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a  b  s  t  r  a  c  t

Contact  electrification  between  two different  materials  results  in  a potential  difference  when  they  are  sep-
arated, which  has  been  used  as a driving  force  for energy  conversion  as a  result  of  invention  of  triboelectric
nanogenerator  (TENG).  Here,  by coupling  the  triboelectricity  with semiconductor,  a  new  field  of  tribotron-
ics  has  been  proposed  in  2014,  which  is  about  the  devices  fabricated  using  the  electrostatic  potential
created  by  triboelectrification  as  a “gate”  voltage  to tune/control  electrical  transport  and  transforma-
tion  in  semiconductors.  Various  tribotronic  functional  devices  have  been  developed,  such  as  tribotronic
logic  circuits,  memory,  LED  and  phototransistor,  with  a variety  of materials,  including  silicon,  flexible
organic,  MoS2, etc. As  an  extension  of  the  proposed  piezoelectric  nanogenerator  in  2006,  piezotronics
ield effect transistor
ribotronics
ribophotonics
ribo-phototronics

in  2007  and  triboelectric  nanogenerator  in 2012,  tribotronics  is another  original  and  novel  field  in  the
development  of nano-energy  and  nano-electronics.  The  concepts  and results  presented  in  this  review
show  promises  for implementing  novel  micro/nano-electromechanical  devices  that  may  derive plenty  of
potentially  important  research  interests  and  applications  in  sensing,  energy  harvesting,  human-machine
interfacing,  MEMS/NEMS  and  active  flexible/stretchable  electronics  in  the  near  future.

©  2016  Elsevier  Ltd. All  rights  reserved.
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ntroduction

anogenerators and piezotronics

In recent years, sensor network and personalized service have
een predicted as the major driving force for industry. Electron-

cs is developing towards personal, portable and flexible, and has
reat demands for diversity and multifunctionality in the future
1]. The conventional electronics such as field effect transistors
FETs) need to be modulated by the electrical signal, but cannot be
irectly triggered by human/ambient environment [2,3]. With the

ntegration of multifunctional sensing system and self-powering
echnology, it is expecting in near future to generate electrical sig-
al from external mechanical energy and realize direct interaction
etween human/ambient and electronics.

Over the past decade, Prof. Zhong Lin Wang’s research group has
een devoting to the fields of nano-energy and nano-electronics,
nd demonstrated several groundbreaking inventions and discov-
ries by utilizing nanomaterials and nanotechnology to convert
mbient mechanical energy into electricity for self-powered sys-
ems and active sensors [1,4,5]. In 2006, by scanning across vertical
iezoelectric ZnO nanowire arrays with a conductive atomic force
icroscope (AFM) tip, a nanogenerator as the world’s smallest

enerator was first invented for converting nanoscale mechanical
nergy into electricity (Fig. 1a) [6]. The mechanism of the nanogen-
rator relies on the piezoelectric potential created in the nanowires
y an external strain, which has laid a foundation of nanoelectron-

cs with functional diversity and opened the door to a new field
f nano-energy. On the basis of the piezoelectric semiconductor
aterials such as ZnO, GaN and CdS with wurtzite or zinc blende

tructure, the emerging field of piezotronics was first proposed in
007 [7–12]. Piezotronic effect is to use the piezopotential as a
gate” voltage to tune/control charge carrier transport at a con-
act or junction, which is the coupling of piezoelectric polarization
ith semiconductor properties (Fig. 1b) [13]. By further introducing

hoto excitation, piezo-phototronic effect is to use the piezopo-
ential to tune/control the charge generation, separation, transport
nd/or recombination at an interface/junction for achieving supe-
ior optoelectronic processes, which has also been proposed in 2010
14,15]. By establishing the direct interaction mechanism between
he external strain and electronic/photoelectronic devices, the
iezotronics and piezo-phototronics have enormous applications

n sensing, human-computer interaction, stress imaging and com-
unication [16–25].

Since 2012, the triboelectric nanogenerator (TENG) has been
nvented for converting ambient mechanical energy into electric-
ty, which is much different from the piezoelectric nanogenerator
26–32]. The working principle of the TENG is based on the cou-
ling of contact electrification and electrostatic induction, which
an induce the charge transfer between two dielectric films in con-
act with opposite tribo-polarity and generate a potential difference
hen they are separated. The potential difference would drive free

lectrons flow from one electrode to the other electrode connected
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

y an external load (Fig. 1c). For a single layer TENG of 3 cm2, the
utput voltage can reach 200–1000 V and the output current is
00 �A, which can light up hundreds of LEDs, drive wireless sens-

ng system and charge mobile phone battery [33,34]. The TENG
 . . . .  . .  .  .  . . .  . .  .  . . . . . . .  . . . . .  . . .  . .  . . . . . .  . .  .  . . .  .  .  . .  . . .  .  .  .  . .  .  .  .  .  . . . .  . . . . .  .  . .  .  .  .  . .  00

has great advantages of polymer-based flexible, easy processing,
long life, compatible with other technologies, and larger output
power than the piezoelectric nanogenerator, which can be used
as a sustainable power supply for enormous potential applications,
including but not limited to personal electronics, environmental
monitoring, health devices, and medical science.

Applications of TENG

Since the TENG was invented in 2012, different modes and struc-
tures have been illustrated depending on specific applications. The
first and direct goal of TENGs is to power micro and small elec-
tronics. By developing various prototypes such as rotary disk [35],
radial grating [36], fabrics [37], and multilayered films [38] (Fig. 2a),
the TENG can be used as a micro-scale power source by harvesting
multiform ambient mechanical energy, including hand pressing,
body motion, human walking, machine vibration, and wheel mov-
ing [39–43].

The TENG has also been used for harvesting energy from flow-
ing water in river, rain drops, tide and ocean waves, which has
demonstrated enormous potential for general power application
at large-scale [44–48]. By constructing a network of the TENGs, an
average output power of more than 1 MW from 1 km2 surface area
can be expected for harvesting wave energy [49,50] (Fig. 2b). This
innovative and effective approach possibly prompts the TENG to
the mega-scale blue energy harvesting from the ocean in the near
future.

