructure is smaller due to the enhanced SOI. This
magnitude of the observed RSGE and αRE is found to be larger
than the previous results on 2D materials heterostructures16,17.
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Fig. 1 Proximity-induced spin-galvanic effect in graphene-MoTe2 van der Waals heterostructure at room temperature. a, b The spintronic device
schematics with the measurement scheme and colored scanning electron microscopic (SEM) image consisting of graphene (gray)/MoTe2 (blue)
heterostructure on Si/SiO2 substrate, ferromagnetic (FM) and non-magnetic (Ti/Au) contacts on graphene. The scale bar in the SEM image is 6 µm. c A
schematic band diagram of modified graphene in a heterostructure with MoTe2, showing Rashba spin-split conduction and valence bands in accordance
with the energy in momentum space (Ek), where Fermi energy (Ef) is in the conduction band. Application of an electric field with such spin texture is
expected to create a spin accumulation due to the Rashba-Edelstein effect (REE), and inversely, a spin accumulation can be converted to a charge voltage
via inverse Rashba-Edelstein effect (IREE). d Measured spin-galvanic effect as a non-local voltage (VSGE) signal due to IREE by injecting a spin current (Is)
from a FM into the graphene-MoTe2 heterostructure region. A change in VSGE is measured by sweeping a magnetic field along the x-axis (Bx) with an
application of I= 80 µA, the gate voltage Vg=−10V in Dev 1 at room temperature. The green and blue arrows denote the FM magnetization and direction
of the diffused spin into the graphene-MoTe2 heterostructure, respectively. e, f Measured bias dependence of VSGE signal and its magnitude ΔVSGE as a
function of bias current in Dev 1. A linear background is subtracted from the data and shifted in the y-axis for clarity. The line is the linear fit to the data in f.
The error bars are calculated from the noise level of the manifested signals and not clearly visible because error bars are smaller than the data points.
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We can also electrically tune the magnitude and sign of the
SGE signal with the spin injection bias current I. In our
measurement configuration, changing the bias current on the
FM spin injector contact changes the direction of accumulated
spin polarization in the graphene channel. Hence, with a change
in the non-equilibrium spin density, the direction of the
measured VSGE that is induced by IREE also changes (Fig. 1e).
To be noted, the bias current +I corresponds to spin injection
from the FM into the graphene channel, and −I correspond to
the spin extraction condition. The bias dependence of measured
VSGE signal amplitude in the range of I = −80 µA to 80 µA has
been depicted in Fig. 1f, along with a linear fit to the data points.
We also observed inverse SGE (ISGE), following the reciprocity
relation, where charge current is applied with Ti/Au contacts
across Gr-MoTe2 heterostructure Hall-cross and non-local
voltage (Vnl) is measured in graphene channel with FM detector
contact (Supplementary Fig. S7).

Angle dependence of the spin-galvanic signal. Next, the angular
dependence of the measured NL voltage signal was performed at
room temperature. The measurements were manifested by vary-
ing the angle (θ) of the applied in-plane (x–y plane) magnetic
field (B) direction with respect to the x-axis, illustrated by the
schematics and measurement geometry in Fig. 2a. The measured
VSGE changes with the effective component of B in the x-direction
as depicted in Fig. 2b in Dev 2 (Lch = 5 µm) with an injection bias
current of I = 60 μA. No spin-galvanic signal is detected when the

B is aligned with the y-axis (θ = 90°) because at this stage, the
injected spins remain parallel to the B field and no spin preces-
sion is taking place in the measurement geometry. The sign of the
VSGE reverses gradually in between θ = 0° to 180° (π) due to
changing the FM magnetization direction along (±x-axis) and
associated reversal of the injected spin orientation.

In contrast to the Gr-MoTe2 heterostructure, no such features
have been observed in control samples of only graphene Hall-
cross, with measurement geometry shown in the inset of Fig. 2c.
Figure 2c shows the null non-local signal (Vnl) measured in
pristine graphene Hall-cross at room temperature with I=100 μA,
Vg = −50 V for different measurement angles. The magnitude of
the measured SGE signals (ΔVSGE) in the Gr-MoTe2 hetero-
structure and non-local signal in the only graphene (ΔVnl) as a
function of the measurement angle θ are shown in Fig. 2d,
following the expected behavior, where the induced voltage VSGE

(Ic) ∝ z x ns (Is)15,43. The angle dependence data of the ΔVSGE is
found to follow the cos(θ) function, which establishes the relation
between the direction of the injected spin-current and the
induced SGE in the Gr-MoTe2 heterostructure. On the other
hand, the ΔVnl in only graphene Hall-cross renders the null signal
with the applied magnetic field direction, which rules out the
effect of the stray field from the FM electrodes to be the origin of
the manifested SGE signal in the Gr-MoTe2 heterostructure.

Gate-controlled switching of spin-galvanic signal. In order to
demonstrate the electric field-controlled switching of the SGE, we
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measurement geometry with directions of an applied magnetic field (B), the injector ferromagnet magnetization (M), the spin current (Is), and external
magnetic field angle (θ) in x–y plane. b The manifested spin-galvanic signal (VSGE) as a function of the magnetic field (B) sweep for various
measurement angle (θ) orientations in the x–y plane, with an application of I = 60 µA in Dev 2 at room temperature. A linear background is subtracted
from the data and shifted in the y-axis for clarity (see Supplementary Fig. S8). c As a control experiment, the non-local signal as a function of magnetic
field sweep (B) for various in-plane (x–y plane) measurement angle (θ) orientations in only graphene Hall cross at room temperature with I=100 μA
and Vg = −50V along with the measurement geometry in the inset. The signals are shifted in the y-axis for clarity. d The magnitude of spin-galvanic
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(θ). The solid line is the cos(θ) function. The error bars are calculated from the noise level of the manifested signals and not clearly visible because
error bars are smaller than the data points.
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measured SGE for the electron (n) and hole (p) doped regimes of
the Gr-MoTe2 heterostructure. The applied gate voltage mod-
ulates the Fermi level (Ef) position in the Gr-MoTe2 hybrid bands
for probing the spin-split REE-induced non-equilibrium spin
accumulation (ns) with different charge carrier types. Figure 3a
shows the opposite signs of VSGE signals for two different doping
regimes, electrons (violet) at Vg = 20 V and holes (magenta) at
Vg = −10V at room temperature. Control experiments with gate
dependence of standard Hanle spin precession signals (Supple-
mentary Fig. S6) confirm that the sign change in SGE is not due
to a change in the sign of spin polarization of the injector FM
contacts. The proximity-induced REE effect in graphene is pre-
dicted to be dependent on the conduction charge carrier type, i.e.,
electrons and holes, since spin polarity in Rashba contour
remains unchanged in valence and conduction bands, unlike the
spin-momentum locking in topological insulators33,44. The
observed IREE produces a charge current (Ic ∝ z x ns) perpen-
dicular to the injected spin densities (ns), which changes its

direction because of a unidirectional accumulation of electron
and holes (−q for electrons and +q for holes) in the hetero-
structure with specific spin orientations. So, it can be concluded
that the measured SGE signal and the sign change of the VSGE is
inherently due to induced IREE in Gr-MoTe2 heterostructure.
Similar gate-dependent sign change behavior of SGE is also
observed in Dev 2 (see Supplementary Fig. S10). To compere the
induced SGE in Gr-MoTe2 with pristine graphene, NL signals
(Vnl) are measured for electron- and hole-doped regions, depicted
in Fig. 3b, with I = 100 µA at Vg = 70 V and −50 V, respectively.
The resultant signals can be considered as null noise-signals
because of the absence of REE in pristine graphene.

To understand our experimental findings of SGE, we have
performed a DFT calculation of the electronic band structure of
Gr-MoTe2 heterostructure to identify the Rashba spin texture and
to verify the enhanced SOI strength in the heterostructure
(Supplementary Note 1 for details)45,46. A side and top view of
the geometry used for band structure calculations are shown in
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(VSGE) by sweeping a magnetic field along the x-axis (Bx) at room temperature in graphene-MoTe2 heterostructure (Dev 1) with I = 80 µA and applied gate
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Supplementary Fig. S13. The low energy band structure of the
graphene and 1 T’-MoTe2 heterostructure is presented in Fig. 3c

and we found four states (ϵVB=CB1=2 ) of Rashba spin-splitting with
SOI strength of around 2.5 meV (see Supplementary Fig. S15).
We also noticed that the bands display a clear signature of Rashba
SOI, as the spin in the outermost conduction (ϵCB1 ) and valence
band (ϵVB2 ) is aligned clockwise (Fig. 3d, e), while the
corresponding spin-orbit split partner bands (for example, ϵCB1
and ϵCB2 ) show a counter-clockwise sense of spin-alignment
(Supplementary Fig. S16). The calculations have also revealed an
unusual proximity-induced spin texture in graphene: the out-of-
plane spin polarization is highly anisotropic around K, and the
in-plane spin polarization (Rashba) vortex is shifted from K’.
Such a spin texture in the graphene valence and conduction band
in the heterostructure can explain our measured SGE signal,
where the sign of the SGE signal is efficiently controlled by the
application of a gate voltage.

