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TOPICAL REVIEW
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Abstract
Since the discovery of graphene, two-dimensional (2D) materials have been widely applied to
field-effect transistors due to their great potential in optoelectronics, photodetectors, intelligent
sensors, and neuromorphic devices. By integrating a 2D transistor with a triboelectric
nanogenerator (TENG) into a tribotronic transistor, the induced triboelectric potential can readily
regulate the charge carrier transport characteristics in the semiconductor channel. The emerging
research field of tribotronics (mainly tribotronic transistors) has attracted extensive attention due
to their significant applications in various sensation and human–machine interactions. Here, this
review summarizes the recent developments of 2D tribotronic transistors. Firstly, the electrical,
optoelectronic, and piezoelectric properties of typical 2D materials are introduced. Then,
tribotronic tuning at the micro/nanoscale is discussed together with the methodologies of
thermionic emission, triboelectricity tunneling, and atomic force microscope probe scanning,
which is of great significance for the investigation of the underlying mechanism of the tribotronic
effect. In addition, macroscale tribotronic regulation via TENG mechanical displacement is
discussed in detail to explore the applications of 2D tribotronic transistors in intelligent sensors,
logic devices, memory devices, and artificial synapses. Finally, the challenges and perspectives for
2D tribotronic transistors are discussed.

1. Introduction

Since the discovery of graphene (Gr), two-dimensional (2D) layered nanomaterials with similar structures
have attracted wider attention in various research fields. The related research on the optical, electrical,
mechanical, and catalytic properties of 2D transition metal dichalcogenides (TMDs) remained in the
preliminary stages until critical breakthroughs that were made in recent years [1–4]. The TMDs contain 44
compounds capable of forming stable 2D structures, including metals (NbTe, TaTe, etc), semiconductors
(MoS, MoSe, WS, etc), and superconductors (NbS, NbSe, TaS, etc) [5–8]. Similar to Gr, TMDs are layered
materials that can be exfoliated to obtain monolayer structures. Among them, MoS2 is the most profoundly
investigated material due to its potential application in electronics and optoelectronics, and other 2D
materials, such as the MXene, hexagonal boron nitride (h-BN), and main group metal dichalcogenides
(SnSe, SnS, ZnS, etc), attract the interest of researchers due to their excellent properties [9–11]. The 2D
materials have great potential in the future semiconductor industry because of their abundant and unique
physical properties, and the transport properties of the electronic devices based on these 2D materials under
ambient environment conditions are the basis for the development of the semiconductor industry.

Since the world’s first nanogenerator (NG) device was proposed in 2006, various NG-based devices have
been applied in interdisciplinary research fields [12]. In 2012, Fan et al innovatively proposed a triboelectric
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nanogenerator (TENG) based on contact electrification (or triboelectrification) between two different
materials [13]. Due to the benefits of harvesting low-frequency and high-entropy (bio)mechanical energy
from the surrounding environment, TENGs have made great achievements following the technology
Roadmap for supplying micro/nano energy, self-powering diversified sensory systems, working as
high-voltage power sources, scavenging from water/sea waves (i.e. blue energy), and inspiring interfacial
spectroscopy [14, 15]. The TENG offers novel self-powered nanotechnology by relying on the unique way to
scavenge energy from the human body or external circumstances and supplying it to portable electronics and
micro/nanodevices, which has laid both the theoretical and practical foundations for the realization of
self-powered systems, tribotronic devices, and the energy-autonomy Internet of Things
(IoTs) [16–18].

The field effect transistor (FET) is a significant milestone in the semiconductor industry, which performs
with high input impedance, low noise, good thermal stability, and is a simple process [19–21]. Moreover, it is
widely applied to electronic devices, large-scale integrated circuits, human–computer interaction, and other
related fields. With regard to device engineering, the transistor gate can be readily extended for
sensation/modulation by elongating the electrode length, augmenting with a dual-gate or a split-gate, or
integrating with functional components [22]. With the continuous development of the IoTs and the sensory
network, electronic devices are gradually being miniaturized and becoming intelligent. By integrating small
electronic devices into intelligent systems, a wide range of applications in the fields of human–computer
interaction and environmental monitoring of the IoTs can be achieved [23]. However, a huge number of
electronic devices brings the problem of a power supply with limited battery life. More importantly, it is also
necessary to establish a direct interaction mechanism between electronic devices and the external
environment. Commonly, traditional gate voltage regulation requires a continuous external power supply. In
contrast, integration of a TENG component can realize the regulation of an FET only by relying on the
triboelectric potential generated by the interaction of the friction layers in the device, which can reduce the
energy consumption to a certain extent and solve the problem of the power supply. Furthermore, using a
TENG to replace the traditional gate voltage for mechanical regulation can also realize better interaction
between the external environment and the device. In 2014, Zhang et al originally applied an electrostatic
potential (generated by contact electrification via a TENG unit) as the gate signal to regulate the electronic
transport characteristics in a semiconductor channel [24]. Since then, the new research field of tribotronics
(mainly tribotronic transistors) has received considerable attention for various sensing and human–machine
interactive applications, such as logic circuits [25], smart touch switches [26], photoelectric detectors [27],
and electronic skins. By integrating typical 2D materials with a tribotronic transistor, Zhao et al proposed the
novel monolayer MoS2 FET and photodetectors based on the periodically TENG-driven gate modulation,
which controls the transport of the MoS2 carriers to obtain a large current on/off ratio [28]. Zhang et al
reported a tactile sensing system based on tribotronic plasma-controlled Gr FETs, which is expected to
promote the development of artificial synapses and intelligent sensing [29]. These kinds of devices can
retrospectively be related to the counterpart of the piezoelectric potential powered FET based on the
combination of an ion-gel-gated Gr transistor and piezoelectric NGs [30], which can be considered as the
first NG-driven 2D transistor. Following this, TENG-driven 2D transistors with excellent properties have
been extensively investigated with more profound meanings in the family of tribotronics [31, 32]. The
regulation of FETs by a triboelectric potential generated by low-frequency and intermittent mechanical
displacements in TENGs is highly desirable in wearable electronic devices, sensors, memories, logic devices,
artificial synapses, etc, currently rendering low requirements for high speed and miniaturization. However,
high-speed operation and miniaturization have always been the research goals and future development
directions of tribotronic transistors, and it is believed that they can be successfully realized in the
future.

This article delivers a comprehensive review on the recent developments of 2D tribotronic transistors.
Firstly, the electrical, optoelectronic, and piezoelectric properties of typical 2D materials are introduced.
Then, triboelectric tuning at the nanoscale is of great significance in the investigation of 2D tribotronic
transistors, and includes methodologies such as thermionic emission, tunneling triboelectricity, and atomic
force microscope (AFM) probe scanning. Moreover, macroscale triboelectric regulation in conventional FETs
and ion-controlled transistors via TENG mechanical displacement is also discussed in detail. In addition, the
applications of 2D tribotronic transistors in this review are mainly divided into intelligent sensors, logic
devices, memory devices, and artificial synapses (figure 1). Finally, the challenges and future directions for
2D tribotronic transistors are discussed. The perspectives on the challenges and possible scientific
breakthroughs in the field of 2D tribotronic transistors are also proposed.
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Figure 1.Materials, mechanisms, and applications of 2D tribotronic transistors.

2. The development history and research status of 2D tribotronic transistors

The greatest achievement of the modern electronic computer era is the invention of the ‘semiconductor
transistor’, which has detonated the shock wave of the global semiconductor electronics industry and greatly
improved modern electronic computers from the first to the second generation. As shown in figure 2(a), the
point-contact transistor made of a Ge semiconductor and published by Bell Labs in 1948 marked the birth of
the world’s first transistor [33], opening the gate for the transistor era. Due to the poor performance of
point-contact transistors, Shockley proposed a bipolar transistor using p-n junctions a month later. The FET
has a three-terminal structure and requires an externally supplied gate voltage to control the drain and
source, which utilizes an electric field to modulate/control the transport of charge carriers in the
semiconductor material [34]. The birth of the transistor has greatly changed the global historical progress of
computers and other important electronic products, which is the foundation of modern information society.
Since the TENG was proposed in 2012 (figure 2(b)), its development has attracted extensive attention from
researchers [13]. Relying on the triboelectrification between different materials, TENG devices can readily
convert mechanical energy into electrical energy to drive small electronic devices, thus exhibiting
sophisticated applications in self-powered systems, such as in environmental monitoring and medical science
[35]. In 2014, Zhang et al first proposed to use the potential difference between TENG friction materials as a
gate signal to tune/control the carrier transport characteristics in FETs (figure 2(c)), and the effect was the
same as the applied conventional gate voltage [24]. Based on the proposed triboelectric potential gated
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Figure 2. The development process and research status of 2D tribotronic FETs. (a) A schematic of a semiconductor triode. (b) The
structure of an integrated triboelectric generator. Reprinted from [13]. Copyright (2012), with permission from Elsevier. (c) The
structure of the contact electrification FET in depletion mode. Reprinted with permission from [24]. Copyright (2014), the
American Chemical Society. (d) A schematic illustration of a MoS2 tribotronic phototransistor [36]. John Wiley & Sons.
CC BY 4.0. Copyright 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) A schematic
illustration of the tunable dual-gate tribotronic logic device composed of n-type MoS2 and p-type BP FETs [37]. John Wiley &
Sons. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) A schematic diagram of a fiber-shaped
triboiontronic OECT consisting of a woven-structured TENG and a fiber-shaped OECT. Reproduced from [38]. CC BY 4.0. (g) A
schematic illustration of the contact-electrification-activated artificial afferent. Reproduced from [39]. CC BY 4.0. (h) A
schematic diagram of the mechano-photonic artificial synapse based on the Gr/MoS2 heterostructure. From [40]. Reprinted with
permission from AAAS.