Moreover, as the TENG converts a mechanical trigger into an
electric signal, it can be used as a self-powered active sensor
for sensing a dynamic mechanical action without power supply
[51–53]. The TENGs have been applied as various active sen-
sors, such as self-powered wireless sensing node [54], transparent
paper-based page mark and anti-theft sensor [55], self-powered
velocity and trajectory tracking sensor array [56], and self-powered
vehicle collision acceleration sensor [57] (Fig. 2c).

Recently, the TENG has demonstrated the symmetry and
complementary with the traditional electromagnetic induction
generator (EMIG) in mechanisms and characteristics [58,59], which
has great advantages of high output voltage for capacitive devices,
such as micro-actuators [60], ultraviolet emitter [61], and partic-
ulate matter filter [62]. The TENG can be a role in place of the
conventional voltage supply for capacitive devices, which could be
very useful and interesting in conjunction with electronics.

Here in this review, we  focus on the recent developments of
tribotronics, which is a new field by coupling triboelectricity and
semiconductor. Following the proposed piezoelectric nanogenera-
tor in 2006, piezotronics in 2007 and triboelectric nanogenerator in
2012, tribotronics was first proposed in 2014, which is also a new
application of TENG as a control source. Firstly, the contact elec-
trification field-effect transistor by coupling TENG and traditional
field-effect transistor is reviewed, which is the fundamental com-
ponent of tribotronics. Then we  primarily elaborate on the latest
progress of tribotronic devices in terms of functionality and mate-
 new field by coupling triboelectricity and semiconductor, Nano

rial diversification, as well as the applications for active interactions
between human/ambient and electronics. Moreover, we  summa-
rized the theoretical analysis of some tribotronic functional devices
and their performances. Perspectives and opportunities for future

dx.doi.org/10.1016/j.nantod.2016.07.004
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Fig. 1. Groundbreaking studies on piezoelectric nanogenerator, piezotronics and triboelectric nanogenerator. (a) Experimental setup and output voltages image by scanning
across  vertical piezoelectric ZnO nanowire arrays with a conductive AFM tip for first converting nanoscale mechanical energy into electricity. (Reprinted with permission
from  Ref. [6]. Copyright 2006 The American Association for the Advancement of Science) (b) Wurtzite structure model and piezopotential distribution of a vertical ZnO
nanowire with non-central symmetry as the basic physics of piezotronic effect. (Reprinted with permission from Ref. [13]. Copyright 2009 Elsevier Ltd.) (c) Structure and
electrical measurement of the first flexible TENG in bending and releasing process. Photographic images of the TENG and experimental setup. (Reprinted with permission
from  Ref. [26]. Copyright 2012 Elsevier Ltd.).

Fig. 2. Key fields of applications of TENG. (a) TENGs as micro-scale power source. The insets are rotating-disk-based direct-current TENG, printed circuit board based TENG,
woven  structured TENG, and multilayered electret films based TENG for powering small electronics. (Reprinted with permission from Ref. [35]. Copyright 2014 John Wiley &
Sons,  Inc. Reprinted with permission from Ref. [36]. Copyright 2015 Springer. Reprinted with permission from Ref. [37]. Copyright 2014 American Chemical Society. Reprinted
with  permission from Ref. [38]. Copyright 2016 Springer.) (b) TENGs as mega-scale power source. The insets are cube and dodecahedron structured TENGs and network
design for large-scale harvesting of kinetic water energy. (Reprinted with permission from Ref. [49]. Copyright 2015 American Chemical Society. Reprinted with permission
from  Ref. [50]. Copyright 2016 Elsevier Ltd.) (c) TENGs as self-powered sensors. The insets are self-powered wireless sensing node, transparent paper-based page mark and
anti-theft sensor, self-powered velocity and trajectory tracking sensor array, and self-powered vehicle collision acceleration sensor. (Reprinted with permission from Ref.
[ pyrig
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54]. Copyright 2014 IOP Publishing Ltd. Reprinted with permission from Ref. [55]. Co
td.  Reprinted with permission from Ref. [57]. Copyright 2015 American Chemical
ociety.

evelopment and applications of tribotronics are also discussed in
onclusion.

ontact electrification field effect transistor—a
undamental component of tribotronics

Piezoelectric and electrostatic micro-actuators are both capac-
tive devices in micromechanics. While in the microelectronics,
here is a common capacitive structure of metal-insulator-
emiconductor (MIS), which is the basic structure in metal-
xide-semiconductor field effect transistor (MOSFET) [63–66]. The
onduction channel width or charge carrier concentration in the
emiconductor layer is controlled by the externally applied gate
oltage, and then the drain-source current can be modulated, which
s the basic working principle of the MOSFET. For the conventional

OSFET, if the TENG replaces of the gate voltage source to modu-
ate the MIS  capacitor, it is expecting that the drain-source current
ould be directly controlled by the external mechanical energy.

Based on this idea, the contact electrification field effect tran-
istor (CE-FET) was invented, which is composed of a back-gate
ilicon-on-insulator (SOI) MOSFET and a mobile layer [67]. Differ-
nt from the conventional back gate MOSFET, the externally applied
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

ate voltage source is replaced by the mobile layer, which consists
f a Kapton film and an aluminum electrode and can vertically con-
act to and separate from the gate electrode by the external force
Fig. 3a). When the Kapton film contacts with the gate electrode,
ht 2014 Springer. Reprinted with permission from Ref. [56]. Copyright 2014 Elsevier
y.). Reprinted with permission from Ref. [67]. Copyright 2014 American Chemical

the aluminum has positive charges while the Kapton has negative
charges. When the mobile layer gradually separated, the electron
will flow from mobile aluminum to the source electrode for the
electrostatic induction, resulting in a positive inner gate voltage for
the back-gated MOSFET. The relationship between the inner posi-
tive gate voltage VG and the gap d are described by the following
equation [67]:

VG = εK × Q0 × d

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

where Q0 is the frictional surface charge quantity, S0 is the frictional
surface area, ε0 and εK are the dielectric constant of vacuum and
Kapton, dK is the thickness of the Kapton film, and CMIS is the MIS
capacitance. Therefore, a depletion zone will be formed, which will
decrease the channel width and thus the drain current (Fig. 3b). The
CE-FET can be considered as the coupling of the MOSFET and TENG
(Fig. 3c), in which the inner gate voltage can be generated and the
carrier transport between drain and source can be tuned/controlled
by the external contact instead of the conventional gate voltage
(Fig. 3d). With the mobile layer is vertically separated by 80 �m,
the drain current is decreased from 13.4 to 1.9 �A at a drain voltage
of 5 V in this depletion mode (Fig. 3e). Alternatively, if the Kapton
 new field by coupling triboelectricity and semiconductor, Nano

film is attached to the back side of the gate electrode and the mobile
layer is only a piece of aluminum film, a negative inner gate voltage
can be generated and the carrier concentration in the conduction
channel will be increased. With the mobile layer is vertically sepa-

dx.doi.org/10.1016/j.nantod.2016.07.004
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ig. 3. Contact electrification field-effect transistor (CE-FET). (a) Schematic diagram
n  the CE-FET at the gate voltage. (d) ID-VD output characteristics at different vertic
nset  is ID-d transfer characteristic.

ated by 80 �m,  the drain current is increased from 2.4 to 12.1 �A
t a drain voltage of 5 V in this enhancement mode.

The CE-FET has established a direct interaction mechanism
etween the external environment and electronics, and provided

 new approach for sensors, human-silicon technology inter-
acing, micro/nano-electro-mechanical systems (MEMS/NEMS),
anorobotics, and active flexible electronics. The CE-FET is com-
ared to the traditional FET and piezotronic transistor (Table 1).
he CE-FET and piezotronic transistor are both the two-terminal
emiconductor devices, in which the external mechanical force has
eplaced the traditional third terminal of FET and directly created
n inner electric field to tune/control the current carrier trans-
ort characteristics. The difference is that the self-generated inner
iezopotential controls the interface/junction of the piezotronic
ransistor, while the self-generated inner triboelectric potential
ontrols the channel width of the CE-FET as in the conventional
ET. Because the TENG can provide higher output voltage than the
iezoelectric nanogenerator, and the selected materials of the CE-
ET can be expanded to general semiconductors and any materials
or contact electrification, the CE-FET has been considered to have a
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

arger sensing range for the external environment, far more choice
f materials, and wider application prospects in conjunction with
he conventional semiconductor devices than the piezotronic tran-
istor.
 CE-FET. (b) Equivalent circuit of the CE-FET. (c) Energy diagram of the MIS  capacitor
tances. (e) ID-t output characteristics with the change of the vertical distance. The

As a fundamental component, the CE-FET could derive a series
of interactive functional devices and open up a new field of tri-
botronics. Tribotronics is about the devices fabricated using the
electrostatic potential created by triboelectrification as a “gate”
voltage to tune/control electrical transport and transformation in
semiconductors for human-machine interaction. Tribotronics is a
field by coupling the triboelectricity with semiconductor, and also
a new application of TENG as the triboelectric-voltage-controlled
electronics. As another original and novel invention, together
with piezotronics, tribotronics will lay important foundations for
the development of intelligent interfacing in the human-machine
interaction technology.

Tribotronic functional devices

Tribotronic logic circuits and basic operations

Based on the CE-FET, the tribotronic logic circuits have been
developed for demonstrating the combinational logic operations
[68]. A floating contact-electric field gated tribotronic transistor
 new field by coupling triboelectricity and semiconductor, Nano

(CGT) has been first proposed based on a SOI wafer and a mobile
polytetrafluoroethylene (PTFE) layer (Fig. 4a), which can be gated
by the contact and separation between the mobile layer and float-
ing gate (Fig. 4b). The structure of the CGT is simpler and more

dx.doi.org/10.1016/j.nantod.2016.07.004
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Table  1
Comparison of traditional FET, piezotronic transistor and CE-FET. Reprinted with permission from Ref. [67]. Copyright 2014 American Chemical Society.

Field effect transistor Piezotronic transistor CE-FET

Control: External applied voltage controlling
channel width

Self-generated inner piezopotential
controlling interface/junction

Self-generated inner electrostatic potential
controlling channel width

Structure: 3-terminal (S, D, G) 2-terminal 2-terminal
Gate: Voltage Strain/mechanical deformation Contact/Friction/Force/mechanical

displacement
Sensing range: None Small Large
Speed: Fast (GHz) Slower (KHz, MHz) Slower (KHz, MHz)
Materials: General semiconductor (Si, Ge . . .) Piezoelectric semiconductor (ZnO, GaN . . .) General semiconductor (Si, Ge . . .)
Applications: Amplification, Human/environmental interfacing,

EMS,
ics, pi
totro

Human/environmental interfacing,

p
w
t
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g
d
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l
t
s
w
m
(

N
s
l
c
r
a
a

F
a
o
i
d

variable resistor,
electronic switch

sensors, M
piezotron
piezo-pho

racticable than the CE-FET for the mobile part is just a PTFE layer,
ithout the metal layer and any connection to the electrodes. With

his improvement, the PTFE layer can be considered as a “foreign”
bject, which has an effect as injecting charges on the floating
ate when contact or separate. The contact-gated tribotronic logic
evice (CGL) is composed with two opposite CGTs (Fig. 4c), which
an exhibit logic high level when the external force is applied and
ogic low level when the external force is released (Fig. 4d). With
wo integrated CGLs, the tribotronic NAND gate has been demon-
trated and the operation results of two input forces accord well
ith the characteristics of the logic NAND operation and comple-
entary metal-oxide-semiconductor (CMOS) logic level standard

Fig. 4e and f).
Similarly, other universal combinational logic circuits, including