Interestingly, the gate electric field is changing simultaneously
the spin properties (SOI and Rashba effect) and carrier
concentration and type in the Gr-MoTe2 heterostructure. To
estimate the overall effect of SOI, we have theoretically calculated
the splitting of low energy band due to SOI (ΔEso) in Gr-MoTe2
heterostructure at various electric fields (see Supplementary Fig.
S18 in the Supplementary Note 2 for details). We found that the
splitting of the low energy bands in the Gr-MoTe2 interface and
the doping can be tuned by the electric field. Theoretically, we
found that for the negative field (−2 V/nm), where graphene is
electron-doped, the splitting (i.e., Rashba SOI) is larger than for
the positive field (2 V/nm), where graphene is hole-doped. Our
measurements also show that the signal amplitude (ΔVSGE) is
higher for electrons compared to holes, which is in agreement
with the theoretical analysis. However, experimentally we only
applied about ±0.50 V/nm and a very negligible modulation of
Rashba SOI is expected within this applied electric field range. In
addition to a small change of Rashba SOI with the electric field,
the gate voltage also changes the Fermi level in Gr-MoTe2
heterostructure significantly (hence, the charge of carrier type),
which gives rise to the sign change of the SGE signal.

Systematic gate dependence of VSGE is measured at different
gate voltages (Vg) in the range from −40 to +40 V for two
different spin injection bias currents I = ±80 µA at room
temperature (Fig. 4a). It can be observed that the SGE signal
changes sign with gate voltage and spin injection bias currents. To
correlate the sign change behavior of the SGE signal with the
carrier type of the Gr-MoTe2 heterostructure, the gate depen-
dence of graphene channel resistance (RGr) is plotted together
with ΔVSGE and ΔRSGE. To be noted, the RGr is measured for the
channel length of 6.7 µm (Fig. 4b inset), which includes part of
the graphene region that is not contributing to the SGE signal.
Therefore, the charge neutrality point (CNP) for the only Gr-
MoTe2 heterostructure region can be between 10–20 V. Interest-
ingly, the gate dependence of SGE signal ΔVSGE and ΔRSGE
change sign around the charge neutrality point, which is between
10–20 V. Opposite signs of the SGE signals are consistently
observed for carriers in the electron- and hole-doped regimes of
the heterostructure, i.e. for the conduction and valence bands of
the hybrid structure. The signal amplitudes ΔVSGE, ΔRSGE, and
corresponding αRE (Supplementary Fig. S11) are also found to be
asymmetric, higher for an electron-doped regime compared to
the hole-doped regime. Such behavior can be due to the different
doping regimes and spin-charge conversion efficiency.

Spin-galvanic signal detection via spin switch and spin pre-
cession. To substantiate the proximity-induced SGE in Gr-MoTe2
heterostructure via spin-switch and Hanle spin precession

measurements11, a different device is fabricated (Supplementary
Fig. S12a) where an injector FM is placed perpendicular (x-axis)
to the heterostructure. At first, the spin transport properties in
graphene across the Gr-MoTe2 heterostructure have been ver-
ified. Figure 5a depicts the schematic of the device and mea-
surement geometry to measure the non-local spin signal with a
FM detector in graphene across the Gr-MoTe2 heterostructure.
The non-local spin valve (Vnl) in graphene is depicted in Fig. 5b
with I = −300µA at Vg = −50V, where the magnetic field is
applied along the easy axis of the injector’s magnetization (x-
axis). The Hanle spin precession signal in graphene is presented
in Fig. 5c with I = −50 µA at Vg = −50 V. The characteristic
switching in spin-valve and antisymmetric Hanle are due to the
perpendicular magnetization of the injector (x-axis) and detector
(y-axis) FM contacts. Next, the non-local SGE signal in the Gr-
MoTe2 has been investigated. Figure 5d shows the schematic of
the device and measurement geometry to measure non-local SGE
signal (VSGE) with Ti/Au contacts along the Hall-cross of Gr-
MoTe2 heterostructure. In this measurement geometry, it is
expected that applying a changing magnetic field along the easy
axis (x-axis) of the FM injector should have manifested a spin
switch signal across the Hall-cross due to proximity-induced SGE.
The SGE signal with varying in-plane magnetic field (Bx) at room
temperature is presented in Fig. 5e with I = −100 µA at Vg =
−50 V. As the graphene channel was highly doped in this device,
a complete gate-dependent measurement could not be performed,
as the signal became noisy at positive gate voltages. The full bias
dependence of SGE signals is presented in Supplementary Fig.
S12. As a confirmation of the spin-related origin of the observed
SGE, Hanle spin precession with out-of-plane field Bz is measured
and shown in Fig. 5f along with fitting for I = −100 µA at Vg =
−50 V. The spin lifetime and spin diffusion length in Gr-MoTe2
heterostructure are extracted to be around τs = 20 ps ± 1 ps and
λs = 155 nm ± 5 nm.

Discussion
The observed SGE in Gr-MoTe2 heterostructure can have inter-
esting microscopic origins. Although topologically non-trivial
Weyl states in MoTe2 are found to exist at low temperature27, the
trivial spin-polarized surface and bulk states are also shown to
exist in these materials even at room temperature23. Additionally,
the existence of polar instability near the surface is also observed
even when the MoTe2 bulk is in a centrosymmetric phase23,36.
Therefore, the surface states of MoTe2 can have a strong influence
on the band hybridization and proximity-induced spin-charge
conversion properties of Gr-MoTe2 heterostructure. Additionally,
our calculations show the presence of a very strong SOI with band
splitting of a few meV in graphene in proximity with MoTe2,
similar to the predictions on graphene-semiconducting TMD
heterostructure30,47. Interestingly, the induced Rashba spin-split
bands in graphene should have opposite spin polarization with a
helical spin texture due to the lack of inversion symmetry at the
interface, which is protected by time-reversal symmetry4,33.
Moreover, this proximity-induced band splitting in graphene is
predicted to emanate along the energy axis with an in-plane spin
polarization, which is the cardinal aspect for a novel spin-to-
charge conversion effects47. The in-plane spin accumulation in
our measured Gr-MoTe2 heterostructures renders this SGE signal
to be due to proximity-induced IREE in graphene. It can be
affirmed that the polarization of the accumulated spins is in-
plane; otherwise, a signal would have been observed when the
applied magnetic field direction is aligned with the y-axis (θ =
90°) in our angle dependence measurements16,17.

In our measurements, we do not observe the contribution of
SHE and REE from only MoTe2 to the manifested gate-tunable
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SGE signals, as the charge carriers in metallic MoTe2 are not
tunable by a gate voltage. We can also rule out proximity-induced
SHE in graphene in a heterostructure with MoTe2 since that
would have polarized the spins in the z-direction, which would
have resulted in a spin precession Hanle peaks near B = 0 T field,
which are not observed16. We can exclude the thermal-related
spin effects as the origin of the observed SGE signal for the reason
that the sign of the SGE signal changes with the DC bias current
direction, as depicted in Fig. 1e, as the temperature gradient in the
heterostructure should not change with the bias direction.
Moreover, we manifested the linear bias dependence of the SGE
signal (Fig. 1f), while the thermal-related effect should be pro-
portional to I2. In addition, we observe a gate dependence tuning
of the SGE signal magnitude with a sign change for the electron-
and hole-doped regimes of the Gr-MoTe2 heterostructure. The
effect of stray Hall effect in our SGE signal can be disregarded
because of the larger channel length between the injector and
detector, and higher magnitude of the obtained SGE signal, which
is in the range of few Ohms where the magnitude of the stray Hall
effect is estimated to be in the range of few milli-Ohms in a
similar kind of device structure16,48. The controlled experiments
with only graphene channels show a null signal, further sup-
porting the measurements. Moreover, spin-switch and Hanle spin
precession measurements have been observed while injecting spin
current by a FM injector perpendicular (x-axis) to the Gr-MoTe2

heterostructure. So, the observed SGE is inevitably due to IREE in
proximitized graphene because of proximity-induced SOI from
MoTe2.