transistors (i.e. tribotronic transistors), researchers have found that 2D materials with unique properties can
significantly improve the performance of tribotronic transistors. In 2016, Pang et al first proposed a
MoS2-based tribotronic phototransistor [36], extending tribotronics to the field of photodetection based on
2D materials (figure 2(d)). Subsequently, scientists have tried to diversify the application of tribotronic
transistors to different research fields. For instance, Gao et al proposed a tunable tribotronic dual-gate FET
based on a sliding-mode TENG in 2018 [37], and found that different logic states could be effectively realized
by controlling the sliding displacement of the TENG (figure 2(e)). In addition to conventional tribotronic
FETs, Yu et al proposed organic electrochemical FETs (OECTs) by utilizing electrolyte dielectrics to
effectively tune the transport properties in semiconductor devices [38]. The tuning of FETs with the
triboelectric potential from the fiber-woven structure of the TENG shows great potential in smart
self-powered electronic textiles (figure 2(f)). Furthermore, the development of self-powered bionic
electronics and intelligent interactive devices has gradually attracted widespread attention. Yu et al proposed
that artificial afferents activated by contact electrification at the femtojoule level can identify the
spatiotemporal information of touch patterns, establish dynamic logic, and identify the frequency/amplitude
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Table 1. Tribotronic transistors based on different types of channel materials.

References Types of 2D Materials 2D Materials Applications

[42] Gr Gr Electronic skin
[43] Gr Gr Tactile sensor
[44] TMDs MoS2 Tactile switch
[45] MDCs InSe Smart touch
[46] Heterojunction Gr/h-BN/MoS2 Memory device

Other types of tribotronic FETs

References Types of Tribotronic FETs Channel Materials Applications

[47] Organic tribotronic FET P3HT nanowires (NWs) Tactile sensor
[31] Organic tribotronic FET poly (methyl methacrylate) (PMMA)/Cytop Pressure/magnetic sensor
[41] Dual-gate IGZO transistor IGZO Multipurpose sensor

of external actions (figure 2(g)) [39]. To develop a multifunctional artificial nervous system, Yu et al further
proposed a bioinspired mechano-photonic artificial synapse by integrating a Gr/MoS2 heterojunction
transistor and a TENG component (figure 2(h)) [40]. Mechano-photonic artificial synapses show great
promise in realizing mixed-mode interactions, simulating complex biological nervous systems, and
facilitating the development of interactive artificial intelligence. So far, other 2D materials (e.g. Gr, h-BN,
WSe2) have also been demonstrated in tribotronic transistors and have exhibited great potentials in the
applications of artificial synapses, memories, and logic devices.

There have been attempts to fabricate tribotronic transistors from different materials and to develop
them for use in a wide variety of applications. Different kinds of 2D materials with excellent properties (Gr,
TMDs, metal dichalcogenides (MDCs), heterojunctions, etc) have been demonstrated for use in tribotronic
transistors. In addition to 2D materials, researchers have explored organic semiconductors, metal oxides, etc
as channel materials for triboelectric FETs to achieve the desired results [41]. Table 1 shows different types of
2D materials, organic semiconductors, and metal oxides as the channel materials for tribotronic transistors
and their corresponding applications.

3. Materials andmechanism for 2D tribotronic transistors

3.1. Unique 2Dmaterials for tribotronic FETs
The 2D materials with a thickness of only one or a few atomic layers have ideal electrical, optical, and
piezoelectric properties, and expand their application prospects in electronics, sensing, and energy storage
and conversion. The structure of the 2D GaX and InX (X is a chalcogen, such as S, Se, or Te) is hexagonal
[48], and each layer can be regarded as a bilayer of metals interposed between the two layers of chalcogens
(figure 3(a)-(i)). All GaX are indirect bandgaps with specific values at 2.47, 1.90, or 1.49 eV (figure 3(a)-(ii)).
This material forms a ‘Mexican cap’ band structure at the top of the valence band, resulting in a high-density
electronic state. Among them, InSe has more excellent electrical properties than Si, which is generally used in
modern electronic products. Moreover, the ultrathin InSe has a large energy gap, allowing the FETs to be
easily switched; therefore, it is often used to manufacture high-speed electronic devices.

High-performance optoelectronic devices have always been widely used in large-scale, flexible,
transparent, high-speed, high-efficiency, broad-spectrum, low-power, and low-cost applications, and the
unique optical properties of the 2D materials play a significant role in this direction. As a member of the 2D
material family, the use of black phosphorus (BP) is widespread due to its extremely high hole mobility, good
mechanical properties, and tunable energy band structure. The crystal structure of BP is shown in
figure 3(b)-(i) [49], and the phosphorus atoms in the same layer are not on the same flat plane, indicating a
honeycomb folded structure. The optical properties of the typical 2D materials (such as BP, TMDs, and Gr)
are shown in figure 3(b)-(ii). The bandgap of BP can be adjusted from 0.3–1.5 eV by changing its thickness,
which is just in the middle between the zero bandgap of Gr and the wider bandgap (1–2.5 eV) of TMDs.
Under the external electric field, the Fermi level of the intrinsic monolayer Gr can be tuned to be 1 eV,
covering the range from terahertz to visible light wavelengths.

Wang et al experimentally observed the unique piezoelectric effect in the 2D single-atom layer material of
MoS2 for the first time. Since then, research on the piezoelectric properties of 2D materials and related
devices has been extensively focused. The essence of the piezoelectric effect is the displacement of ionic
charges in the crystal (without a center of symmetry). When there is no strain, the distribution of charges on
the lattice position is symmetrical, and the internal electric field is zero; when stress is applied to the crystal,
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Figure 3. Unique properties of typical 2D materials. (a)-(i) The crystal structure of the 2D GaX. (ii) Band structures of GaX by
Perdew–Burke–Ernzerhof level. Reprinted from [48]. Copyright (2022), with permission from Elsevier. (b)-(i) The crystal
structure of BP. (ii) Electronic bandgaps of typical 2D materials [49]. John Wiley & Sons. Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (c)-(i) The crystal structure of h-BN. (ii) Trends in piezoelectric properties of 2 H-MX2, where
M=Mo or W, and X= S, Se, or Te. Reprinted with permission from [50]. Copyright (2012), the American Chemical Society.
(d) The piezoelectric device of single-layer MoS2. (ii) The piezoelectric output signal of MoS2 flakes varies with the number of
atomic layers (n). Reproduced from [54], with permission from Springer Nature.

the charges are displaced. If the charge distribution is no longer symmetric, a net polarization will occur,
accompanied by an electric field as a piezoelectric effect. As shown in figure 3(c)-(i), the lack of a symmetry
center of the monolayer 2D h-BN is an important factor for its piezoelectricity [50]. Piezoelectric constants
and coefficients (e11, d11) in 2D transition metal dichalcogenides (TMDCs) follow periodic trends,
respectively (figure 3(c)-(ii)). The WS2 has the smallest piezoelectric effect, and moving downward in group
6 (transition metals) or group 16 (chalcogenides) enhances the magnitude of the effect until MoTe2, with the
largest coefficient, is reached. The 2D materials can withstand huge strains with high crystallinity, which are
the research hotspots of high-performance piezoelectric materials [51–53]. Wu et al first proposed the
piezoelectric performance of a single-layer MoS2-based device coupled with an external load resistor
(figure 3(d)-(i)) [54]. After bending the device, the induced charge drives the flow of electrons in the external
circuit, and when the substrate is released, the electrons flow in the opposite direction. Thus, the periodic
bending and releasing enable the device to generate a piezoelectric output. Figure 3(d)-(ii) describes the
piezoelectric signal’s variation with increasing atomic layers (n). When n= 1, 3, 5, the piezoelectric response
is significantly larger than that of n= 2, 4, 6, and is especially significant for the monolayer MoS2. The results
indicate that the monolayer MoS2 has a strong intrinsic piezoelectric response, and the periodic bending and
releasing of the odd-numbered MoS2 flakes produce a piezoelectric output. In contrast, the even-layered
MoS2 flakes have no outputs under bending strain, which is due to centrosymmetric bilayers, and the bulk
crystals are non-piezoelectric.
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Based on the above unique physical properties, adoption of 2D materials in tribotronic transistors will
extensively extend and enrich this research field and inspire more innovations in sophisticated self-powered
sensors, mechanical programming memory, interactive logic devices, and mechanoplastic artificial synapses.

3.2. Working mechanism in 2D tribotronic transistors
Understanding the triboelectric potential regulation process of traditional Si-based FETs is the basis for the
research of tribotronic transistors. Zhang et al explored the working mechanism of Si-based FETs under
TENG modulation [24]. The Al thin film serving as the transistor gate has a certain distance (d) from the
friction layer Kapton of the TENG device in the initial state (figure 4(a)-(i)). Under the action of external
force, when the TENG is in contact with the Al of the FET gate, a negative electrostatic charge is left due to
the stronger triboelectric negativity of the Kapton, and a positive electrostatic charge is retained on the Al
layer (figure 4(a)-(ii)). In this state, Al is in full contact with the Kapton layer and results in an equilibrium
state (no equivalent gate voltage applied to the transistor). When the external force is released, the Kapton
film gradually separates from the Al, resulting in uneven distribution of triboelectric charges to form an
electrostatic field (i.e. a triboelectric potential applied between the gate and source, figure 4(a)-(iii)). When
the two friction layers of the TENG reach the maximum separation state, the triboelectric potential shows
the maximum value (figure 4(a)-(iv)). Due to the extremely low resistivity of conventional Si substrates, the
internal electric field is equivalently applied across the transistor as the gate voltage, and the energy band
diagram is shown in figure 4(a)-(vi). The charge polarization occurs in the top Si layer, attracting electrons
and repelling holes to the bottom of Si. Since the main carriers in p-type Si are holes, this region forms a
depletion region, which reduces the width of the conduction channel and thus reduces the output current.
When the external force was applied to the TENG device again, the mobile layer of the Kapton gradually
approached the Al film and, as the gate voltage decreased, the current flowed from the source electrode back
to the mobile electrode (figure 4(a)-(v)). Therefore, via the contact and separation process of the two friction
layers of the TENG, the internal gate voltage of the FET can be generated and controlled by an external force,
which has the same effect as the applied gate voltage.