OT, AND, OR, NOR, XOR and XNOR gates, have also been demon-
trated for performing mechanical-electrical coupled tribotronic
ogic operations. Different from the conventional electrically-
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

ontrolled logic units, the contact-gated tribotronic logic units have
ealized the direct interaction between the external environment
nd the silicon-based integrated circuits. The tribotronic circuits
nd operations could extend to further research on a new branch

ig. 4. Floating contact-electric-field gated tribotronic transistor (CGT) and contact-gate
nd  released external force. (b) IDS-d characteristics of the CGT at different drain voltages
f  the CGL. The output voltage in yellow region is the logic “1” output region, while in blue

nsets  are the equivalent circuit and experimental truth table of the CGL. (e) Equivalent ci
ifferent  states of input forces. The inset is logic symbol of the tribotronic logic NAND gate
 flexible electronics,
ezophotonics,
nics, piezotromagnetism

sensors, MEMS,  flexible electronics,
tribotronics, tribophotonics,
tribo-phototronics, tribotromagnetism

of tribotronic digital circuits, such as trigger, sequential logic cir-
cuit and memory, which are highly expected as a new technique
for human-computer interaction.

Organic tribotronic light emitting diode

By coupling an organic thin film transistor (OTFT) and a
TENG, the organic tribotronic transistor (OTT) has been devel-
oped, in which the charge carrier transport can be modulated by
the contact induced electrostatic potential of the TENG instead
of the traditional gate voltage. The OTFT has a MIS  capaci-
tor structure of indium tin oxide (ITO)/Ta2O5/pentacene, and
the TENG has a structure of Cu/polyvinylchloride (PVC)/Cu in
vertical contact-separation mode. By further integrating with
an organic light-emitting diode (OLED) based on an N, N′-
diphenyl- N, N′-bis(1,1′-biphenyl)-4,4′-diamine (NPB) film and
a tris-(8-hydroxyquinoline) aluminum (Alq3) film, the contact-
 new field by coupling triboelectricity and semiconductor, Nano

electrification-gated light-emitting diode (CG-LED) has been
fabricated [69] (Fig. 5a). The CG-LED is equivalent as the elec-
trical connection of the OTT and OLED in series with a voltage
source, in which applying a physical contact can modulate the

d tribotronic logic device (CGL). (a) Working principle of the CGT with the applied
. (c) Structure of the two opposite CGTs based CGL. (d) Vout-d transfer characteristic

 region is the logic “0” output region for the CGL with the CMOS level standard. The
rcuit of the two CGLs based NAND gate. (f) The output voltages of the NAND gate at
. Reprinted with permission from Ref. [68]. Copyright 2015 John Wiley & Sons, Inc.

dx.doi.org/10.1016/j.nantod.2016.07.004
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ig. 5. Contact-electrification-gated light-emitting diode (CG-LED). (a) Schematic 

ransfer characteristics of the CG-LED. The insets show the light-emitting photogr
69]. Copyright 2015 John Wiley & Sons, Inc.

rain-source current in the OTT as well as the light-emission inten-
ity of the OLED (Fig. 5b). Two modulation modes of the CG-LED by
he applied physical contact are realized. One is press to darken.
n this mode, when the CG-LED is pressed, the brightness nearly
inearly decreases from 6.65 to 2.36 cd/m2 at a supply voltage of
8 V (Fig. 5c). While the other is press to brighten. When the CG-

ED is pressed, the brightness nearly linearly increases from 0.75
o 8.01 cd/m2 at the same supply voltage.

Different from the conventional electrically-controlled organic
ight-emitting transistor (OLET), the CG-LED has realized the direct

odulation of the electroluminescence device by the external
nvironment/stimuli. As a new tribotronic functional device with
nly metal and organic materials, the CG-LED has first introduced
ptoelectronics into tribotronics, and opened up a new field of
ribo-phototronics, which could have great prospects in mechani-
al imaging, interactive display, flexible/touch optoelectronics, and
icro-opto-electro-mechanical systems (MOEMS).

lexible organic tribotronic transistor memory

As the triboelectric potential of the TENG has been used to gate
ransistors, it can be employed for the transistor memory as well
n place of the traditional gate voltage for programming, which
an be an active memory device for external touch actions [70].
y coupling an organic transistor memory (OTM) and a TENG with
exible materials, the flexible organic tribotronic transistor mem-
ry (OTTM) has been proposed (Fig. 6a). The OTM has a structure
f ITO/Ta2O5/polymethyl methacrylate (PMMA)/pentacene, with a
eparated Ta floating gate layer sandwiched between two  PMMA
ayers. The TENG has a structure of Cu/PVC/Cu in vertical contact-
eparation mode. The writing and erasing of the signals in the OTTM
an be realized by the contact electrification of the external physical
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

ouch. By further coupling with a flexible OLED with a structure of
TO/NPB/Alq3/Mg:Ag/Ag, a visible and wearable touch monitoring
ystem has been successfully developed. In the touch monitoring
ystem, the TENG is a triggering input/reset unit for the external
m of the CG-LED. (b) Equivalent circuit of the CG-LED. (c) Current and brightness
rom bright to dark when physically pressed. Reprinted with permission from Ref.

physical touch, the OTM is a storage unit for recording the detected
triggering, and the OLED is a touch signal-output functional unit
for the visual reading (Fig. 6b). This system can be used for mon-
itoring the external touch and protecting confidential documents
(Fig. 6c). After writing and erasing procedures by the external touch,
the shift and return of the transfer curve have demonstrated great
performances in stability and repeatability (Fig. 6d).

Unlike traditional OTMs programed by electric signals, the
OTTM can be programed by the external mechanical touches
without gate voltage supply, which has realized the direct inter-
action between the external environment and the memory. It has
demonstrated the mechanical-electrical coupled tribotronic mem-
ory properties and great applications in intelligent control, security
monitoring, functional instruments and wearable functional elec-
tronics.