In conclusion, we demonstrated the electrical detection and
control of proximity-induced Rashba spin-orbit interaction in
vdW heterostructures at room temperature. The observed SGE in
the heterostructure of semi-metallic MoTe2 and large-area CVD
graphene can offer unique advantages for faster and low-power
spin-charge conversion-based spintronic devices. Specifically,
vdW heterostructure provides entirely new mechanisms for
tuning emergent spin functionalities by an electric field, resulting
from interfacial proximity interactions between the stacked
layered materials. Due to the proximity effect, graphene acquires
strong SOI and a spin texture with spin-split conduction and
valence bands, which is ideal for tuning by a gate voltage. Con-
trolling the magnitude and sign of the spin voltage by an external
electric field at room temperature can be efficiently used for gate
tunable spin-orbit torque (SOT) based magnetic random-access
memory (MRAM)3 and logic technologies2. The strong Rashba
SOI in vdW heterostructures can further enable new energy-
dependent spin textures by tuning their proximity-induced
interactions and expected to provide a new playground for the
creation of unique topological states of matter, for example,
in heterostructures with layered ferromagnetic49 and super-
conducting materials1,4.

a b

Fig. 4 Gate dependence of spin-galvanic signal in graphene-MoTe2 heterostructure at room temperature. a Evolution of measured spin-galvanic signal
(VSGE) by sweeping magnetic field along the x-axis (Bx) at different gate voltages in the range of +40 to −40V, with I = ±80 µA in Dev 1 at room
temperature. The sign of the spin-galvanic signal changes with gate voltage Vg and spin injection bias current I. b Gate dependence of graphene channel
resistance (RGr) and spin-galvanic signals (ΔVSGE and ΔRSGE = ΔVSGE/I) at I = ±80 µA at room temperature. The sign change of the spin-galvanic signal is
observed close to the charge neutrality point of graphene and the signals are of opposite sign for n and p-type regimes of the graphene-MoTe2
heterostructure. The error bars are calculated from the noise level of the manifested signals and not clearly visible because error bars are smaller than the
data points.
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Methods
Device fabrication and measurements. The vdW heterostructures of Gr-MoTe2
were fabricated by dry transfer of 1 T′ MoTe2 (from HQ Graphene) flakes on CVD
graphene (from Groltex), onto SiO2 (285 nm)/n-doped Si substrate using scotch tape
method inside a glovebox in an inert atmosphere. The graphene and the Gr-MoTe2
channels were patterned into Hall-bar-shaped structures by electron beam lithography
and oxygen plasma etching. Both non-magnetic and ferromagnetic contacts to gra-
phene were defined by two-step electron beam lithography and lift-off process. The
non-magnetic contacts were prepared by deposition of 10 nm Ti and 60 nm Au by
electron beam evaporation and lift-off process. For the preparation of ferromagnetic
contacts to graphene, we used a two-step electron beam evaporation of 0.6 nm of Ti and
in-situ oxidation, followed by a 90 nm of Cobalt (Co) deposition. The lift-off was
performed in warm acetone and IPA. The spin-galvanic measurements were performed
in a vacuum system with a magnetic field up to 0.8 Tesla and a sample rotation stage.
All the electrical measurements were performed at room temperature using a current
source Keithley 6221, a nano voltmeter Keithley 2182A and Keithley 2612B source
meter for application of gate voltages.

Density functional theory calculations. The electronic structure calculations and
structural relaxation of our heterostructures are performed by means of density func-
tional theory46 within Quantum ESPRESSO45. Self-consistent calculations are per-
formed with the k-point sampling of 18 x 18 x 1. We use an energy cutoff for charge
density of 550 Ry, and the kinetic energy cutoff for wavefunctions is 65 Ry for the fully
relativistic pseudopotential with the projector augmented wave method50 with the
Perdew-Burke-Ernzerhof exchange-correlation functional51. For the relaxation of the
heterostructures, we add van der Waals corrections52,53 and use a quasi-newton algo-
rithm based on the trust radius procedure. In order to simulate quasi-2D systems, a
vacuum of at least 18 Å is used to avoid interactions between periodic images in our
slab geometry. We choose a 5 × 5 supercell for graphene, a 2 × 3 supercell of 1 T
′-MoTe2, and we end up with 86 atoms in the hexagonal heterostructure unit cell.
Structural relaxations are performed until all components of all forces were reduced
below 10−3 [Ry/a0], where a0 is the Bohr radius.

Data availability
The data that support the findings of this study are available from the corresponding
authors on reasonable request.
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Abstract 

 

Two-dimensional (2D) van der Waals heterostructures fabricated by combining 2D materials with 

unique properties in one ultimate unit can offer a plethora of fundamental phenomena and 

practical applications. Recently, proximity-induced quantum and spintronic effects have been 

realized in heterostructures of graphene with 2D semiconductors and their twisted systems. 

However, these studies are so far limited to exfoliated flake-based devices, limiting their potential 

for scalable practical applications. Here, we report spin–valley coupling and spin-relaxation 

anisotropy in graphene-MoS2 heterostructure devices prepared from scalable chemical vapor 

deposited (CVD) 2D materials. Spin precession and dynamics measurements reveal an 

enhanced spin-orbit coupling (SOC) strength in the heterostructure in comparison to the pristine 

graphene at room temperature. Consequently, a large spin relaxation anisotropy is observed in 

the heterostructure, providing a method for spin filtering due to spin-valley coupling. These 

findings open a scalable platform for all-CVD 2D van der Waals heterostructures design and their 

novel device applications. 

 

 

 

 

 

 

 

 

 

 

*Corresponding author: Saroj P. Dash, Email: saroj.dash@chalmers.se 

Keywords: Graphene, MoS2, CVD growth, 2D materials heterostructures, Spin transport, Spin lifetime 

anisotropy, Spintronics, Spin-orbit coupling, proximity effect, spin valley coupling.  



 

2 

Introduction 

Two-dimensional (2D) materials host unique charge, spin, and orbital degrees of freedom that 

can be uniquely manipulated in van der Waals (vdW) heterostructures for quantum and spintronic 

applications1–4. Graphene (Gr) is well-known for Dirac fermions and high carrier mobility along 

with long-distance spin transport due to its low spin-orbit coupling (SOC)5–9. However, significant 

efforts have been made to enhance SOC in Gr to realize gate tunable spintronic functionalities10. 

One way to achieve sizable SOC in Gr is by employing chemically-adsorbed heavy adatoms,11,12; 

however, doping can introduce defects in Gr and compromise the fascinating electronic 

properties13. Alternatively, the vdW heterostructures of Gr with high-SOC 2D materials, such as 

transition metal dichalcogenides (TMDCs) and topological insulators (TI), have emerged as a 

promising platform for proximity-induced SOC,14,15 while preserving their electronic properties16–

19. Moreover, introducing SOC in twisted Gr heterostructures can yield new correlated electronic 

phases and novel quantum phenomena20,21.  

The signatures of the increased SOC demonstrated the potential of Gr-TMDCs heterostructures 

in quantum and spintronic devices15,22. First, an increase in SOC strength in Gr-TMDC and its 

gate modulation and hydrostatic pressure dependence are demonstrated at low temperature23–27. 

The spin transport in Gr-MoS2 heterostructures revealed spin field-effect modulation functionality 

up to room temperature, where the spin signal could be controlled by a gate electric field28,29. 

Moreover, valley-polarized spin injection and proximity-induced spin Hall and Rashba Edelstein 

effects have been realized in the Gr-TMDC heterostructures30–35. Another exciting aspect of 

proximity-induced SOC in Gr is the spin lifetime anisotropy, which results in spin filtering 

functionalities due to the different spin relaxation times for spins polarized in different 

orientations36. However, experimental reports on spin–valley coupling are so far limited to 

exfoliated flakes, and realization in scalable Gr-TMDCs heterostructure is still missing and 

challenging as well due to the complex fabrication process. 

Here, we report spin transport and dynamics in scalable graphene-MoS2 vdW heterostructure 

spintronic devices grown by the chemical vapor deposition (CVD) methods. The CVD-grown 

materials and their vdW heterostructure devices show excellent charge transport properties. Spin 

transport and precession properties were investigated in the heterostructure channel using a 

nonlocal spin valve and Hanle spin precession measurements at room temperature. Detailed 

oblique field dependence of spin precession measurements are performed to estimate spin–valley 

coupling and spin-relaxation anisotropy. These studies open a scalable platform for all-CVD 2D 

heterostructure-based devices.  

Results and Discussion 

 

All-CVD graphene-MoS2 heterostructure device fabrication and electrical characterization 

Figure 1a shows the schematic of a device structure consisting of CVD grown graphene-MoS2 

heterostructure on Si/SiO2 substrate, which allows to apply back-gate voltage (Vg). The bottom 

panel in Fig. 1a illustrates the band diagram of graphene and MoS2 with spin-split bands for up 

and down spins37,38. The graphene-MoS2 vdW heterostructure region can induce spin–valley SOC 
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in graphene via proximity effect and modify the band structure and spin transport in the 

channel17,39. An optical micrograph of a fabricated device is presented in Fig. 1b, where the 

monolayer CVD graphene channel is covered with a monolayer CVD MoS2, which was transferred 

by wet transfer technique40. Subsequently, e-beam lithography was performed to make 

ferromagnetic (FM) tunnel contacts of TiO2 (~ 1 nm)/Co (~ 80 nm) suitable for studying charge 

and spin transport properties in the devices (see the Methods for details). 