The reason for using the displacement stage to control the mechanical displacement of the TENG is to
quantitatively explain that changing the distance between the friction layers in the TENG device produces
different electric potentials. Therefore, the influence of the triboelectric potential generated by different
TENG displacements on the performance of the device can be better analyzed. One of the friction layers of
the TENG is used as a movable layer, while the other friction layer is usually set at the gate of the transistor
device. When the displacement stage moves for a certain distance, the two friction layers contact each other.
Due to the difference in electronegativity between the tribo-layers, the generated opposite charges will cause
electrons to transfer, thereby forming a potential difference. The triboelectric potential generated in this
process modulates the FET through the tribo-layer fixed on the gate of the 2D FET. Compared with the
traditional gate voltage regulation of 2D FET, the regulation of the FET by the triboelectric potential
generated by the contact and separation of the friction layers between TENGs can reduce the power
consumption of the entire system to a certain extent. The role of the linear displacement stage is only to
enable us to analyze the regulation ability of the FET accurately and quantitatively via different voltages
generated by different displacements. Therefore, from the perspective of the whole system and architecture,
using the triboelectric potential to control the FET can achieve low driving power and low system energy
consumption.

The relationship between the internal positive gate voltage VG applied through the TENG device and the
distance d between the friction layers can be described by the following equation:

VG =
εK ·Q0 · d

ε0 · εK · S0 + ε0 ·CMIS · dK + εK ·CMIS · d
(1)

where Q0 is the amount of frictional surface charge, S0 is the frictional surface area, and ε0 and εK are the
dielectric constants of vacuum and Kapton, respectively. Here, dK is the thickness of the Kapton film, and
CMIS is the metal insulator semiconductor capacitance. However, the miniaturization process of traditional
Si-based semiconductor devices is gradually approaching its physical limit, and there is still a development
trend in this field to find new materials and develop new technologies to further reduce the size of devices.
Traditional Si-based FETs require the channel thickness to be less than 1/3 of the channel length to effectively
avoid short-channel effects. However, due to the limitations of traditional semiconductor materials, the
thickness of the channel cannot be continuously reduced [55].

Those 2D materials with abundant valence band structures and readily controllable thicknesses exhibit
great potential as next-generation channel materials [56]. Compared with traditional Si semiconductors, 2D
semiconductors have enormous advantages in physical, electrical, and optical properties. Gao et al explored
the regulation mechanism of the triboelectric potential in a 2D MoS2 FET [57]. In the initial separated state
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Figure 4. The working mechanism of tribotronic FETs. (a)-(i) Initial states of FETs coupled to the TENG. (ii)–(v) Variation of the
FET gate voltage with displacement between TENG tribo-layers. (vi) An energy band diagram illustrating the metal insulator
semiconductor capacitor in the FET at the positive gate voltage. Reprinted with permission from [24]. Copyright (2014), the
American Chemical Society. (b) The working mechanism of the triboiontronic MoS2 FET. (i)–(iii) The working mechanism of
the triboiontronic transistor after the initial separation distance. At the bottom are the energy band diagrams of the three
operating states of the triboelectric transistor: accumulation mode, flat-band mode, and depletion mode [57]. John Wiley & Sons.
Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

of the TENG in figure 4(b)-(ii), the induced charges are neutralized by grounding one of the electrodes or
connecting the two electrodes. Therefore, no triboelectric potential is generated on the FET, showing a
flat-band state, which has no effect on the Fermi level shift of MoS2. Among them, the triboelectric potential
(VTENG) can be calculated using the following formula:

VG = VTENG =
Q

Ceff
. (2)

When the displacement D is gradually increased (figure 3(b)-(i)), more positive charges are induced on
the Al electrode and transferred to the gate, resulting in an equivalent positive gate voltage coupled to the
MoS2 channel. Under the ultra-high electric field, a high electron density is accumulated in the MoS2
channel, which bends the energy band downward and lowers the energy barrier between the source and the
MoS2 channel. Therefore, it is easier for electrons to inject across the barrier into the conduction band,
thereby increasing the output current. When the displacement D gradually decreases (figure 4(b)-(iii)), more
positive charges are transferred from the gate to the Al electrode and neutralized with electrons in the
polytetrafluoroethylene (PTFE). At the same time, the electrons are simultaneously transferred to the gate
electrode, and the negative charge density (σ–) increases, resulting in a continuous increase in the negative
gate charge (equivalent to an increase in the negative gate voltage). Therefore, in the flat-band state, the
electrons remaining in the MoS2 channel are effectively depleted, which bends the energy band upward and
increases the energy barrier between the source electrode and the MoS2 channel.
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Figure 5. The microscale tribotronic effect and mechanism for 2D tribotronic FETs. (a)-(i) The device of the AFM temperature
control module. (ii) The effect of temperature on the transferred charge density between the tip and the SiO2 sample [58]. John
Wiley & Sons. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.(b)-(i) Tunneling triboelectrification by the
friction of Gr with a Pt AFM tip. (ii) The potential difference generated by tunneling triboelectrification;∆VTT is very well
preserved, even after 72 h. Reproduced from [59]. CC by 4.0. (c)-(i) A schematic illustration of the transistor gated by nanoscale
triboelectrification. (ii)–(iii) The working principle of the tribotronic FET gated by nanoscale triboelectrification. (iv) The output
characteristics of Id-Vd with different contact cycles. Reproduced from [60]. CC by 4.0.

3.3. Microscale tribotronic effect andmechanism in 2D tribotronic FETs
It is significant to study the contact-electrification (or triboelectrification) mechanism in tribotronic FETs at
the microscopic level, which is of great significance for exploring the origin of triboelectrification and
implementing more precise mechanical friction control. The tribotronic FETs can be controlled by
microscale friction using AFM or Kelvin probe force microscopy. As shown in figure 5(a)-(i), insulator
materials (such as SiO2, Si3N4, Al2O3, and AlN) were chosen for the sample material deposited on a highly
doped Si wafer with Au-coated Si tips as metal contact points [58]. The AFM tip heater and the sample
heater are used to control the temperature of the tip and insulator material independently, and the entire
temperature control module is placed in the Ar-filled airtight chamber. Correspondingly, the triboelectric
charges are generated when the needle tip directly rubs against the sample surface for contact and separation.
As shown in figure 5(a)-(ii), when the SiO2 sample was in contact with the Au-coated tip, the density of the
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transferred charges decreased with increasing temperature. When the temperature reached 513 K, the
transferred triboelectric charges were completely eliminated, and the results were consistent with the
electron thermionic emission theory during contact electrification. Electrons on the metal surface have
sufficient kinetic energy of thermal motion to overcome the surface barrier. At low temperatures, the
electron transfer and tunneling-back occur during the contact and separation process between the AFM tip
and the sample surface. As the temperature increases, more electrons return to the metal tip through
thermionic emission tunneling, and the results demonstrate that thermionic emission can influence the
generation of triboelectric charges during contact electrification at the nanoscale.

Kim et al reported a tunneling triboelectrification method to localize electric charges transport in 2D
materials, which was realized by using the AFM contact mode between chemical vapor deposition
(CVD)-grown Gr (wet-transferred on SiO2/Si substrate) and an AFM tip coated with Pt (figure 5(b)-(i))
[59]. A portion of the triboelectric charge generated by the friction between the transferred Gr and the AFM
tip passes through the Gr and is trapped at the interface. To characterize the obtained triboelectric potential
of the Gr surface after rubbing with the AFM tip, the∆VTT is defined as the net change in the surface
potential due to the triboelectric tunneling charging in the rubbed region compared to the unrubbed region.
Figure 5(b)-(ii) shows that the rubbed region of Gr is able to exhibit an effective electrostatic potential and
exhibits good stability after 72 h. Bu et al analyzed the specific working principle of nanoscale triboelectric
regulation on FET carrier transport based on the AFM contact mode to scan and rub the SiO2 surface on top
of the device for nanoscale triboelectrification [60]. As shown in figure 5(c)-(i), when the AFM probe
touches the SiO2 surface, a large number of charges are transferred to the SiO2 surface (figure 5(c)-(ii)),
generating an internal electric field in the channel region that attracts holes in the p+-Si layer and repels the
electrons. Therefore, due to the increased hole concentration in the channel, an enhancement region is
formed in the channel (figure 5(c)-(iii)). Figure 5(c)-(iv) indicates the output characteristic curves under
different contact cycles of the AFM probe with the SiO2 surface. As the number of contacts increases, more
transferred charges are induced, and the drain current (ID) also increases. When the number of contact
cycles is greater than two, the highest filled surface energy state of SiO2 is almost as high as the Fermi level of
the AFM Si probe due to the transferred charges, resulting in the drain current reaching saturation.