Tribotronic phototransistor

The contact induced electrostatic potential of the TENG has been
used to modulate the electroluminescence, which is also could be
used to modulate the photoelectric conversion in the first proposed
tribotronic phototransistor (TPT) [71]. On the basis of the CE-FET
structure, a PN junction is formed in the p-type conduction channel
layer by the heavy phosphorus ion implantation and rapid thermal
annealing. The photocurrent can be generated from the PN junction
by the illumination in place of the drain-source voltage in the CE-
FET. As the contact and separation between the mobile fluorinated
ethylene propylene (FEP) layer and the gate electrode, the charge
carrier concentration in the p-type conduction channel layer could
be regulated, which will induce the photocurrent modulation by
the external contact. As an alternative design of the TPT, a coupled
energy-harvester (CEH) has been fabricated, in which the periodical
 new field by coupling triboelectricity and semiconductor, Nano

contact and separation between the FEP layer and electrodes are
driven by the wind (Fig. 7a). The CEH can be equivalently considered
as the integration of a photodiode, a MOSFET and a direct-current
TENG, which is used for simultaneously scavenging solar and wind

dx.doi.org/10.1016/j.nantod.2016.07.004
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ig. 6. Flexible organic tribotronic transistor memory (OTTM) for a visible and w
chematics of the touch monitoring system. (c) Photographs of the system for mo
rasing procedures by external touch. Reprinted with permission from Ref. [70]. Co

nergies (Fig. 7b). Moreover, the wind-induced output voltage on
he external resistance is also used as the inner gate voltage of the
PT for modulating and enhancing the solar energy conversion. The
easured characteristics of the CEH have shown that the short-

ircuit current, open-circuit voltage, and maximal output power
ave been greatly enhanced as the wind speed increases from 7 to
1 m/s  at the sunlight intensity of 2 mW/cm2 (Fig. 7c).

As new tribo-phototronic devices, the TPT has demonstrated
he triboelectric-charge-enhanced photodetection and the CEH has
stablished an effective coupling mechanism between different
nergy transducers for enhancing the hybrid energy harvesting.
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

his work has further expanded the functionality of tribotronics in
hotodetection and energy harvesting, and demonstrated a poten-
ial way for efficiently harvesting and utilizing the multiple energy.

ig. 7. Tribotronic phototransistor (TPT) as coupled energy-harvester (CEH) for simultan
arvested wind energy is used for gating the TPT and enhancing the solar energy conversio
nd  a direct-current TENG. (c) Enhanced IP-VP characteristics for harvesting solar energy
016  John Wiley & Sons, Inc.
le touch monitoring system. (a) Schematic diagram of the OTTM and OLED. (b)
ng the external touch. (d) Shift and return of the transfer curve after writing and
t 2015 John Wiley & Sons, Inc.

Tribotronics of diversified materials

MoS2 tribotronic tactile switch

Besides the silicon-based and organic materials, the tribotronic
devices have also been extended to a new two-dimensional (2D)
material of MoS2 to demonstrate the material diversification [72].
By coupling a single-electrode mode TENG and a MoS2 field
effect transistor, a MoS2 tribotronic transistor has been developed
(Fig. 8a). The single or few-layer MoS2 flake was  processed from
bulk MoS2 by the mechanical exfoliation method and directly trans-
 new field by coupling triboelectricity and semiconductor, Nano

ferred to the highly doped p-type silicon substrate with 300 nm
thick SiO2. The drain and source electrodes were prepared on MoS2
flakes by ultraviolet lithography and successive evaporation of Cr

eously scavenging wind and solar energies. (a) Schematic diagram of the CEH. The
n. (b) Equivalent circuit of the CEH, with the integration of a photodiode, a MOSFET

 with increasing wind speed. Reprinted with permission from Ref. [71]. Copyright

dx.doi.org/10.1016/j.nantod.2016.07.004


ARTICLE IN PRESSG Model
NANTOD-529; No. of Pages 16

8 C. Zhang, Z.L. Wang / Nano Today xxx (2016) xxx–xxx

F  the M
s tor as
2

a
w
t
t
P
s
w
b
v
T
f
t
s

s
t
t
r
L
b
t
t
s
o

M

d
a
p
p

ig. 8. MoS2 tribotronic transistor as smart tactile switch. (a) Schematic diagram of
tructure in the device. (b) Finger-triggered response of the MoS2 tribotronic transis
016  John Wiley & Sons, Inc.

nd Au. For a stable package of the device, a 30 nm thick Al2O3 layer
as deposited on the top of the transistor by atomic layer deposi-

ion (ALD). A 50 nm thick Au film as a floating gate was deposited on
he bottom surface of the silicon substrate with ohmic contact, and a
TFE film with a thickness of 25 �m and an area of 14 × 14 mm2 was
moothly attached on the back. Once an external material contacts
ith or separates from the PTFE film, negative charges are induced

y triboelectrification on the PTFE surface, which act as a “gate”
oltage to modulate the carrier transport in the MoS2 channel.
he drain-source current can be tuned from 1.56 �A to 15.74 �A
or nearly ten times enhancement. After about 1000 cycles test,
he drain-source current with little hysteresis has shown the great
tability and repeatability of the device.