 

Figure 1. All-CVD graphene-MoS2 heterostructure spintronic device and electrical properties. (a) 

Schematic representation of the Gr and MoS2 vdW heterostructure device on Si/SiO2 substrate along with 

the FM contacts. Pictorial depiction of the band diagram of graphene, MoS2, and their heterostructure with 

spin-split bands. (b) Optical image of CVD Gr (orange dotted line) and CVD MoS2 (green dotted line) vdW 

heterostructure along with the different FM (Co/TiO2) contacts. The scale bar is 5μm. The width and the 

shapes of the FM contacts are designed on Gr to facilitate spin injection and detection. (c) Source-drain 

current Ids as a function of the applied back-gate voltage (Vg) of single-layer of CVD MoS2 field-effect 

transistor with different source-drain bias voltages Vds. Inset shows Ids vs. Vds at different Vg.  (d) Ids vs. Vds 

plots at different gate voltages between Gr-MoS2 along with the measurement geometry in the inset. (e) 

Transfer properties (Ids vs. Vg) between Gr-MoS2 at Vds = 1V in linear (pink) and log (violet) scale. (f) Gate-

dependent resistivity of Gr channels in pristine and heterostructure regions probed in four-terminal 

measurement geometry. 

First, we describe the characterization of the individual CVD-grown monolayer materials to inspect 

their electrical properties. The transport properties (source-drain current Ids vs. gate voltage Vg) of 

MoS2 are depicted in Fig. 1c for different bias voltages Vds, along with Ids vs. Vds at different Vg in 

the inset. The Ids increase monotonically with increasing Vds, and the Ids increase with increasing 

Vg for fixed Vds due to increasing carrier concentration in the MoS2, which corresponds to n-type 
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transport properties41. We estimated the field-effect mobility by μ = 
𝐿𝑔𝑚

𝑊𝐶𝑔𝑉𝑑𝑠
 = 1.21 cm2V−1s−1; where 

L, W, Cg and gm are the channel length, width, gate capacitance per area (1.15x10-8 Fcm-2 for 

285nm SiO2) and transconductance, respectively. 

Next, charge transport properties are measured for Gr-MoS2 vdW junction. Figure 1d shows the 

measured Ids as a function of applied Vds at various Vg along with the measurement geometry. 

The asymmetric Ids-Vds properties with diode-like behavior could be attributed to work function 

mismatch between the electrodes and the materials42,43. The transfer characteristic (Ids vs. Vg) of 

the Gr-MoS2 heterostructure for Vds = 1V is depicted in Fig. 1e. We found an increase of Ids with 

increasing positive Vg that is derived mainly from the transport properties of MoS2, where 

graphene acts as vdW contact. The field-effect mobility μ is estimated to be 12.4 cm2V−1s−1
 in the 

Gr-MoS2 heterostructure, which is one order of magnitude higher than the pristine MoS2 with 

metallic contacts. This enhancement of mobility of MoS2 with graphene contact can be attributed 

to reduced defect states in the MoS2 contact region and smaller Schottky barrier at the Gr-MoS2 

vdW interface43–45. Figure 1f presents the gate-dependent Gr resistivity (𝜌◻= 𝑅4𝑇𝑊

𝐿
) in the pristine 

and Gr-MoS2 heterostructure region, with Dirac point at 6.8V and -5V, respectively. We estimate 

the maximum μ to be 2340 cm2V−1s−1 for pristine Gr and 3000 cm2V−1s−1 for the Gr-MoS2 

heterostructure regions. The electrical properties of the heterostructure region indicate the 

excellent quality of materials, even wet transfer of CVD MoS2 on CVD Gr does not have a 

detrimental effect on its phenomenal electrical transport properties7,46
. 

Spin transport and precession across the all-CVD graphene-MoS2 van der Waals 

heterostructure  

 

To investigate the spin dynamics in the all-CVD Gr-MoS2 heterostructure, nonlocal (NL) spin 

transport measurements (Fig. 2a) were carried out with varying magnetic field (B) along different 

directions. We adopted NL measurements geometry, where the injected current and detected 

voltage circuits are secluded to detect pure spin-polarized current. Spin-valve (SV) measurements 

are performed to detect in-plane spin transport in the Gr-MoS2 heterostructure channel, where By 

field is applied along the magnetic easy axis of the FM contacts to switch their magnetization. The 

switching of the FM contacts renders a spin valve (SV) signal between parallel and antiparallel 

magnetization states of the injector and detector FM contacts. Figure 2b shows the NLSV signal 

(ΔRnl = ΔVnl/I) in the Dev1 of Gr-MoS2 heterostructure with channel length L = 9.6 μm. 

 

Next, we measured the Hanle spin precession signal by applying a perpendicular magnetic field 

(Bz) to the Gr-MoS2 plane. In this measurement geometry, the magnetic field dephases the 

diffusing spins in the channel and renders a cosine-dependent Hanle spin precession signal that 

diminishes with increasing the magnetic field. Figure 2c shows the measured Hanle signals for 

parallel and antiparallel FM magnetizations along with the fitting with equation 1.  

𝛥𝑅𝑁𝐿 ∝  ∫  
∞

0

1

√4𝜋𝐷𝑡
𝑒

−
𝐿2

4𝐷𝑠𝑡 𝑐𝑜𝑠 (𝜔𝐿𝑡) 𝑒
−𝑡

𝜏𝑠 𝑑𝑡        (1) 

Here, 𝜔𝐿 =  
𝑔µ𝐵

ћ
𝐵ꓕ is Larmor frequency with 𝐵ꓕ is applied a perpendicular magnetic field to the 

easy axis of the FM contacts, 𝑔 = 2 is assumed, 𝐷𝑠 is the spin diffusion constant, 𝜆𝑠 and 𝜏𝑠 are 
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the transverse spin diffusion length and lifetime in graphene, respectively. The fitting parameters 

provide spin transport parameters in the xy plane. We found that the in-plane spin lifetime in the 

Gr-MoS2 heterostructure channel is about τ|| = 125 ± 6 ps, and spin diffusion length, λ|| = 2.2 ± 

0.13 μm.  

 
Figure 2. Spin transport and precession across the all-CVD graphene-MoS2 heterostructure at room 

temperature. (a) Schematic of the NL geometry to measure spin transport and precession in Gr-MoS2 

heterostructure region. (b) NLSV signal with changing magnetic field along the y-axis. Up and down 

magnetic field sweep directions are indicated by the arrows. (c) Hanle spin precession signals with out-of-

field magnetic field sweep and the data fittings (solid lines) to estimate spin parameters in the 

heterostructure region for parallel and antiparallel magnetization of the FM electrodes. Measurements were 

performed in Dev1 with I = -250 µA and Vg = 60V, and a small linear background is subtracted from the 

data. (d) Gate-dependent heterostructure channel resistance of Gr-MoS2 heterostructure. The Dirac point 

in this Gr-MoS2 heterostructure channel is 7V. (e) Evolution of Hanle precession signal in Gr-MoS2 

heterostructure measured at different gate voltages Vg in Dev 2 with I = -400 µA. The scale bar for the 

magnitude of NLSV signal Rnl is 10 mΩ. (f) Gate dependence of the Hanle spin precession signal amplitude 

(ΔRnl), spin diffusion length (λs), diffusion constant (Ds), and spin lifetime (τs). (g) Estimation of SOC strength 

in Gr-MoS2 heterostructure along with fitting (solid line) to equation 2.  
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Next, we investigated the influence of the gate electric field on the Hanle spin precession signal 

in the Gr-MoS2 heterostructure (Dev2) with a channel length of 10.6µm. The Dirac curve of the 

heterostructure region is presented in Fig. 2d, where the Dirac point of Gr is Vg ~ 7V and mobility 

is estimated to be about 2700 cm2V−1s−1. Figure 2e shows the evolution of Hanle spin precession 

signal measured with different Vg at room temperature. The amplitude (ΔRnl) and extracted spin 

parameters from the Hanle spin precession measurements at different Vg are shown in the panels 

in Fig. 2f. It is noticeable that λs, Ds, and τs are steady at about 1.35µm, 0.01m2s-1, and 160ps, 

respectively, in the higher Vg range. However, near the Dirac point, reduction of all spin 

parameters are observed, which can be originated from conductivity mismatch between FM 

injector and detector contacts with graphene channel47,48. Contrary to the studies in exfoliated Gr-

TMDC samples, where the gate-dependent spin transport showed the disappearance of the spin 

signals at the higher positive gate voltages28,29,39, all-CVD samples exhibited the spin signals to 

be present also at higher gate voltages. The observation of spin signals at higher Vg in all-CVD 

samples indicates the absence of tunable spin absorption effect by CVD MoS2 on the CVD Gr 

channel. Moreover, an abiding spin absorption by CVD MoS2 on CVD graphene in our devices 

might be effective in all gate voltages49,50. Such behavior can be understood from the very low 

Schottky barrier estimated in our all-CVD MoS2/Gr interfaces with B ~ 20 meV (to be reported) 

in comparison to ~ 100 meV obtained in previous exfoliated samples28,29,39 in the flat band 

conditions42,43.  