3.4. Macroscale tribotronic effect andmechanism in 2D tribotronic FETs
Using triboelectric potential regulation, the mechanism of the tribotronic effect on FETs is explored from a
macroscopic point of view, which lays a theoretical foundation for practical applications of tribotronic
transistors. Among different types of FETs, metal-oxide-semiconductor field effect transistors (MOSFETs)
are typical electronic elements in integrated circuits due to their high input impedance, low drive power, and
fast switching speed [61–64]. Peng et al theoretically investigated the triboelectric potential coupling
(generated by contact electrification and electrostatic induction) to tune and control the charge carrier
transport behavior in MOSFETs [34]. As shown in figure 6(a)-(i), the conventional tribotronic MOSFET
consists of a conventional Si-based n-channel metal oxide semiconductor (NMOS) transistor, and the mobile
triboelectrification layer consists of a PTFE film coated with an Al electrode. With the external mechanical
displacements, the triboelectric charges with opposite polarities are generated during the contact and
separation between the PTFE layer and the MOSFET. Electrostatic induction generates electric fields and
potentials that result in a built-in voltage on the gate to tune and control the transporting properties between
the drain and source. The two states of the moving electrode of the TENG in the grounding and floating
states are defined as ‘short-circuit’ and ‘open-circuit’ states, respectively. The transport characteristics of the
tribotronic NMOS are shown in figure 6(a)-(ii), with the dashed and solid curves representing the off and on
states of the ID, respectively. With the fixed VD, the ID in both states increases initially with a rapid increase
and then becomes slower as the displacement of the TENG friction layer increases. With the increase in the
VD, the ID exhibited a gradually increasing trend and the results showed that by adjusting the distance
between the TENG triboelectric layer and the gate electrode, the FET could be effectively switched between
the ‘on’ and ‘off ’ states, acting as the fundamental theory for the research of tribotronic transistors.

To achieve a more efficient tribotronic tuned FET, Gao et al reported a 2D MoS2-based
electric-double-layer (EDL) FET (i.e. triboiontronic transistors, figure 6(b)-(i)) [57]. The MoS2 nanosheets
were directly grown on Si/SiO2 by CVD, and the source and drain electrodes were defined by electron beam
lithography (EBL); the gate electrode was fabricated by thermal deposition. An encapsulation layer of PMMA
is covered on the source and drain electrodes, and an ion-gel dielectric layer pattern is formed on the MoS2
channel and part of the gate. The TENG device comprises a sandwich structure (Al/PTFE/Al) in
contact-separation mode, which is connected in series to the side gate of the MoS2 FET. According to the
long-range polarization in ion-gel dielectrics, the triboelectric potential can be effectively coupled to the
MoS2 channel through the ultra-high capacitive EDLs. As shown in figure 6(b)-(ii), the equivalent
gate-insulator-semiconductor (MIS) conduction mechanism is illustrated by the migration process of the
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Figure 6. The macroscale tribotronic effect and mechanism for 2D tribotronic FETs. (a)-(i) A schematic diagram of the device
based on a TENG and a traditional Si-based n-channel MOSFET (NMOS). (ii) The ID−VD output characteristics of
triboelectric-potential gated NMOS with Qg of 1.0 fC under different d values from 0.5 to 3.0 µm. Reprinted with permission
from [34]. Copyright (2016), the American Chemical Society. (b)-(i) A schematic illustration of the tribotronic FET of MoS2.
(ii) Schematic illustrations of the generated TENG output voltage (equivalent to applied VG) under periodic displacement [57].
John Wiley & Sons. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c)-(i) A schematic illustration of the
triboiontronic transistor via a proton conductor. Top inset: the enlarged structure of the TENG component. Bottom inset: the
chemical structure of polystyrene sulfonic acid (PSSH). (ii) TENG output voltage (equivalent to the applied VG) according to
periodic displacement. Reprinted with permission from [65]. Copyright (2020) the American Chemical Society. (d)-(i) A
schematic diagram of a fiber-shaped triboiontronic OECT that consists of a woven-structured TENG and a fiber-shaped OECT.
(ii) The ID and IG in the logarithmic scale vs the VG of the fiber-shaped OECT. From [38]. Reprinted from AAAS. CC BY 4.0.

ions in the metal/ion-gel/metal structure. When the two tribo-layers in the TENG are in the initial
equilibrium state (I), no directional movement of charges occurs. However, when the two friction layers are
separated by a certain distance (II), the induced charges are unbalanced, and directional movement occurs;
therefore, the two electrodes are positively and negatively charged, respectively. More induced charges are
transferred to the electrodes when the two tribo-layers are further separated (III–IV). As a result, the
electrical field at the interface increases due to the triboelectric potential increasing.

A proton conductor is a specific ionic conducting material, via protons (H+), which has higher ionic
conductivity due to the smallest size of protons, and is widely used in EDL transistors for low-voltage and
high-frequency logic operations. This specific ionic material can also be used to extend the family of 2D
tribotronic transistors. Yang et al reported a multifunctional triboiontronic MoS2 FET via a proton
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conductor (figure 6(c)-(i)) [65]. The MoS2 was prepared using the mechanical exfoliation method and
transferred to a SiO2/Si substrate, and a layer of PMMA was spin-coated on the source and drain electrodes.
Then, standard proton conductor (polystyrene sulfonic acid, PSSH, its chemical structure is shown in the
inset of figure 6(c)-(i)) was then spin-coated on PMMA as a dielectric layer. The sliding-mode TENG device
is composed of the PTFE and Al friction layers, and the gating process is realized through proton conductors
(figure 6(c)-(ii)). When a positive displacement (move toward outside) is applied to the TENG (a), the
output voltage gradually increases from 0 to 2.15 V and partial induced charges are transferred to the gate.
When a negative displacement (move toward inside) at the same distance is applied to the TENG, the output
voltage gradually recovers to 0 V (b). When the TENG sliding displacement is further reduced to−0.7 mm
(c), the output voltage drops to−1.36 V due to the positive triboelectric charges confined to the TENG
contact surface; when the sliding displacement gradually returns to the initial position, the output voltage
gradually returns to the initial position of 0 V. Therefore, the device can utilize the triboelectric potential
generated by mechanical displacement to tune the electrical properties of FETs through proton migration.

The electrochemical transistor is the other type of ion-controlled transistor, which widely uses
conductive polymer poly(3,4-ethylenedioxythiophene)/poly (styrene sulfonic acid) (PEDOT:PSS) as the
channel due to its high conductivity and good processing properties. Recently, researchers have discovered
that applying a triboelectric potential to modulate the doping state in conducting polymers can achieve an
efficient combination of mechanical action and electrochemical reactions in OECTs. For instance, Yu et al
reported a fiber-shaped tribotronic electrochemical transistor comprising a fiber-shaped PEDOT:PSS OECT
and a woven contact-separation-mode TENG cloth (figure 6(d)) [38], which has been used for motion
sensor and logic devices. To achieve effective triboelectric potential gating and diminish the leakage current,
the nylon fibers with the surface-dip-coated PEDOT:PSS channel layer were first cast with 70 wt% ion-gel
and then cast with 90 wt% ion-gel to improve the gating efficiency.

4. Applications of 2D tribotronic transistors

The 2D tribotronic transistor is a new type of electronic device that has developed rapidly in recent years that
utilizes a TENG triboelectric potential instead of a traditional gate voltage to control the transistor device.
The drain–source current can be directly controlled by external mechanical behavior. Therefore, 2D
tribotronic transistors have a larger sensing range to the external environment. And the active materials can
be extended to common semiconductors and other materials used for contact electrification [66], promising
broad application prospects in sensing, flexible electronics, human–machine interfaces, etc. This section
mainly summarizes applications based on 2D tribotronic transistors in different fields, such as smart sensors,
logic devices, memory devices, and artificial synapses. Table 2 shows the friction materials, 2D channel
materials, and output performance of 2D tribotronic transistors according to different applications.
Appropriate TENG friction materials and 2D channel materials can be selected according to the target
applications.

4.1. Intelligent sensors based on 2D tribotronic FETs
At present, the world has entered the era of intelligence, and sensors have become a general technology.
Improvement of the sensor industry directly determines the degree of intelligent development [27, 73–75].
With the rapid development of self-powered sensors and systems, the TENG itself has already been
successfully applied in different types of sensors (e.g. flexible sensors [76], pressure sensors [77], biological
sensors [78]) and has made significant contributions and achievements in the Human Machine Interface [79,
80]. In Contrast, a 2D tribotronic transistor is a device that regulates the electrical transport capability of a
semiconductor through an electric field, and intelligent sensors are one of the important directions of its
functional application research. The 2D tribotronic transistor combines FET devices with special
identification elements compared to the use of conventional TENG applications as sensors. The application
of a gate voltage can induce carriers at the interface of the insulating layer to form a conductive channel, and
the carriers are injected from the source and efficiently transported from the conductive channel to the drain
driven by the source–drain voltage. Therefore, an FET mainly includes two basic physical processes: carrier
injection and carrier transport. The working principle of the 2D tribotronic-transistor-based sensor is that
the detected object affects the electrical signal of the 2D tribotronic transistor by changing the injection and
transmission characteristics of carriers, thereby realizing the sensing function via quantitative signal
conversion. It is worth noting that, due to the regulation characteristics of the TENG triboelectric potential
instead of the traditional gate voltage, the sensor also has the function of signal amplification. Therefore,
sensors based on 2D tribotronic transistors can theoretically exhibit higher sensing sensitivity.