The MoS2 tribotronic transistor could be used as an active
mart tactile switch for human-machine interfacing. When a finger
ouches the PTFE film, charge transfer results in positive charges on
he finger while negative charges on the PTFE film and the on/off
atio of the device can reach as high as about 16 for switching
EDs (Fig. 8b). Moreover, the MoS2 tribotronic transistor can also
e widely applied as mechanical displacement sensors, visualized
ouch sensors, and smart skin. This work has extended the emerging
ribotronics to 2D materials and demonstrated the material diver-
ification of this new field, which may  promote the development
f tribotronics with new features.

oS2 tribotronic photodetector

With the photoconductive property, MoS2 could be used to
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

evelop the tribotronic phototransistor as well with the modulated
nd enhanced photoresponsivity [73]. By a conjunction of a MoS2
hototransistor and a TENG in sliding mode, a MoS2 tribotronic
hototransistor is proposed for this purpose (Fig. 9a). Different
oS2 tribotronic transistor. The inset is the side-view of the three-layer MoS2 crystal
 an active smart tactile switch. Reprinted with permission from Ref. [72]. Copyright

from the structure of MoS2 tribotronic transistor, the bottom fric-
tion layer consists of a 20 �m thick FEP film attached with a 50 �m
thick Al foil as a free-sliding layer. By a relative sliding on the device,
the induced positive charges on the back gate of the MoS2 photo-
transistor act as a “gate” to increase the channel conductivity as the
effect of traditional back gate voltage, and thus increase the respon-
sivity of the photodetection. With the sliding distance of 8 mm,
the photoresponsivity is drastically enhanced from 221.0 A/W to
727.8 A/W at the 10 mW/cm2 ultraviolet excitation intensity and
1 V bias voltage (Fig. 9b).

The MoS2 tribotronic phototransistor has demonstrated the
stable characteristics as well (Fig. 9c), which could be used in
optical sensing, imaging and photodetection. Unlike the silicon-
based tribotronic phototransistor with PN junction, this work has
demonstrated tribotronic enhanced photodetection with the tun-
able photoconductive property based on 2D material and provided
a new method for actively adjustable photoelectric devices with
high photoresponsivity via human interfacing.

InSb tribotronic force-pad

All the tribotronic devices above are based on a TENG and a back-
gate MOSFET. Although the back-gate electrode is completely off an
external voltage supply, the fabrication process has not eliminated
for the role of an electrode of the TENG. Different from the back-
gate tribotronic transistors, a novel InSb tribotronic transistor on
the flexible force-pad application has been developed based on a
single-electrode mode TENG and a top-gate InSb FET [74]. The top-
 new field by coupling triboelectricity and semiconductor, Nano

gate FET is fabricated on a flexible substrate with a structure of
poly(ethylene oxide) (PEO)/InSb/polyethylene terephthalate (PET).
The n-type InSb was used for a conduction channel and the PEO
served as a dielectric layer. The Ag has an Ohmic contact with the

dx.doi.org/10.1016/j.nantod.2016.07.004
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Fig. 9. MoS2 tribotronic phototransistor as photodetector. (a) Schematic diagram of the MoS2 tribotronic phototransistor based on a MoS2 phototransistor and a sliding
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riboelectric nanogenerator. (b) Ids output characteristics at different sliding distance
esponsivity of the MoS2 phototransistor at different excitation intensity and sliding
nc.

nSb as the drain and source electrodes. When the mobile PTFE
ayer contacts with the PEO for electrification, the PTFE surface has
egative charges while the PEO surface has positive charges accord-

ng to the triboelectric series. When the PTFE layer separates from
he PEO, the positive charges on the PEO surface will induce the
nhancement zone in the n-type InSb and thus increase the drain-
ource current (Fig. 10a). The IDS-VDS output characteristics could
e modulated with different separated distances (Fig. 10b), and the
rain-source current progressively increases from 6 �A to 12 �A
t a drain voltage of 1 V with different separated distances in the
ange of 0–80 �m (Fig. 10c).

Alternatively, the mobile layer could be an Al film for contact
lectrification with the PEO, resulting in that the Al has positive
harges while the PEO surface has negative charges according to
he triboelectric series. The negative charges on the PEO surface will
nduce the depletion zone in the n-type InSb and thus decrease the
rain-source current from 7 �A to 1.5 �A at the same conditions.
herefore, the traditional top-gate electrode in the FET has been
liminated and replaced by an external mobile PTFE and an Al film,
hich could mechanically contact with the PEO surface to serve

s a negative and positive gate voltage, respectively. The InSb tri-
otronic transistor as force-pad reported in this work keeps out of
he top-gate electrode and the dielectric layer is served as a fric-
ional layer of the TENG, which has further simplified the structure
nd fabrication process of tribotronic transistor.

heory of tribotronics

heoretical study of tribotronic logic operation and mechanical
ensing
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

With the development of various tribotronic devices, a theo-
etical study is strongly desired as the theoretical foundation and
ptimization strategy for current and future tribotronics. By both
nalytical calculations and numerical simulations, the theory of tri-
 inset is photo-responsivity transfer characteristic. (c) Tribotronic enhanced photo-
nces. Reprinted with permission from Ref. [73]. Copyright 2016 John Wiley & Sons,

botronics has basically established on both the logic operation and
mechanical sensing [75].

As a basic tribotronic logic unit, the CMOS-based tribotronic
inverter can be equivalent as the coupling of a TENG, an n-type
MOSFET (NMOS) and a p-type MOSFET (PMOS) (Fig. 11a). When
the TENG is working at quasi-steady state, the VOUT of the tri-
botronic inverter gradually changes as the output increases from
0 to above VGmax. According to the Kirchhoff’s law and different
working modes of the MOSFETs, there are five working regions for
the tribotronic inverter [75]. Firstly, when the separation distance
x of the two surfaces in the TENG is in the range as:

x ≤ VTNε0

�
(2)

where VTN is the threshold voltage of the NMOS, � is the surface
charge density of the polymer used in the TENG, and ε0 is the per-
mittivity of vacuum space. The NMOS is working at off mode, and
the PMOS is working at linear mode. The VOUT of the tribotronic
inverter is described as:

VOUT = VDD (3)

Secondly, when

VTNε0

�
< x <

(√
KP
KN

(VDD − VTP) + VTN

)
ε0(

1 +
√

KP
KN

)
�

(4)

where VTP is the threshold voltage of the NMOS, KP and KN are the
ratio constants of the PMOS and NMOS. The NMOS is in saturated
mode and the PMOS is in linear mode. In this region,
 new field by coupling triboelectricity and semiconductor, Nano

VOUT = �x

ε0
− VTP +

√
(VDD − �x

ε0
− VTP)

2
− KN
KP

(
�x

ε0
− VTN)