 

First, we evaluated spin scattering in the all-CVD Gr-MoS2 channel by considering two main spin 

relaxation mechanisms, i.e., the Elliott-Yafet (EY) and D’yakonov-Perel’ (DP). Here, EY includes 

the spin-flip events that are due to momentum scattering (τp), where τs is proportional to τp. On 

the other hand, DP accounts for the spin scattering events due to an effective magnetic field 

between the momentum scattering events, where τs is inversely proportional to τp. The SOC can 

be correlated to these scattering mechanisms, which can be expressed as 𝜏𝑠,𝐷𝑃
−1 = 4 (

∆𝐷𝑃

ħ
)

2
𝜏𝑝 and  

𝜏𝑠,𝐸𝑌 = (
𝐸𝐹

∆𝐸𝑌
)

2
𝜏𝑝. Here, EF is the relative Fermi energy with respect to the Dirac point, ΔEY and ΔDP 

are energy scales due to EY and DP mechanisms, respectively. The total spin lifetime in the 

channel can be expressed as 𝜏𝑠 = (𝜏𝑠,𝐷𝑃
−1 +  𝜏𝑠,𝐷𝑃

−1 )
−1

, which yields 

                                                   𝐸𝐹
2 𝜏𝑝

𝜏𝑠
=  ∆𝐸𝑌

2 +  4 (
∆𝐷𝑃𝐸𝐹𝜏𝑝

ħ
)

2

                                    (2)  

Figure 2g shows the estimated data points along with the fitting to equation (2) and we found ΔEY 

= 488μeV and ΔDP = 227μeV. The esmitated DP strenght mostly incorporates the SOC due to 

broken inversion symmetry51, which resembles Rashba SOC that turns the spin orientation 

towards the graphene plane. In addition to the Rashba SOC, MoS2 can imprint spin-valley 

coupling due to Zeeman effect that turns the spin orientation towards out-of-plane (z-axis) 

direction and the associated strength is discussed in latter section. 
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Spin transport and precession in pristine CVD graphene 

 
Figure 3: Spin transport parameters in pristine CVD graphene at room temperature. (a) A schematic 

representation of the device with a pristine graphene channel and the measurement geometry with injector 

and detector FM contacts. (b) Nonlocal spin-valve measurement with changing magnetic field along the y-

axis (magnetic easy axis). (c) Nonlocal Hanle spin precession signal with changing magnetic field along 

out of plane direction (z-axis). (d) Gate-dependent channel resistivity along with extracted spin diffusion 

length (λs), diffusion constant (Ds), and spin lifetime (τs) from the Hanle signals. (e) Estimation of SOC 

strength in pristine graphene channel along with fitting (solid line) to Eq. 2. Measurements were performed 

with bias current I = -100µA at room temperature. 

 

We measured spin transport in a pristine CVD Gr channel (Fig. 3a) to compare with the 

heterostructure. Nonlocal spin valve and Hanle spin precession signals are presented in Fig. 3b 

and 3c, respectively. The gate dependence of pristine Gr channel resistivity is shown in the top 

panel of Fig. 3d, where the channel length is about 6 µm and the field-effect mobility is calculated 

to be about 3000 cm2V-1s-1 and the Dirac point voltage is Vd = 30V. The extracted spin parameters 

λs, Ds, and τs from the Hanle signals as a function of Vg are presented sequentially in Fig. 3d. At 

higher gate voltages, away from the Dirac point, the spin parameters in the Gr remain unchanged. 

For instance, τs, Ds, and λs are about 420 ps, 0.03m2s-1 and 4.21µm, respectively at Vg ≤ -30V. 

However, near the Dirac point of the Gr channel, the lowest values of all parameters are observed. 

The spin transport parameters start to increase again at Vg≥ 60V due to the reduction of Gr 

channel resistivity, ameliorating the conductivity mismatch issue between Gr and injector and 

detector FM contacts47,48. The extracted SOC strength in pristine Gr due to EY and DP spin 

relaxation mechanisms (using eq 2) are ΔEY = 1.43meV and ΔDP = 80µeV (Fig. 3e). Similar ΔEY 

strength (≈ 0.5 – 1.5 meV) is reported on pristine Gr on SiO2 and hBN, which can be attributed to 

the non-proximity induced SOC scattering mechanisms52,53. We observed significantly higher ΔDP 
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in the Gr-MoS2 heterostructure region due to the strong proximity effect, which is about three 

times higher than what is manifested in pristine Gr.  

 

Spin–valley coupling and spin-lifetime anisotropy in all-CVD graphene-MoS2 

heterostructure  

 

It is predicted that graphene in proximity to high SOC materials can give rise to large spin lifetime 

anisotropy (ξ = 
𝜏⊥

𝜏||
), mainly by means of induced Rashba SOC or spin-valley coupling54. The SOC 

associated with Rashba spin-split bands gives rise to a higher in-plane spin lifetime (τ|| > τ⊥) and 

anisotropy of less than unity (ξ <1). On the other hand, induced spin-valley coupling in the 

heterostructure renders higher out-of-plane spin polarization (τ|| < τ⊥) and results in ξ >1 because 

of dominant out-of-plane spin polarization in different valleys (K and K´) of the TMDC22,39,51. To 

verify the SOC mechanisms in all-CVD Gr-MoS2 heterostructure, we estimated anisotropy (ξ) by 

employing oblique magnetic field-dependent evolution of Hanle spin precession signals55 in all-

CVD Gr-MoS2 heterostructure. In this measurement scheme (Fig. 4a), the changing magnetic 

field (B) is applied at an angle (β) to the FM contact in the yz-plane and let the spins perpendicular 

to the external magnetic to dephase. Hence, the manifested NL spin signal only measures the 

projection of the dephashed spin onto that applied field direction. Figure 4b shows measured 

Hanle spin precession signals for different magnetic field directions.  

 

Figure 4c shows the normalized value of the nonlocal resistances (Rnl,β/ Rnl,0) as a function of 

cos2(β*) for the respective applied field (B) direction in the dephased regime, which is highlighted 

by the shaded region in Fig. 4b. Here, β* is the angle with a smaller correction of the out-of-plane 

tilting angle of the FM contacts due to the external magnetic field55. The average value of data 

points is accounted to reduce the effect of the measurement noise in the analysis. We fitted the 

data points with the following equation 3 (Fig. 4c). 

𝑅𝑁𝐿
𝛽

𝑅𝑁𝐿
0 =  √𝑐𝑜𝑠2(𝛽) +

1

ξ
𝑠𝑖𝑛2(𝛽)

−1

𝑒𝑥𝑝 [−
𝐿

λ ||
(√𝑐𝑜𝑠2(𝛽) +

1

ξ
𝑠𝑖𝑛2(𝛽) − 1)] 𝑐𝑜𝑠2(𝛽∗) (3)  

Here, L represents the heterostructure channel length, and λ|| is the in-plane spin diffusion length. 

We found anisotropy, ξ ≈ 1.6 ± 0.13 at in the Gr-MoS2 heterostructure channel. We estimated the 

spin-valley coupling in the Gr-MoS2 heterostructure by using the following equation:  

ξ = (
λ 𝑉𝑍 

λ 𝑅
)

2
 
τ ⅳ

τ p
 + 

1

2
        (4) 

Here, λ 𝑉𝑍 and λ 𝑅 are the valley Zeeman and Rashba SOC constants; τⅳ and τp are the intervalley 

and momentum scattering lifetimes. We found λ 𝑉𝑍 ~ 238 µeV µeV by cosidering τⅳ ≈ τp and λ 𝑅 

= 227μeV. The exact ratio of 
τ ⅳ

τ p
 is difficult to estimate; however, the relatively lower ξ must be 

compatible with our assumption, whereas the theoretical study report an anisotropy of ξ ≈ 20, 

considering  τⅳ ≈ 5τp
54. We also compared the estimated anisotropy in pristine graphene by 

measuring oblique Hanle spin signals in different magnetic field directions, as shown in Fig 4d. 

Figure 4e shows the normalized value of the nonlocal resistances (Rnl,β / Rnl,0) as a function of 

cos2(β*) for the respective B direction in the fully dephased regime, which is highlighted by the 
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shaded region in Fig 4d. The fit to equation 3 with the data points provides an estimation of 

anisotropy close to unity, ξ ≈ 0.91 ± 0.12, shown in Fig. 4e. It is expected that graphene on SiO2 

substrate with a lower SOC should render isotropic spin lifetime46,54.  

 

 
Figure 4: Spin-lifetime anisotropy in all-CVD graphene-MoS2 heterostructure at room temperature. 

(a) Schematic illustration of the device and measurement scheme for spin precession in Gr-MoS2 

heterostructure with an oblique magnetic field. The applied magnetic field is at an angle β along the 

magnetic easy axis of the FM contacts (y-axis) in the yz-plane. (b) Spin precession signals as a function of 

changing B field at different angles in Dev1 with I = -350 µA at Vg = 40V at room temperature. (c) Data 

points denote normalized nonlocal resistances (Rnl,β/ Rnl,0) as a function of cos2(β*) along with the fitting 

(red line) to equation 3 to estimate anisotropy. (d) Spin precession signals as a function of changing B field 

at different angles with I = -100µA at Vg = 20V in pristine graphene. (e) Data points denote normalized 

nonlocal resistances (Rnl,β/ Rnl,0) as a function of cos2(β*) along with the fitting (solid line) to equation 3 to 

estimate anisotropy in pristine graphene. The dashed lines in c and e visualize the isotropic case.  