Human tactile sense is one of the most common forms of perception, second only to vision, that is used
to obtain environmental information, and it is a necessary medium to interact with the environment directly.
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Table 2. A comparison of 2D tribotronic transistors and their output performance based on different applications.

References Applications Friction Layers 2D Materials ON/OFF Ratio

[45] Intelligent sensors Silicone rubber/Kapton InSe 106

[36] Intelligent sensors Al/FEP MoS2 103

[67] Intelligent sensors polydimethylsiloxane (PDMS)/object Gr 2.96
[43] Intelligent sensors PDMS/PMMA Gr 3
[44] Intelligent sensors PTFE/Al MoS2 103

[37] Logic devices PTFE/Al MoS2/BP 1.1× 106

[46] Memory devices PTFE/Cu Gr/h-BN/MoS2 105

[68] Memory devices Al/PTFE MoS2 107

[69] Memory devices External touch/PDMS MoS2 105

[70] Artificial synapses Kapton/silicone rubber InSe/h-BN/Gr 104

[71] Artificial synapses Cu/FEP Gr/h-BN/WSe2 106

[72] Artificial synapses Cu/FEP MoS2 105

[40] Artificial synapses PTFE/Cu Gr/MoS2 1.53
[29] Artificial synapses PTFE/Cu Gr 2.43

The tactile sense shows a strong sensitivity and can directly help to recognize various properties of objects
and the environment, which is considered an intelligent connector between sensation and action. From this
perspective, research on tactile sensors is non-negligible [47, 81]. Li et al reported a 2D In-doped InSe-based
tribotronic FET (figure 7(a)-(i)) that was effectively applied in tactile sensors [45]. The triboelectric potential
generated by the TENG can be used as the gate voltage to adjust the carrier transport behavior in the
electronic device, in which the TENG unit is composed of two tribo-layers of Kapton and silicone rubber.
Several layers of the InSe flakes were obtained by mechanical exfoliation of InSe bulk crystals grown via
chemical vapor transport and then deposited on the SiO2/Si substrates, and a 32 nm thick In layer was
deposited on top of the InSe flakes to enhance the carrier injection and device stability. An Al electrode layer
is deposited on the bottom of the SiO2/Si substrate to ensure ohmic contact before coupling with the TENG.
Simultaneously, it acts as a TENG electrode, and a silicone rubber layer is attached to it as a triboelectrically
charged layer. Another layer of Al is attached to the bottom of the moving Kapton layer, which is used as
another triboelectrically charged layer. The two layers of Al are used as the charge-inducing material. The
sensitivity of the triboelectric switches determines its potential applications in tactile sensors and functional
electronics. Using finger-touch control, the instantaneous switching and holding of the on/off state of the
InSe FET can be effectively achieved (figure 7(a)-(ii)). The simple operation illustrates the practical
properties of tribotronic transistors as integrated tactile sensors or tactile switches.

With the development of phototransistors, the traditional method of applying a high gate bias voltage to
increase the photocurrent brings with it additional energy consumption. Researchers found that the
triboelectric regulation of the TENG can significantly improve the photoelectric response of the FETs,
providing a method for the research of the tribotronic transistor in the field of photoelectric sensors [82–84].
As a Gr-like monolayer transition metal compound, MoS2 is one of the materials with the best optoelectronic
properties among all the available 2D semiconductor materials. Due to its excellent optical and electrical
properties, the single-layer structure has great prospects for assisting or replacing Gr. The MoS2 with a
thickness of one atomic layer is a 2D direct bandgap semiconductor material, which can be used to develop
advanced nano-electronic and functional optoelectronic devices. Pang et al reported a novel tribotronic
phototransistor composed of a MoS2 FET and a sliding-mode TENG (figure 7(b)-(i)) [36]. Based on simple
mechanical exfoliation, a few layers of the MoS2 were fabricated on a p-type Si substrate, and the source and
drain electrodes were prepared by ultraviolet (UV) lithography and electron beam evaporation; moreover, an
Al film was deposited on the Si substrate as a gate. The TENG device consists of an inductively coupled
plasma etched fluoroethylene propylene (FEP) film and a 50 µm thick Al foil. Under different sliding
distances, the photosensitization characteristics of the device under different photoexcitation intensities are
shown in figure 7(b)-(ii). At a drain voltage of 1 V and light intensity of 10 mW cm−2, the photoresponsivity
is significantly enhanced as the relative sliding distance between the bottom TENG tribo-layer and the device
increases. Therefore, changing the sliding distance can effectively and stably adjust the photocurrent. Due to
the saturation of trap states at the interface of MoS2 and the substrate, the photoresponsivity and the
triboelectric charging enhancement value tend to decrease with the increase in the photoexcitation intensity.

The excellent electrical conductivity and light transmittance also make Gr able to be used as a transparent
conductive electrode material, which demonstrates outstanding applications in touch screens, liquid crystal
displays, etc [85]. Therefore, Gr is considered the most potential replacement for indium tin oxide (ITO) in
touch screen manufacturing. Khan et al reported a Gr tribotronic FET for electronic skin and touchscreen
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Figure 7. Intelligent sensors based on 2D tribotronic FETs. (a)-(i) A schematic illustration of the InSe tribotronic FET. (ii) A
Morse code demonstration of ‘InSe’ realized by operating the w/In InSe TENG-FET [45]. John Wiley & Sons. Copyright 2019,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)-(i) The structure of a MoS2 tribotronic phototransistor. (ii) The
characteristic curve of photoresponsivity as a function of excitation intensity under different sliding distances (VD = 1 V) [36].
John Wiley & Sons. Copyright 2016, the Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. CC BY 4.0.
(c)-(i) A schematic diagram of the Gr tribotronic device. (ii) The characterization of the response time of the sensor [67]. John
Wiley & Sons. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)-(i) A schematic of a tribotronic FET
array. Insets: partial enlarged tilted views of the tribotronic FET array configuration and cell structure, respectively. (ii) A
schematic of a ball moving along different cells. (iii) Output currents of cells in the moving trajectory of the ball. Reprinted with
permission from [86]. Copyright (2016), the American Chemical Society.

applications [67]. The ITO electrode and PDMS tribo-layer combined with the TENG device, Gr channel,
and ITO electrode are coupled in a coplanar manner through 1-ethyl-3-methylimidazolium
bis(trifluoromethyl sulfonyl) imide-based ([EMIM][TFSI]) ion-gel gate dielectrics (figure 7(c)-(i)). The
triboelectric potentials generated by device contact with external objects are used as the gate bias to tune
current transport in the Gr FETs. Figure 7(c)-(ii) demonstrates the sensor response characteristics based on
the Gr tribotronic FET. Using an Al sheet as the touch object, a commercial triboelectric force sensor (top)
was used to measure the applied force, and its response was used as a reference value. The sensor responds
rapidly to the touch stimuli with a response time of about 30 ms (time from touch to the peak) with very
high sensitivity. Furthermore, the Gr tribotronic sensor array can spatially map various touch stimuli, such
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as multi-touch stimuli and the trajectory of a moving ball, which is of great significance for electronic skin
applications.

Due to the popularization of intelligent products, electronic devices show considerable market prospects.
As one of the key core components, sensors will affect the devices’ functional design and future development
[86–90]. Yang et al reported a sensor based on a tribotronic transistor array, which can realize trajectory
tracking recognition and motion monitoring through tactile contact (figure 7(d)-(i)) [91]. Each element of
the sensor array consists of a TENG and an FET. The PTFE film and the Cu sheet constitute the TENG, and
the gate of the FET is connected to the Cu sheet by a hole. The motion paths of the ball in the sensor array
(figure 7(d)-(ii)) are in good agreement with the signal changes, as shown in figure 7(d)-(iii). Two current
drops were observed in the ID response of R7-C6, and the second current drop could be explained by turning
the moving ball in a diagonal direction. Experiments have verified that the tribotronic FET has real-time
tracking capability and good practicability in dynamic motion monitoring and trajectory tracking.

4.2. Logic devices based on 2D tribotronic transistors
The generation of too much heat during operation, poor reliability, slow computing speed, high price, and
large size are the drawbacks of electronic tube components that have limited the development of the first
version of computers. Since the invention of the FET, electronics have made a real leap in progress. FETs
began to be used as components in second-generation computers. In the process of regulating a 2D
tribotronic transistor, four different working modes of a TENG can be selected according to desired
applications, including vertical contact-separation mode, lateral sliding mode, single-electrode mode, and
freestanding triboelectric-layer mode. For the TENG in vertical contact-separation mode [92], when two
dielectric films of different materials are in contact with each other, surface charges with opposite signs are
formed on the two contact surfaces. When the two surfaces are separated due to an external force, an induced
potential difference is formed between the back electrodes of the two friction layer materials. In addition,
triboelectric charges (horizontal sliding mode) are generated on the two surfaces when there is relative
displacement between the two friction materials [93]. Therefore, polarization is formed in the horizontal
direction, driving electrons to flow between the upper and lower electrodes to balance the electrostatic field
generated by the triboelectric charge. Unlike the previous two modes that use two electrodes, the
single-electrode mode has only one electrode, which is better suited for complex electrical connections [94].
The charged object at the free end approaches or leaves the material connected to the gate, which will change
the local electric field distribution and cause a change in potential. If the backside of the friction layer is
plated with two disjointed symmetrical electrodes, the reciprocating motion of the charged object between
the two electrodes will create a potential difference between the two electrodes, which causes electrons to
flow back and forth between the two electrodes (freestanding triboelectric-layer mode) [95]. Therefore,
researchers can choose different working modes of the TENG according to specific application scenarios to
achieve the desired results. Different working modes are essentially mechanical displacement modulation,
and a linear displacement stage can be used to quantitatively analyze the ground potential differences of
different magnitudes generated under different displacements.