2
(5)
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ig. 10. InSb tribotronic transistor as force pad. (a) Working principle of the InSb 

ith  different separated distances. (c) IDS output characteristics at a drain voltage of
haracteristic. Reprinted with permission from Ref. [74]. Copyright 2016 Elsevier Lt

Thirdly, when

 =

(√
KP
KN

(VDD − VTP) + VTN

)
ε0(

1 +
√

KP
KN

)
�

(6)

the NMOS and PMOS are both in saturated mode, and

�x

ε0
− VTN +

√
(
�x

ε0
− VTN)

2
− KP
KN

(VDD − �x

ε0
− VTP)

2
< VOUT

<
�x

ε0
+ VTP +

√
(VDD − �x

ε0
− VTP)

2
− KN
KP

(
�x

ε0
− VTN)

2
(7)

hich means that VOUT will steeply decrease when x passes this
oint. Fourthly, when(√

KP
KN

(VDD − VTP) + VTN

)
ε0(

1 +
√

KP
KN

)
�

< x <
(VDD − VTP)ε0

�
(8)

the NMOS is in linear mode and the PMOS is in saturated mode.
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

n this region,

OUT = �x

ε0
− VTN +

√
(
�x

ε0
− VTN)

2
− KP
KN

(VDD − �x

ε0
− VTP)

2
(9)
ronic transistor with a mobile layer of the PTFE. (b) IDS-VDS output characteristics
ith different separated distances in the range of 0–80 �m.  The inset is IDS-d transfer

Lastly, when

x ≥ (VDD − VTP)ε0

�
(10)

the NMOS is working at linear mode and the PMOS is at off mode.
It can be described as:

VOUT = 0 (11)

By using the equations above, the behavior of the tribotronic
inverter could be calculated with a set of parameters. The VOUT
goes from “1” to “0” as x goes up, and steeply inverts at the point
of x = 312 �m (Fig. 11b). The theoretical simulation has shown the
CMOS-based tribotronic inverter is successfully realized and the
results can be utilized as instruction for designing the right tri-
botronic logic devices.

The tribotronic device can be utilized as an effective mechanical
sensor for the resistor loaded MOSFET is also commonly used as
the small signal amplifier (Fig. 11c). In this circuit, R1 and R2 are
used to provide a DC bias to the MOSFET. By Kirchhoff’s law, the
amplification gain AV can be described as [75]:√
 new field by coupling triboelectricity and semiconductor, Nano

AV = CTENG(−(ωCGDRL)
2 + (gmRL)

2)

(CTENG + CGS + CGD(gmRL + 1))2 − (CTENG + CGS)
2(ωCGDRL)

2

(12)
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Fig. 11. Theoretical analysis of tribotronic devices on logic operation and mechanical sensing. (a) Circuit scheme of tribotronic device as a CMOS inverter gated by TENG.
(b)  Calculated behavior of the tribotronic inverter. The logic output goes from “1” to “0” as the displacement of TENG goes up. (c) Circuit scheme of tribotronic device as
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echanical sensing. (d) Relationship between gain and TENG capacitance. The larg
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here CTENG , CGD and CGS are the inherent capacitances of TENG and
OSFET, respectively, gm is the intrinsic transconductance of the
OSFET, and ω is the frequency of mechanical input. The mechan-

cal sensitivity Am can be presented as [75]:

m = 2�AV
ε0

(13)

The relationship between CTENG and the maximum Am has been
imulated when CTENG changes from 500 pF to 30 nF (Fig. 11d).
he analytical calculation has shown the linear relationship stands
hen CTENG is small while the Am tends to saturate when CTENG

ncreases to above 3 nF, which indicates larger TENG capacitance
nd higher surface charge density will lead to higher gain for the
echanical sensor. The simulation method and results have impor-

ant significance for the gain optimization of tribotronics as the
echanical sensing.

heoretical study of tribotronic MOSFET performances

By the finite element analysis (FEA) method, the performances
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

f tribotronic MOSFET based on two fundamental working modes
ave been theoretically studied, which could provide in-depth
nderstanding of physical mechanisms and design guidance for
otential applications of tribotronics [76].
acitance leads to the higher circuit gain. Reprinted with permission from Ref. [75].

As a built model in the FEA, the tribotronic MOSFET is composed
of a traditional NMOS and a 25 nm thick PTFE layer with aluminum
electrode coated at its back as the mobile electrode (Fig. 12a). Equal
triboelectric charges in opposite polarities are generated by contact
electrification on the PTFE layer and gate electrode, respectively.
When the distance d increases to the threshold distance dth, the
triboelectric charges induced gate voltage reaches the threshold
voltage Vth and the NMOS turns on. The first working mode is that
the mobile electrode is connected to the grounded source and bulk
electrodes, while the second one is that the mobile electrode is
isolated from all other electrodes as a “floating” one, which are
defined as “w/feedback” and “w/o feedback”, respectively. The con-
duction channel length L is 1 �m and the distance d between the
PTFE layer and the gate electrode varies from 1 nm to 3 �m. With a
set of parameters such as doping concentration, doping profile, and
detailed geometrical dimension, the IDS-d characteristics at differ-
ent VDS have been demonstrated (Fig. 12b). In the “w/o feedback”
mode, IDS of the transistor increases gradually with d (dash-dot
lines), which operates as a general short-channel NMOS. While in
the “w/feedback” mode, IDS of the transistor first increases quickly
 new field by coupling triboelectricity and semiconductor, Nano

and gradually reaches a saturation (solid lines), which can be used
as an electromechanical switch with quick switching between “on”
and “off” states by separating the PTFE layer from gate electrodes
for a short distance of hundreds of nanometers.

dx.doi.org/10.1016/j.nantod.2016.07.004
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Fig. 12. Theoretical analysis on the performances of tribotronic MOSFET. (a) Schematic illustration of tribotronic NMOS, which is composed of a traditional silicon-based
NMOS  and a PTFE layer with aluminum electrode coated at its back as mobile electrode. (b) IDS-d characteristics of tribotronic NMOS with conduction channel length L of
1  �m and triboelectric charges on gate electrode Qg of 1.0 fC under different VDS biases from 1 to 5 V. (c) IDS-d characteristics of tribotronic NMOS with L of 100 nm and Qg
of 0.01 fC under different VDS biases from 0.1 to 0.5 V. (d) IDS-d characteristics of tribotronic NMOS with L of 10 nm and Qg of 10−4 fC under different VDS biases from 0.01 to
0.05  V. Reprinted with permission from Ref. [76]. Copyright 2016 American Chemical Society.