 

According to the theoretical calculations and recent experiments in exfoliated Gr-TMDC 

heterostructures, the anisotropy ξ can be in the range of 1 to 1036,39,51,54. For instance, exfoliated 
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Gr-MoSe2 and Gr-WSe2 heterostructures show ξ >10 at 75K, whereas Gr-WS2 heterostructure 

shows ξ ≈ 10 at room temperature39,51. Furthermore, the anisotropy in exfoliated Gr-MoS2 

heterostructure is estimated to be higher than unity (ξ ˃1) at room temperature 39. We estimated 

spin lifetime anisotropy of ξ = 1.6 in the all-CVD Gr-MoS2 heterostructure using oblique Hanle 

measurements, which can be due to proximity induced spin-valley locking in graphene from MoS2. 

Interestingly, the anisotropy in the Gr-TMDC heterostructure significantly depends on the 

intervalley (τ ⅳ) and momentum scattering (τ p) lifetimes, which also depend on the charge 

scatterers (n) in the spin transport channel54. The proximity SOC strength and anisotropy can also 

be influnced by the interfacial interstitials, twist-angle and band alignment in the all-CVD Gr-TMDC 

heterostrcuture channels40,56.  

 

Summary 

 

We demonstrated spin–valley coupling and spin-relaxation anisotropy in scalable all-CVD grown 

Gr-MoS2 vdW heterostructure devices at room temperature. The CVD-grown materials and their 

heterostructures showed excellent charge and spin transport properties, showing the good quality 

of the hybrid devices and interfaces. The spin transport and Hanle precession in the 

heterostructure channel showed increased SOC strength in the proxmitized graphene, which is 

three times higher than that in pristine graphene. The spin relaxation anisotropy properties 

evaluated using oblique Hanle spin precession measurements revealed an anisotropic spin 

dynamic of ξ ~ 1.6 in the proximitized graphene, compared to ξ ~ 1 in the pristine graphene 

channel. The associated spin-valley coupling strength of 238 μeV is estimated in the all-CVD Gr-

MoS2 heterostructure. The observation of increased SOC strength and spin relaxation anisotropy 

between the in-plane and perpendicular spin polarization in all-CVD Gr-MoS2 heterostructures 

have enormous prospects for making spin filtering devices in scalable all-2D materials. These 

advances will open opportunities to utilize all-CVD vdW heterostructure devices for the 

development of next-generation scalable spintronic and quantum devices.  

 

Methods 

 

The devices were fabricated using all-CVD grown monolayer graphene and MoS2 

heterostructures. The four-inch wafer-scale CVD graphene was obtained from Graphenea on a 

highly doped Si/SiO2 substrate (with a thermally grown 285-nm-thick SiO2 layer). First, graphene 

stripes were patterned by electron beam lithography and oxygen plasma etching and cleaned 

afterwards by acetone and IPA. The CVD monolayer MoS2 layers of triangular shape with a typical 

size of about 50–100 μm were grown by the CVD process as described in ref 57,58 on a SiO2 (300 

nm)/Si substrate. A wet-transferred technique was employed to transfer CVD MoS2 on top of 

patterned CVD graphene stripes40. Appropriate heterostructure regions were identified by an 

optical microscope for device fabrication. We used electron-beam lithography (EBL) to define the 

contacts and e-beam evaporation for depositing the contacts. We prepare ~ 1 nm of TiO2 tunnel 

barrier with deposition of Ti and followed by in situ oxidation for 30 minutes. We deposited Co 

contacts of 80nm thickness without breaking the vacuum, followed by the lift-off process in warm 

acetone at 65°C. The Co/TiO2 contacts serve as injector and detector for spin-polarized carriers 

and the highly doped Si/SiO2 is used as a back gate. We found the FM contact resistances with 
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three-terminal measurement geometry around 3-8kΩ. We used Keithley 6221 current source to 

apply bias current, Keithley 2182A nanovoltmeter to detect voltage and Keithley 2450 

sourcemeter to apply back gate.  The transport measurements were conducted in a vacuum 

cryostat at room temperature with the sample stage rotation facilities and a variable magnetic 

field. 
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 Abstract   

Semiconducting transition metal dichalcogenides (TMDs) have attracted tremendous interest for 

high-performance, energy-efficient, and nanoscale field-effect transistors (FETs). In spite of recent 

progress on down-scaling the gate and channel lengths of TMD FETs, the fabrication of sub-25 nm 

narrow channel remained challenging and devices with atomic-scale control over the edges are so 

far lacking. Here, we demonstrate the fabrication of ultra-narrow tungsten disulfide (WS2) 

nanoribbon down to sub-10 nm width with atomically sharp zig-zag edges using a controlled 

anisotropic wet chemical nanostructuring technique. Nanoribbon FETs measured down to 18 nm 

exhibit good transistor performance, where the transport parameters such as on-current, mobility, 

and the threshold voltage are predominantly governed by the narrow channel effects. The mobility 

in the narrow channels are found to be limited by the impurity scattering in comparison to the wider 

channels. The observation of a bias and gate-induced metal-insulator transition with temperature 

can be attributed to the percolation transport mechanism in the channels. These findings open the 

door for the fabrication of future-generation nanometer-scale van der Waals semiconductor based 

devices. 
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Introduction 

Semiconductor field-effect transistors (FETs) representing the basic building blocks of modern 

computers, have revolutionized information technology due to successful miniaturization over 

several decades1. However, continued down-scaling of conventional silicon transistors has reached 

its physical limits and poses critical challenges for its high-performance and energy efficiency2. To 

facilitate continued progress, two-dimensional (2D) semiconducting transition metal 

dichalcogenides (TMDs) have attracted tremendous interest due to their atomically thin body and 

dangling-bond-free surface3. The ultimate miniaturization of TMD-based FETs will allow sustainable 

progress in Moore’s scaling law for high-density integration4 and enhanced performance beyond 

silicon technologies5–8.  

The design and control of semiconducting TMD-based FETs and engineering their properties at an 

atomic scale are challenging and of paramount importance for advances in basic science and 

technology9,10. Recently, considerable efforts have been devoted to scale-down the channel length 

and width of the TMD-based FETs11–13. Devices with planar and vertical TMD FET structures of 

sub-10nm channel length14 and sub-nm gate dimensions with carbon nanotube15 and graphene4 

are realized4,14–16. However, the channel width of the state-of-the-art devices is mostly limited to be 

more than 25 nm11,13,17,18 due to limited resolution of lithography processes and physical etching 

techniques used so far. Importantly, controlling edge structures remains one of the main interests 

because electronic properties of the edge-states become increasingly relevant in such nanoscale 

transistors19–21.  

Here, we demonstrate the fabrication of ultra-narrow WS2 nanoribbons down to 5 nm width with 

atomically sharp zig-zag edges using a wet-chemical anisotropic etching technique with atomic 

precision19. Transistor performance with good channel conductance could be measured down to 18 

nm width of WS2. The nanoribbons FETs of different widths (18 - 70 nm) are systematically 

investigated, showing the transport properties in the extremely narrow channels to be governed by 

the narrow channel effects. The mobility in the channel FETs is found to be limited by the impurity 

scattering process in comparison to the wider channels. A bias and gate-induced metal-to-insulator 

transition (MIT) is observed in the temperature dependence of FETs, elucidating the percolation 

transport mechanism in the nanoribbons. These findings can promote the scaling down of 

transistors for next-generation electronics. 

Results and Discussion 

Device architecture and fabrication processes of WS2 nanoribbon FETs 

Figure 1a. presents the schematic of ultra-narrow nanoribbon FETs with multilayer WS2 channels 

having atomically controlled zig-zag edges along with the measurement geometry.  The colored 

scanning electron microscopic (SEM) image of the fabricated nanoribbon FETs of various channel 

widths is shown in Fig. 1b. Figure 1c shows the crucial steps for the fabrication of nanoribbons, 

where WS2 flakes were exfoliated on SiO2/n-Si substrate and are patterned first by electron 

lithography and CHF3 ion beam etching.  This is followed by a final anisotropic wet chemical etching 

in hydrogen peroxide (H2O2) to fabricate WS2 nanoribbons down to 5 nm width with zig-zag and 
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atomically sharp edges19 (see the Methods for details). Figure 1d shows a comparison of our 

nanofabricated TMD nanoribbon channel width with the state-of-the-art results, where channel 

width is limited by the resolution of lithography processes and physical etching techniques. 

Electronic transport properties are investigated in WS2 nanoribbons FETs of different channel 

widths W = 9 nm to 47 nm in the same flake, thickness of t ~ 35 nm, channel length L = 600 to 800 

nm, with Ti/Au source and drain contacts and n++Si/SiO2 substrate as back-gate.  