According to the FET’s performance, an FET-based logic circuit can be realized and is widely used in
digital integrated circuits [25, 39, 96–100]. Zhang et al reported a floating-gate tribotronic FET based on a
triboelectric layer and conventional Si-based FETs [101]. A Si metal oxide FET with a floating-gate electrode
is integrated into the FR4 layer, and a Cu film is sputtered onto the upper side of the FR4 layer connected to
the floating-gate electrode via holes. The two Cu electrodes deposited on the backside of the n-type channel
layer act as the bottom drain and source, and the Cu film on the upper side of the FR4 layer is used as one of
the friction layers of the TENG device, with the other friction layer consisting of a movable FEP film. The
triboelectric charges generated between the tribo-layers can modulate the charge carrier transport in the
FETs. By integrating a tribotronic FET and a conventional p-type MOSFET on the lower FR4 layer and
another tribotronic FET and a conventional n-type MOSFET on the upper FR4 layer, a NAND logic circuit
can be formed (figure 8(a)-(i)). A schematic diagram of the device-based tribotronic NAND gate is shown in
figure 8(a)-(ii). For an instant, when the input state (EA, FB) is (0, 0) and the input EA is 0 V, the FEP layer is
in full contact with a Cu friction layer (d= D0). The top half is ‘on’ and the bottom half is ‘off ’. Therefore, the
output voltage is 5.033± 0.021 V, corresponding to a logic ‘1’. Accordingly, the NAND gate logic circuit of
EA and FB can be realized by controlling the contact distance between the input voltage and the friction
layer. Moreover, the basic units of logic circuits such as S-R flip-flop, D flip-flop, and T flip-flop, are realized
by further assembling the tribotronic NAND gate and traditional digital circuit.

Moore’s law states that the number of FETs that can be accommodated on an integrated circuit doubles
approximately every 18–24 months. However, as the traditional FETs shrink in size, the short-channel effect
becomes more pronounced, where the gate electric field cannot perform the full effect, resulting in leakage
currents that affect the performance of the FET. To address these issues, FETs based on 2D materials have
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Figure 8. Logic devices based on 2D tribotronic FETs. (a)-(i) The structure of the tribotronic NAND gate based on two
floating-gate tribotronic FETs and a couple of traditional n-type and p-type MOSFETs. (ii) An experimentally obtained truth
table of the tribotronic NAND gate with physical values following each corresponding logic level. Reproduced from [96], with
permission from Springer Nature. (b)-(i) A schematic illustration of the tunable dual-gate tribotronic logic device composed of
n-type MoS2 and p-type BP FETs. (ii) A truth table of a match gate and NOT gate [37]. John Wiley & Sons. Copyright 2018,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c)-(i) A schematic illustration of an inverter circuit (top) and an individual
MoS2 transistor (bottom) in gate-first technology. (ii) The flow chart of the microprocessor. Reproduced from [103]. CC by 4.0.

been extensively studied because of their ability to reduce the short-channel effects due to the atomic
thickness [66, 102–104]. In addition, the coupling between the triboelectric potential and electrical behavior
in semiconductor materials enables the unprecedented device properties [105–107]. Gao et al reported a
tunable tribotronic dual-gate logic device based on the n-type MoS2 FET, p-type BP FET, and a sliding-mode
TENG (figure 8(b)-(i)) [37]. The triboelectric potential generated by the TENG can effectively drive the FETs
and logic devices without a gate voltage. Using SiO2 as the bottom gate dielectric layer, the MoS2 nanosheets
were grown on the SiO2/Si substrate via the CVD method. Meanwhile, the Cr/Au source–drain electrodes
were determined by standard EBL and electron beam deposition. HfO2 grown via atomic layer deposition
(ALD) was applied as the top-gate dielectric layer for efficient modulation of the carrier transport in the FET
channel, followed by top-gate electrode deposition by EBL and metallization. PTFE was used as one of the
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friction layers in the TENG device, and the other friction layer was an Al tape attached to a moving acrylic
plate. During the TENG device sliding process, the triboelectric potential can be generated by triboelectric
charging and electrostatic induction and is used as a voltage input through the bottom gate. Figure 8(b)-(ii)
demonstrates the truth table corresponding to the device logic states with the TENG sliding distance. It is
defined that the initial position (D= 0 mm) of the TENGs is the ‘0’ state, and the separation position
(D= 15 mm) is the ‘1’ state. When the MoS2 FET is grounded, the output voltage of the tribotronic logic
inversion changes from a low level (VOUT = 0) to a high level (VOUT = 1 V), and the TENG changes from the
‘0’ state to the ‘1’ state. When the BP FET is grounded, the output voltage of the triboelectric logic inverter
changes from a high level (VOUT = 1 V) to a low level (VOUT = 0), and the TENG changes from the ‘0’ state
to the ‘1’ state.

With the rapid development of electronic computers and digital information, there is an increasing
demand for the number of FETs in integrated circuits. The logic calculation of a single FET cannot meet the
computer processing requirements, and some researchers have devoted themselves to the study of multiple
cascading FETs for the logic calculation. Wachter et al reported a 2D MoS2 FET-based microprocessor
(figure 8(c)-(i)) that can achieve the computational power of cascaded logic [108]. The bottom metal (gate)
layer was patterned by EBL and Ti/Au evaporation, and then the Al2O3 gate oxide was deposited using ALD.
The FET channel was fabricated using large-area bilayer MoS2 films grown via CVD. After transferring the
MoS2 films to the target wafers, 18 FET devices were fabricated per wafer substrate. Figure 8(c)-(ii) is the
flow chart of the microprocessor, and the arithmetic logic unit (ALU) forms the core of the entire processor.
The experiments, together with a series of logic analysis operations, further demonstrate the capability of 2D
semiconductor-based cascaded logic. The reported 2D MoS2 FET-based device performs complex logic
calculations on the entire microprocessor. This kind of microprocess also exhibits great potential to be
integrated with TENG components to achieve the mechanical-behavior-controlled counterparts.

4.3. Memory devices based on 2D tribotronic transistors
Since the appearance of FETs, the prosperity of electronic products has been achieved. Therefore, the FET is
also known as the greatest invention of the 20th century [109–112]. Its appearance laid the foundation for
the generation of integrated circuits, microprocessors, and computer memory. A latch structure made of
FETs can store the states of ‘0’ or ‘1’. The FET is made into a floating-gate structure, with the amount of
charge stored in the gate affecting the threshold voltage of the FET, and the information in the memory can
be read out through the difference in the threshold voltage. Accordingly, FETs play a necessary role in
memory devices to process massive amounts of data in the era of the IoTs [113–116]; however, the storage
state in traditional storage devices is limited by electrical or optical signals.

The pioneering field of tribotronics was first proposed in 2014 by coupling triboelectric potential with
semiconductors. The TENG component integrated in the 2D tribotronic transistor can control the 2D FET
by controlling the signal generated by external mechanical displacement instead of the traditional gate
voltage [117]. In contrast to traditional regulation using gate voltage, TENG devices do not require an
additional power supply, and only use friction between different materials to drive electrons and generate the
corresponding triboelectric potential. In the process of friction regulation, a small displacement between the
TENG friction layer materials can make the whole device achieve a fast response, which provides a path for
the development of highly sensitive tribotronic devices. Since the contact and separation between the friction
materials avoid direct contact with the electrodes, the durability and the degree of wear resistance are also
improved to a certain extent. In addition, the TENG has been confirmed to have greater durability when
interacting with the external environment [118], laying an important foundation for the development of
tribotronics. FETs based on mechanical tribotronic control have the characteristics of low power
consumption, high sensitivity, and strong stability, and have emerged as an efficient mechano-memory in
recent years. Jia et al reported a novel multi-bit tribotronic non-volatile memory based on a Gr/h-BN/MoS2
heterostructure and a TENG [46]. As shown in figure 9(a)-(i), the MoS2 flakes on top act as conductive
channels with the Gr on the SiO2/Si substrate serving as a floating-gate electrode, and the h-BN flakes
sandwiched between them serve as a suitable tunneling barrier. The materials of the two friction layers of the
TENG device are the PTFE film and Cu on the back of the Si wafer, respectively. When the two tribo-layer
materials experience periodic contact-separation, the triboelectric charges can be induced and coupled to the
FET through the bottom gate. Varying the contact-separation distance between the two friction layers of the
TENG can provide different voltages to motivate the memory device efficiently. The memory is first
programmed by mechanical displacement for 1 s. As the separation distance gradually increases (0.05 mm
per step), the corresponding triboelectric potential pulse can gradually attract more and more electrons into
the Gr layer and increase the current (figure 9(a)-(ii)). Therefore, the tiny adjustment between the friction
layers can successfully realize the dynamic modulation of charge carrier storage. The working principle of the
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Figure 9.Memory devices based on 2D tribotronic FETs. (a)-(i) A schematic diagram of the memory device based on a Gr/h-BN/
MoS2 heterostructure floating-gate FET and a TENG device. (ii) The curve of ID versus time when the friction layer distance is
0.05 mm. Reprinted from [46]. Copyright (2021), with permission from Elsevier.(b)-(i) A schematic illustration of the MoS2
electromechanical and photoelectronic memory device structure with the NG as the charge trapping layer. (ii) The transfer
characteristics of the MoS2-based memory device under different TENG movements. Reprinted from [68]. Copyright (2021),
with permission from Elsevier. (c)-(i) A schematic illustration of the MoS2 tribotronic touch memory device structure. (ii) Time
evolution of the threshold voltage shift,∆V th, due to the nylon touch. Reprinted from [69]. Copyright (2020), with permission
from Elsevier. (d)-(i) A circuit diagram of the memory array. (ii) The current characteristics of the piezopotential-programmed
non-volatile memory under various bending strains. Reprinted with permission from [114]. Copyright (2016), the American
Chemical Society.

triboelectric potential on non-volatile memory is similar to applying a gate voltage, which ensures that the
triboelectric-regulated FET memory possesses good stability and reliability.