 

Figure 1. Ultra-narrow nanoribbon WS2 field-effect transistors with zig-zag edges. a,b. Schematics and 

colored scanning electron microscopic image of the fabricated multilayer WS2 nanoribbon FETs on Si/SiO2 

substrate. c. Key process steps for fabricating WS2 nanoribbons with zig-zag edges by combining dry-plasma 

(CHF3) and wet-chemical (H2O2) etching and nano-patterning processes. d. Comparison of our 

nanofabricated WS2 nanoribbon channel-width with state-of-the-art results. 
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Transport measurements of WS2 nanoribbon FETs 

 

Figure 2:  Field effect transistor properties of WS2 nanoribbons. (a) Output characteristics are showing 

Ids vs. Vds of WS2 nanoribbon FET with a channel width of 70 nm at different gate voltages. (b) Transfer 

characteristics of WS2 FET with 70 nm channel width at different bias voltages. (c) Transfer characteristics 

of WS2 nanoribbons for different channel widths with Vds = 5V. Inset schematic explains the narrow channel 

effect, where the fringe-depletion enhances the threshold voltage (Vth) in the channels. (d) Semilog plots of 

transfer characteristics for different widths of WS2 nanoribbon. (e) The plots of threshold voltages Vth (top 

panel), on-state current level Ids (middle panel) at Vg = 80V, and field-effect mobilities μ (bottom panel) for 

WS2 nanoribbon FETs with different channel widths measured with Vds = 5V. The error bars in estimating 

mobilities are calculated from the noise level in determining the transconductance. 

First, electrical transport measurements were performed to investigate WS2 nanoribbon properties 

at room temperature. Figure 2a shows the measured output characteristics of a WS2 nanoribbon 

(W~70nm) with source-drain current (Ids) as a function of applied source-drain voltage (Vds) at 

various back-gate voltages, Vg = -10 to 80V. The nanoribbon channel conductance increases 

monotonically with increasing Vds for a fixed applied gate voltage Vg. It is evident that with increasing 

Vg, the Ids increase due to increasing carrier concentration in the WS2 nanoribbon channel. Figure 

2b shows transfer characteristics (Ids vs. Vg) of the WS2 nanoribbon at different Vds on a linear scale. 

We observed an increase of Ids with increasing positive Vg, which resembles typical n-type transport 

behavior, as expected for WS2
22.  From the transfer characteristics, the field effect mobility 

(μ=
𝐿

𝑊𝐶𝑔𝑉𝑑𝑠
.

𝑑𝐼𝑑𝑠

𝑑𝑉𝑔
) is estimated to be 24 cm2V-1s-1 with Vds = 1V, where the gate capacitance per unit 

area, Cg= 𝜀𝜀0/𝑑𝑜𝑥= 1.15 x 10-8 Fcm-2 (dox = 285 nm SiO2 structure with relative dielectric constant ε 

= 4.9), L and W are channel length and width, respectively, Vds is the applied drain-source voltage 
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and 
𝑑𝐼𝑑𝑠

𝑑𝑉𝑔
 is the transconductance (gm). We estimated Schottky barrier height (SBH) of WS2 

nanoribbon with Ti/Au contact to be Φb = 78 ± 2.5 meV at Vg = 80V using thermionic-emission 

model23–26 (see details in Supplementary Fig. S1).  

Narrow channel effects in WS2 nanoribbon FETs 

To observe the evolution of electrical transport properties, we compared WS2 nanoribbon FETs with 

different widths (18 to 47 nm) fabricated on the same flake. Figure 2c and 2d show the transfer 

characteristics of different channel widths of WS2 nanoribbon FETs in linear and log scale, 

respectively.  In the WS2 nanoribbons, when the gate-induced depletion region is comparable to the 

channel width, the narrow channel effect should emerged in the transport measurements27, as 

schematically presented in the inset of Fig. 2c. In narrow channels, the effect of the fringe depletion  

region should be significant in contrast to the wider channel, as the latter has enough space for 

strong inversion27. The origin of the fringe depletion most likely due to the surface absorbents (e.g., 

water, etchants) that results in carrier depletion13. The inversion region in the narrow channel 

requires it to act on both fringe depletion and field depletion via an applied gate voltage, which 

eventually enhances the threshold voltage (Vth) to accumulate charge carriers13,18.  

As shown in Fig. 2e, we observe strong modulation in device parameters due to narrow channel 

effects in WS2 nanoribbon FETs, such as on-state current (Ids), threshold voltages(Vth), and field-

effect mobilities. It is conspicuous that with increasing channel width (W) of nanoribbon, the 

corresponding on-state current also increases because channel conductance (𝐺 =
𝐼𝑑𝑠

𝑉𝑑𝑠
=  

𝜎 𝑊𝑡

𝐿
) is 

directly proportional to the width of the channel. We also observe that the Vth increases with 

decreasing channel width due to the narrow channel effect, since ∆𝑉𝑡ℎ ∝ (1 +
𝜋

2

𝑋𝑑𝑒𝑝𝑚𝑎𝑥

𝑊
)28. Here, 

𝑋𝑑𝑒𝑝𝑚𝑎𝑥  and W are the maximum depth of depletion in WS2 nanoribbon and W is the channel width, 

respectively. As long as W>>𝑋𝑑𝑒𝑝𝑚𝑎𝑥, ∆𝑉𝑡ℎ does not scale much with W, but when W≤ 𝑋𝑑𝑒𝑝𝑚𝑎𝑥, 

then ∆𝑉𝑡ℎ greatly scales with W. Furthermore, relative channel current (Ids/L, L is the channel length) 

decreases with decreasing channel width, and it can be understood by considering that the channel 

current would decrease since Vth increases in narrower channels. We could also measure the FETs 

with 9 nm and 5 nm channel width that show further shift of Vth to higher gate voltages due to carrier 

depletion (see Fig. S2). The extremely narrow channel should be more susceptible to the depletion 

width and edge-induced scattering mechanisms, which would limit the mobility in the channel. From 

the transfer characteristics, the field-effect mobility (μ) is estimated for different channel widths. The 

observed enhancement of μ with increasing channel width can be attributed to the relatively less 

edge/boundary induced scattering in wider channels in comparison to narrow channels13,17.  

Temperature dependence of transport properties in WS2 nanoribbon 

Next, we investigated the evolution of the transport properties in WS2 nanoribbon FETs with 

temperature (T) for different channel widths. Figure 3 (a,b,c) presents the measured transfer 

properties in color contour plots at different T for WS2 nanoribbon FETs of 18, 28, and 34 nm wide 

channels, respectively. We observed a insulating behavior in 18 nm wide WS2 nanoribbon channel. 

However, we observed a gate- and bias-voltage induced metal-to-insulator transition in wider 
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nanoribbons (28 and 34 nm), which showed an insulating property at the low T range (<200K) and 

metallic behavior at higher T range (>200K).  

The evolution of field-effect mobility (μ) with temperature T is presented in Fig. 3 d,e,f for WS2 

nanoribbon FETs of 18, 28 and 34 nm channel widths, respectively. The generic dependency of μ 

on T is fitted with 𝜇 ∝  𝑇γ, where the exponent γ depends on the scattering mechanism in the 

nanoribbons22,29. For the 18 nm nanoribbon channel, we observe an increase of μ with an increase 

with T at low temperature and saturation for higher T (> 235 K). We estimate γ ≈ 8.6 due to mainly 

the boundary/edge or impurity scattering process in the 18 nm FET. Whereas for 28 nm FET, the γ 

≈ 0.95 at the low T limit (< 165 K) and γ ≈ -7.8 at the higher T limit are estimated. The limiting factor 

of μ at the low T range can be correlated to the edge or impurity scattering mechanisms, whereas 

μ is mainly dominated by phonon scattering at the higher T range (>250 K)22,29,30. Similarly, for 

nanoribbon of 34 nm, we estimate γ ≈ 1.94 at a lower T range (<150 K), ascribing to the dominating 

edge/impurity scattering mechanism for limiting channel mobility. At the higher T range (>200 K), γ 

≈ -4.7, consistent with the phonon scattering mechanisms limiting the channel mobility. Overall, in 

the wider channels, the dependencies of μ on T in the low-temperature regime are consistent with 

transport dominated by impurity scattering, whereas above ~ 200 K is limited by phonon scattering. 

The narrowest channel shows dominant edge or impurity scattering in comparison to wider 

channels, as expected because transport in narrow channels are more influenced by the WS2 

edges. Therefore, it is important to control the edge structures of TMD nanoscale devices by 

controlled fabrication processes. The edge structures in our devices are sharp and zigzag-

terminated19 compared to the nano-ribbons that are fabricated via physical etching techniques.  