Due to the requirements for device miniaturization, multilevel memory has remarkable development
potential in the semiconductor industry. Zhao et al reported a 2D FET-based mechanoplastic triboelectric
memory (figure 9(b)-(i)) [68]. The nano-Gr was directly grown on a heavy phosphorus-doped Si substrate
with SiO2 by plasma-enhanced CVD. A 10 nm Al2O3 deposit via ALD is used as a tunneling dielectric layer,
and Ti/Au is used as the source–drain electrode. A sandwich-structured Al-PTFE-Al-based TENG device was
connected to the FET back gate to convert the mechanical signals to electrical signals. The triboelectric
potential generated by the mechanical motion between the TENG tribo-layers can transfer the electrons
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between the MoS2 and the NG floating gate, resulting in a charge trapping/releasing process. The right inset
of figure 9(b)-(i) shows the optical and mechanical outputs of the mechanoplastic tribotronic FET, and the
TENG tribo-mechanically regulated FET storage characteristics are shown in figure 9(b)-(ii). When an
appropriate mechanical pulse (positive output voltage generated by the forward motion of the TENG) is
applied to the device, the electrons can tunnel from MoS2 to the nano-Gr layer due to the lowered tunneling
barrier, enabling the erasing process. Conversely, the negative output voltage generated by the reverse motion
of the TENG prompts the electrons trapped in the nano-Gr layer to tunnel back to the MoS2 channel, leading
to the programming process. The distance between the TENG friction layers was−0.3 to−0.7 mm for the
programming process and returned to 0.6 mm for data erasing. The program/erase current ratio can reach
107 to provide a stable and distinguishable multilevel memory state.

With the rapid development of electronic devices, zero power consumption during memory writing has
become a research hotspot. Khan et al reported a tribotronic MoS2 touch memory with zero power for the
writing process [69]. Figure 9(c)-(i) indicates the 2D MoS2-based triboelectric memory structure and the
atomic structure of MoS2 (right). The 20 µm thick PDMS receives external touch stimuli and protects the
underlying extremely thin MoS2 channel from any possible direct contact destructiveness. To characterize the
tactile memory properties of the device, positively charged nylon was rubbed against the PDMS surface to
induce negative charges due to the triboelectrification effect. As shown in figure 9(c)-(ii), when a touch
operation is performed, the threshold voltage of the device increases to a peak value of about 3.5 V. As the
charge on the PDMS is well maintained, the threshold voltage decays slowly and the triboelectric charges
generated on the PDMS surface after touch act as a gate bias to control the electron transport in the
underlying 2DMoS2 channels. Notably, during the writing process, no power is consumed. Moreover, simple
touch action through a conventional p++ Si bottom gate can change the output current by more than two
orders of magnitude during the reading process.

A single FET is far from meeting the demands of memory development in the future, and the cascade of
multiple FETs and NG integrated devices can realize multilevel data storage. Sun et al reported a mechanical
strain triggered array-type multilevel memory [119]. Figure 9(d)-(i) indicates the equivalent circuit diagram
of the memory device array. A single device consists of one ion-gel FET coupled with one NG. The IGZO and
polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) materials are used as the channel layers and
energy-supplying layers, respectively. The electrostatic potential generated by the NG under external strain
replaces the conventional gate voltage for the program/erase operation of the memory, therefore, reducing
the power consumption. The electrostatic potential can maintain the induced charge in the FET channel,
even after the strain is released. As shown in figure 9(d)-(ii), after disconnecting the top electrode of the NG
from the ground, the continuous and stable leakage current indicates the possibility of an electrostatic
potential-driven FET as a memory device. After the strain is applied, the connection to the ground is cut to
realize the programming process for storing the data. Erasing the memory is achieved by reconnecting the
top electrode of the NG to the ground. Under strain conditions, the array device can achieve 2-bit multilevel
data storage (more than four levels), showing ideal memory performance. Simultaneously, the induced
electrostatic potential under external strain replaces the traditional gate voltage input, effectively reducing
power consumption.

4.4. Artificial synapses based on 2D tribotronic FETs
The essence of synaptic plasticity is the ability of a synapse to strengthen or weaken over time in response to
an increase or decrease in activity [120–122]. As the memory is hypothesized to be represented by the
extensively interconnected neural circuits, synaptic plasticity is considered one of the important
neurochemical underpinnings of learning and memory. Gao et al reported contact-electrification-modulated
heterostructure FETs for synapse simulation [70]. Figure 10(a)-(i) demonstrates the information
transmission mechanism at the biological synapses in neurons. When the tactile signals stimulate the
synapses through the central nervous system, the presynaptic membrane will release neurotransmitters to the
synaptic cleft and interact with the receptors in the postsynaptic membrane to induce an excitatory or
inhibitory postsynaptic potential [123]. Therefore, the excitatory postsynaptic current (EPSC) or inhibitory
postsynaptic current (IPSC) generated during the inner-synaptic information transmission is a vital
indicator for evaluating the strength of synaptic connections. The device consists of a 2D InSe floating-gate
FET and a TENG device (figure 10(a)-(ii)). The FETs with InSe/h-BN/Gr heterostructures were fabricated on
heavily doped Si substrates with SiO2 layers. The TENG is located under the Si layer and consists of an Al
film, a Kapton layer, a silicone rubber layer, and an Al film from bottom to top. Based on the triboelectric
synaptic devices, the injection/release of pulse-induced charges in the touch-modulated Gr floating gate (as
charge storage layers) resembles the touch-controlled neurotransmitter influx process in synapses. The
Kapton and silicone rubber layers are the two friction layers of the TENG, and the input signal obtained by
adjusting the distance between them can induce the output current as a postsynaptic current (PSC). The
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Figure 10. Artificial synapses based on 2D tribotronic FETs. (a)-(i) A schematic diagram of neurons triggered by tactile signals in
the human body. (ii) A schematic illustration of the touch-modulated InSe artificial synaptic device. Reprinted from [70].
Copyright (2022), with permission from Elsevier. (b)-(i) The artificial tactile perceptual neuron, comprising a Gr/h-BN/WSe2
semifloating-gate synaptic transistor and an integrated TENG. (ii) Instantaneous IPSC triggered by a positive displacement spike.
Reprinted from [71]. Copyright (2022), with permission from Elsevier. (c)-(i) A schematic illustration of the mechanoplastic
MoS2 synaptic transistor. (ii) The working mechanism of a Au nanoparticle floating-gate layer [72]. John Wiley & Sons.
Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)-(i) A schematic diagram of the mechano-photonic
artificial synapse based on the Gr/MoS2 heterostructure. (ii) A top-view SEM image of the optoelectronic transistor. (iii)
Photo-activated -PSC of the artificial synapse at D= 1 mm and PLED = 3.5 mW cm−2 with light pulse width at 50 ms. From [40].
Reprinted with permission from AAAS.

conductance in InSe channels is similar to the synaptic weight (∆W); thus, the triboelectric synaptic device
can successfully mimic synapses learning and forgetting behavior.

Mechanoplastic FETs can be used to construct reconfigurable artificial synapses, and by further
engineering the amplitude and duration, the synaptic plasticity can be simulated. As shown in
figure 10(b)-(i), the tribotronic FET consists of a van der Waals (vdW) heterostructure of Gr/h-BN/WSe2
and an integrated TENG device in contact-separation mode [71]. One tribo-layer of the TENG device is
composed of Cu coupled to the FET gate, and the other mobile tribo-layer is composed of FEP/Cu. Half of
the WSe2 conducting channels are distributed vertically on the graphite flakes, forming a semi-floating-gate
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FET structure. Moreover, the Gr layer acts as the FET device floating gate with the Si as the control gate, and
the h-BN and SiO2 act as the tunneling barrier and blocking dielectrics, respectively. To verify the feasibility
of precise regulation on the synaptic FETs by mechanical displacement, the output characteristics of a
tribotronic vdW transistor were tested (figure 10(b)-(ii)). The positive triboelectric potential generated by
the contact separation between the TENG tribo-layers is used as the input pulse to trigger a presynaptic spike
with a pulse width of 0.2 s. Due to the equivalent gate voltage coupling to the bottom gate and the inherent
n-doping properties of WSe2, a momentary current pulse occurs. After removal of the input pulse, the IPSCs
decreased significantly and tended to reach a steady level similar to the coherent PSCs induced by inhibitory
neurotransmitter release. In contrast, when a negative triboelectric potential input pulse is applied,
corresponding EPSCs are induced. Therefore, the positive and negative triboelectric potential regulation by
the TENG component can ideally simulate inhibitory and excitatory behavior.

The TENG mechanical displacement can readily induce triboelectric potential to couple with the
floating-gate synaptic FETs, trigger PSC signals, and modulate synaptic weight, thus successfully achieving
mechanical synaptic plasticity. Yang et al reported a tribotronic neuromorphic FET device based on 2D
materials (figure 10(c)-(i)) [72]. The CVD-grown MoS2 was transferred and patterned as the FET channel,
and the Au nanoparticles (as the floating-gate layer) were thermally deposited between the SiO2 dielectric
layer and HfO2 tunneling layer. The fabricated MoS2 floating-gate FET and the TENG composed of two
friction layers of FEP and Cu are integrated into a mechanically regulated synaptic FET device. As shown in
figure 10(c)-(ii), during the coupling of the triboelectric potentials (generated between the TENG
tribo-layers) and the MoS2 channel, the induced charge carriers are captured by the Au nanoparticle
floating-gate layer and are gradually released through tunneling, thereby simulating the transmission of the
neurotransmitter. As a result of the charge trapping of floating gates, artificial synapses can achieve both
short-term and long-term plasticity derived from the mechanical displacement, providing a new
development idea and directions for neuromorphic computing and potential neural system learning.

To modulate the tribotronic FETs more accurately, bimodal (or multimodal) regulation has attracted
considerable attention. Yu et al reported a mechano-photonic multimodal artificial synapse device based on
the 2D Gr/MoS2 heterostructure and integrated TENG (figure 10(d)-(i)) [40]. The CVD-grown
monolayer-Gr is stacked on multilayer MoS2 flakes on a Si/SiO2 substrate (figure 10(d)-(ii)). In the
contact-separation mode TENG component, one friction layer PTFE/Cu is connected to the FET gate, while
a Cu electrode acts as the other movable friction layer. In the heterostructures, the photogenerated carriers in
the MoS2 are transferred to Gr, and the interfacial barrier prevents the rapid recombination of
photogenerated electron–hole pairs and leads to sustained photoconductivity; thus, it is beneficial to
simulate the decay behavior of the biological synapses. The mechanical displacement (D) between the two
tribo-layers of the TENG can induce the triboelectric potential coupling to the FET, directly affect the charge
transfer in the FET channel, and modulate the photocurrent of the synaptic devices. As shown in
figure 10(d(iii)), taking Dmaintained at 1 mm as an instant, when the whole device was irradiated with
green light pulses, the light-activated PSC showed an apparent negative increase, and when the light was
turned off, the peak current gradually decreased and tended to a stable level. Therefore, in synaptic devices,
the modulation behavior of triboelectric potential and photonic input synergistically affects postsynaptic
excitation and inhibition. Through further simulation of artificial neural networks, the feasibility of
mechanical plasticization to improve the image recognition accuracy was verified, instructing the
development of multifunctional neuromorphic devices and artificial intelligence.

5. Summary and perspectives

This paper reviews the electrical, optoelectronic, and piezoelectric properties of typical 2D materials.
Meanwhile, both the microscale and macroscale control principles of the tribotronic transistors are given in
detail. In addition, the application of tribotronic FETs in different fields, such as intelligent sensors, logic
devices, memory devices, and artificial synapses, is summarized. The 2D materials exhibit excellent
properties of rich valence band structures and tunable thickness, showing great potential in various
functional tribotronic transistors. Simultaneously, the triboelectric potential regulation can replace the FET’s
conventional gate voltage and effectively modulate the carrier transport characteristics in the semiconductor
channel. After years of research, 2D FETs have achieved rapid development. The members of the 2D material
family will continue to expand with gradually emerging new 2D semiconductor materials, which promises
abundant research points and huge potential in 2D tribotronic transistors. However, challenges and
opportunities coexist. To achieve higher performance and more practical tribotronic devices, different
aspects need to be considered (figure 11).

In recent years, research on tribotronic transistors has received extensive attention since the new field of
coupling between tribotronics and semiconductors was proposed. From the first device that introduced 2D
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Figure 11. Perspectives of 2D tribotronic transistors.

material optoelectronic technology into the field of tribotronics [36] to recent investigation of different 2D
materials or methods on improving the device performance and expanding the applications, it is a significant
indicator of the utilization of 2D materials in the continuous exploration and development of tribotronic
transistors. Although many discovered 2D materials have excellent properties, their practical applications are
still limited by the disadvantages of poor environmental stability, unsustainable performance after device
fabrication, and high cost [124]. Therefore, appropriate 2D materials should be selected as the channel
materials of FETs to achieve the desired performances. The lattice constant, bandgap, carrier mobility, and
saturation velocity of 2D materials can be used as important parameters to select 2D materials. After
determining the appropriate channel materials for devices, it is necessary to consider the preparation method
of 2D materials, figures of merit, and the entire 2D triboelectric FET system to improve the overall
performance of the integrated devices. More detailed suggestions on the development of 2D tribotronic FETs
are listed from the following aspects.

(a) 2D material selection. Elaborate selection of suitable 2D materials plays an important role in the
fabrication of tribotronic transistors. First, 2D materials can be preserved, even under the atomic layer
thickness, due to their unique intrinsic properties. Atomic thin 2D materials are stacked together to
form vdW heterostructures, which can achieve novel properties that are different from ordinary
structures. Therefore, we suggest that the heterostructures formed by 2D material stacking can be used
as the channel materials of the tribotronic FET to achieve better device characteristics. In 2D
semiconductor materials, a reduction in the lattice constant usually results in a larger bandgap. For
example, the bandgap in TMDs decreases gradually with the increased trend of the lattice constant
MoS2 >MoSe2 >MoTe2 [20]. This trend can help one to rapidly select from the 2D material libraries for
desired bandgaps and properties to fabricate corresponding tribotronic transistors. Among all the 2D
materials, the non-zero bandgap 2D materials based on Ge or Si are preferentially applied to
photodetection, and are commonly the first choice for the preparation of phototransistors. Mobility is
an important physical quantity that marks the speed of the movement of charge carriers under the
action of an electric field, and its magnitude directly affects the operating frequency and speed of
semiconductor devices and circuits [125]. The improvement in carrier mobility can optimize the
potential properties of the semiconductor materials and device structures to improve the performance
of semiconductor devices. Compared with other materials, 2D materials have higher carrier mobility,
which can improve the output of the device [126]. Therefore, to fabricate high-performance tribotronic
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transistors, the charge carrier mobility of a 2D material is another important parameter to be
considered. Smaller effective mass generally results in higher carrier mobility. In addition, the lower
effective mass results in a smaller bandgap, and thus the device exhibits larger off-state leakage current
[127]. Therefore, an appropriate balance should be considered when selecting suitable 2D materials, and
plays an important role in improving the overall output performance of tribotronic transistors. Among
the different 2D semiconductor materials, MoS2, WSe2, and WS2 have been widely used due to their
large bandgap and relatively high carrier mobility [128]. In addition, the average drift velocity of carriers
increases with the increased electric field. When the electric field increases to a certain extent (critical
electric field), the drift velocity of carriers reaches a saturation value [129]. Commonly, the switching
speed of the tribotronic transistor is more dependent on the saturation speed. Therefore, the saturation
speed of the carrier drift and the critical electric field have a significant impact on the performance of
the tribotronic transistor. The maximum saturation velocity of Gr is 6× 107 cm s−1 [130], and some
BPs exhibit 107 cm s−1 [131]. Therefore, the saturation velocity parameter should also be considered
when selecting 2D materials.

(b) Device performance improvement. Improving the performance of 2D tribotronic transistors is also
critical for researchers to consider. Firstly, the 2D tribotronic transistor is composed of a TENG and an
FET based on 2D materials; therefore, it is necessary to consider the development toward
miniaturization and device arrays. In addition, analogous to the figure of merit for conventional
transistors, gating efficiency metrics of tribotronic transistors are critical to identify high-performance
operations. Therefore, the integrated devices also require higher tribotronic conductivity (gt), a smaller
threshold value (DT), and a steeper threshold swing (SSt). Secondly, the preparation process of 2D
materials is very important for the improvement of device performance. Mechanical exfoliation is the
simplest method used to exfoliate 2D crystal materials to obtain 2D material nanosheets [132]. The
CVD method has great potential for the preparation of 2D material nanosheets. The 2D crystal
materials prepared by this method have the advantages of controllable size and thickness, and excellent
electrical properties. But the CVDmethod makes it difficult to precisely control the stoichiometric ratio,
and this method has high costs and low yield [133]. In general, the existing methods for preparing 2D
materials have both advantages and disadvantages; therefore, they need to be selected based on demand.
The 2D tribotronic transistor integrates a TENG and an FET based on 2D channel material; therefore,
further improving the stability of the TENG will greatly help to improve the performance of the whole
system. As a substitute for a traditional gate voltage, the TENG plays a very important role in the whole
2D triboelectric FET system. The packaging technology can prevent the TENG from being affected by
the environment and can improve its stability in the environment. In addition, surface treatment of the
TENG device, such as chemical doping or surface modification, can improve the hydrophobicity of the
surface to avoid performance degradation in a humid environment.

(c) Application extension. The 2D tribotronic transistors have been proven to be applied in different
directions, such as smart sensors, memories, logic devices, and artificial synapses. Considering the
exciting progress of 2D FETs with regard to material synthesis, device fabrication, etc, triboelectric
potential-controlled 2D FETs can be further developed into more active and intelligent sensors for
environmental information perception, IoTs for smart home control, biomedical engineering for health
monitoring, and wearable electronic devices for human–computer interaction.

In summary, with the continuous research and discovery of novel 2D materials, the performance of FETs
will achieve new breakthroughs. Moreover, with the continuous improvements in the structure and materials
of TENGs, the 2D tribotronic transistor is a highly promising candidate for application to the new
generation of semiconductor devices, mechano-memory/logic-gates/microprocessors, the human–machine
interface, intelligent artificial skins/neurons, and so on.
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