 

Figure 3: Temperature dependence of WS2 nanoribbon FET device parameters. (a,b,c) Colour contour 

plots of the transfer characteristics within Vg = 40-80V of the WS2 FETs with 18, 28 and 34 nm channel widths 

at different temperatures. (d,e,f)  Mobility 𝜇 as a function of the temperature T of the WS2 nanoribbon FETs 

with 18, 28 and 34 nm channel widths along with the power-law fitting with 𝜇 ∝  𝑇γ(solid line) in different 

temperature ranges. The exponent γ  depends on the scattering mechanism in the nanoribbons. Error bars 

are estimated based on uncertainties in determining the conductance across the channel. 
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Gate and bias induced of metal to insulator transition in WS2 nanoribbon 

We further examined the bias-dependent transport properties with temperature to verify the 

influence of the edges or impurity states in our WS2 nanoribbon devices. Figure 4a shows the 

transfer characteristics of WS2 nanoribbon FET (w = 70nm) at different temperatures with Vds = 

0.25V, 1V, and 2V, respectively.  The WS2 nanoribbon FET demonstrates insulating properties at 

lower bias voltage (Vds = 0.25V) within the 80-300 K temperature range. However, with applied Vds 

= 1V, the transistor deviates from insulating behavior with temperature, especially at higher 

temperature limits (T>275K), and remains metallic afterward at high Vg. Interestingly, a stronger 

gate-induced MIT is observed in the WS2 nanoribbon FET for higher Vds = 2V with a transition at Vg 

= 70V. To clearly visualize the MIT, Ids as a function of temperature is plotted in Fig. 4b for different 

Vds at Vg = 80V. Channel current Ids monotonically increase with T for Vds= 0.25V, whereas for Vds 

= 1V the Ids first increases with T but afterward decrease with increasing T (T>275K), and Vds = 2V 

data shows a monotonic decrease of Ids with increasing T resembling the metallic transport.  

 

Figure 4: Gate and bias induced metal to insulator transition in WS2 nanoribbon FET. (a) Colour contour 

plots of the temperature dependence of transfer characteristics in WS2 nanoribbon transistor with a channel 

width of 70nm at Vds = 0.25V (top panel), 1V (middle panel), and 2V (bottom panel).  (b) Ids as a function of 

temperature in WS2 nanoribbon transistor at Vg = 80V with Vds = 0.25V (top panel), 1V (middle panel), and 

2V(bottom panel). (c) Derived exponent (α) at different temperatures from the power-law fitting to verify the 

percolation transport mechanism in the WS2 nanoribbon FET. Inset shows the deformation of the potential 

barrier with respect to the applied electric field in the conduction band. (d) Arrhenius plot of σT0.8 as a function 



8 

of T-⅓ along with the linear fitting to demonstrate 2D VRH with Vds = 0.25V (top panel), 1V (middle panel) and 

2V (bottom panel). (e) localization length (ξ) at different Vg for Vds = 0.25V (black dots), 1V (red dots) and 2V 

(blue dots).  

Gate and bias-induced MIT observed in WS2 nanoribbons can be attributed to the percolation 

transport mechanism in TMDs in a strongly correlated regime30–32. The strength of the Coulomb 

interaction of the carriers can be estimated  by the Wigner-Seitz radius  (rs), which is the ratio 

between Coulomb potential, Ec, and kinetic (Fermi, EF) energy of the carriers using the following 

equation29,33.  

𝑟𝑠 =
𝐸𝑐

𝐸𝐹
 =

𝑛𝑣

α𝐵
∗

√𝜋𝑛2𝐷
 =

𝑛𝑣𝑚∗𝑒2

4𝜋𝜀ℏ2√𝜋𝑛2𝐷
    (1) 

Here, nv = 2 is degenerate valleys number, α*
B = 4πεħ2/m*e2 is effective Bohr radius of the system, 

ε = 6.7 for multilayer WS2, m* =0.34me is the effective mass of the carriers in WS2
22,34. We obtain rs 

~ 5.3 in the nanoribbon FET at 80K near the MIT region with Vds=2V and a system with rs≫1 is 

considered highly interactive29. Next, MIT due to percolation driven transport and screening of the 

charge carriers depends on the applied gate voltage with the relationship σ (Ids) = A(n-nc) α, where 

A, n, nc, and α are proportional constant, carrier density, percolation threshold carrier density, and 

critical percolation exponent, respectively31,32. By considering n ∝ Vg, we have (n-nc)α ∝ (Vg- Vc)α; 

where Vc is critical gate voltage for nc. When Vg<Vc, carriers are strongly bound by the potential 

valleys and the WS2 channel shows semiconducting transport properties. For Vg>Vc, carriers are 

weakly bounded by the potential valleys and the WS2 channel depicts metallic properties. It is 

expected that in a 2D system, α = 1.33 (4/3). The estimated α (near the transition region) in the 

WS2 nanoribbon FET at Vds = 2V is about 1.23 ± 0.1, shown in Fig. 4c. In a strongly correlated 

system considering the percolation transport model, the carriers in the channel transport via the 

tunneling and hopping across the potential valleys, as presented schematically in the inset of Fig. 

4c. As the electric field in the channel increases, the tunneling and hopping probability increase 

because of distortion and decrease of barrier height, and WS2 nanoribbon FET shows MIT with 

gate voltage30–32.  

Further, we analysed the bias- and gate-induced MIT in nanoribbon WS2 FET in light of a two-

dimensional (2D) variable range hopping (VRH) model, where carriers hop through the traps states 

in the crystal structure, along the edges or at the WS2/SiO2 interface35. The conductance (σ) in the 

VRH model can be expressed as  

𝜎 = 𝐴𝑇𝑚𝑒
−(

𝑇0
𝑇

)
𝛾

  (2) 

where,  A* is constant, T0 is a hopping parameter related to characteristics temperature, γ = ⅓ for 

2D system and m is between -1 and -0.830,35. Figure 4d shows the Arrhenius plot of σT0.8 as a 

function of 𝑇−
1

3 along with the linear fitting to equation 2 for Vds = 0.25V, 1V and 2V, respectively at 

various Vg. 2D VRH has been reported in various 2D materials, where the localization length 

increases (ξ) due to efficient screening of the potential of trap states at higher carrier density30–

32,35,36. The estimated localization length (ξ) at different gate voltages with Vds = 0.25V, 1V, and 2V 

is depicted in Fig. 4e. It is conspicuous that at the lower Vds = 0.25V and 1V the ξ saturates around 
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8nm and 27nm, respectively with Vg. On the contrary, for Vds = 2V the localization length 

exponentially increases with Vg and a strong MIT is observed. These findings also support our 

presumptions of reducing the potential barrier of the trap states at the higher electric field in the 

percolation mediated transport, presented in Fig. 4c (inset). Here, higher Vds (electric field) assist 

the gate voltage (Vg) to screen the trap sites (reducing the hopping mediated transport), thus 

transport takes place through unlocalized states. 

Summary  

The realization of ultra-narrow WS2 FETs with atomically controlled zig-zag edges is promising for 

semiconductor science and technology. The adapted nanostructuring process is compatible with 

the current semiconductor manufacturing using a top-down approach of anisotropic wet etching in 

conjunction with physical etching techniques. The charge transport properties in the extremely 

narrow channels are found to be governed by the narrow channel effects, where the ON current 

and mobility decrease and Vth increase with reducing the channel width. Temperature dependent 

mobility infers a competitive trend between the phonon and defect mediated scattering, where the 

defect mediated scattering is dominant in narrower channels. Gate and bias-induced MIT with 

temperature is observed and attributed to percolation-driven transport in the nanoribbons. In 

conjunction with the narrow channel widths of TMD FETs demonstrated here, the development of 

nanostructuring techniques for monolayer materials in a large area will enable a further leap in the 

miniaturization of transistors. Furthermore, the use of 2D materials heterostructures can enhance 

the channel mobility and novel device architectures could help to reduce the channel length and 

gate dimensions to a sub-nm regime for cutting-edge nm-scale devices and electronic circuits4. 

Fabrication and characteristics of ultra-narrow WS2 nanoribbon FETs open the platform for 

investigating electronic properties of edge structures in TMDs20,37 and the development of unique 

nanoscale devices. 

Methods 

First, WS2 flakes were mechanically exfoliated from bulk crystals (Hq-graphene) onto SiO2/Si substrate using 

the Scotch-tape method, and multilayer flakes were identified by their optical contrast on the Si/SiO2 substrate 

(the thickness of SiO2 is 285 nm). We performed reactive ion and chemical wet etching techniques to fabricate 

the nanoribbons with zig-zag edges as described in ref 19. For making nanoribbon WS2 field-effect transistors 

(FETs), we prepared contacts of Ti (20 nm)/Au (90 nm) by standard electron beam lithography, electron beam 

evaporation, and lift-off technique. The SiO2/n-Si is used as a gate to control the carrier concentration in the 

WS2 channel. The measured nanoribbon WS2 FET is of width ~18-70 nm, thickness 35 nm, and channel 

length of ~600-800nm.  The electrical transport measurements were carried out in a cryostat with variable 

temperatures. Keithley 2612B dual-channel source meter is used to apply Vds, Vgs, and measure Ids.  
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