Fig. 13. Evolution of some main ideas in the past ten years in the field. As an extension of the proposed nanogenerator in 2006, piezotronics in 2007 and triboelectric
nanogenerator in 2012, tribotronics is another original and novel field in the development of nano-energy and nano-electronics. Reprinted with permission from Ref. [6].
Copyright 2006 The American Association for the Advancement of Science. Reprinted with permission from Ref. [20]. Copyright 2013 American Chemical Society. Reprinted
with  permission from Ref. [26]. Copyright 2012 Elsevier Ltd. Reprinted with permission from Ref. [67]. Copyright 2014 American Chemical Society.
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Fig. 14. Four applications of TENG. Besides the micro-scale power source, mega-scale power source and self-powered sensors, tribotronics is a new application of TENG as
triboelectric-voltage-controlled (tribo-controlled) devices. Reprinted with permission from Refs. [35,77]. Copyright 2014 John Wiley & Sons, Inc. Reprinted with permission
from  Refs. [36]. Copyright 2015 Springer. Reprinted with permission from Refs. [37,67]. Copyright 2014 American Chemical Society. Reprinted with permission from Ref.
[38]. Copyright 2016 Springer. Reprinted with permission from Refs. [49,57]. Copyright 2015 American Chemical Society. Reprinted with permission from Ref. [50]. Copyright
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016  Elsevier Ltd. Reprinted with permission from Ref. [54]. Copyright 2014 IOP Pub
ith  permission from Ref. [56]. Copyright 2014 Elsevier Ltd. Reprinted with permis

By scaling down conduction channel length L of the NMOS in
he model to 100 nm,  20 nm and 10 nm,  respectively, all the rele-
ant parameters of NMOS also scale down proportionally, whereas
he thickness of PTFE layer and the generated triboelectric surface
harge density keep unchanged considering that the contact elec-
rification process remains the same. The simulation results show
hat when L is much larger than the thickness of PTFE layer, the
wo working modes of tribotronic MOSFET show different charac-
eristics and can be utilized in different applications. While when

 is smaller than the thickness of PTFE layer, the fast charge trans-
er process between mobile electrode and other electrodes in the
w/feedback” mode transit to a slow process and the two working
odes are almost the same. The theoretical analyses have shown a

reat potential of tribotronics in large-scale array integration and
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

pplications in fingerprint recognition, wearable electronics, and
o on.
g Ltd. Reprinted with permission from Ref. [55]. Copyright 2014 Springer. Reprinted
rom Refs. [69,70]. Copyright 2015 John Wiley & Sons, Inc.

Summary and perspectives

In this review, the establishment and latest progress in
tribotronics are systematically summarized. By applying on a
common MIS  capacitor in microelectronics, the TENG has been
coupled with traditional MOSFET as a novel CE-FET for replac-
ing the traditional gate voltage by external contact, which has
established a direct interaction mechanism between the external
environment and electronics. As a fundamental component, the
CE-FET has derived a series of interactive functional devices and
opened up a new field of tribotronics, which is about the devices
fabricated using the electrostatic potential created by triboelec-
trification as a “gate” voltage to tune/control electrical transport
and transformation in semiconductors for human-machine inter-
 new field by coupling triboelectricity and semiconductor, Nano

action. Various tribotronic functional devices have been developed
with many potential applications. The tribotronic logic circuits have
performed mechanical-electrical coupled tribotronic logic opera-
tions. The tribotronic LED has shown the contact electrification

dx.doi.org/10.1016/j.nantod.2016.07.004
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Fig. 15. Three-way coupling among triboelectricity, semiconductor, and photoexcitation, which can derive new fields of tribotronics, tribophotonics and tribophototronics.
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lenty  of potential directions and important applications are projected and expecte
014  American Chemical Society.

odulated electroluminescence. The tribotronic transistor mem-
ry has realized an active memory that can be written and erased
y externally applied touch actions. The tribotronic phototransistor
as demonstrated the triboelectric charges enhanced photoelec-
ric conversion and hybrid energy harvesting. The silicon-based,
exible organic, MoS2, InSb, and many other materials-based tri-
otronic devices have exhibited the material variety of tribotronics.
he analytical calculations, numerical simulations and FEA of some
ribotronic functional devices and their performances are also sum-

arized by scaling down conduction channel length from 1 �m
o 10 nm,  which have shown a great potential of tribotronics in
arge-scale array integration.

Fig. 13 summarizes the evolution of some main ideas in the
ast ten years in the field. In 2006, the nanogenerator is first

nvented with piezoelectric semiconductor material for convert-
ng mechanical energy into electricity in nano-scale. By coupling
he piezoelectricity with semiconductor, piezotronics is first pro-
osed in 2007 for using the piezopotential as a “gate” voltage
o tune/control charge carrier transport at a contact or junc-
ion. Since 2012, the TENG is first invented based on contact
lectrification and electrostatic induction with improved output
ower. By coupling the triboelectricity with semiconductor, tri-
otronics is first proposed as another original and novel field

n 2014. Similar to piezotronics, tribotronics has self-generated
nner controlling signal by external mechanical energy for active
uman-machine interaction, and also provided an active sensing
ethod different from the conventional passive sensors [77,78].
Please cite this article in press as: C. Zhang, Z.L. Wang, Tribotronics—A
Today (2016), http://dx.doi.org/10.1016/j.nantod.2016.07.004

ore advantage than piezotronics, tribotronics has been consid-
red to have a larger sensing range for the external environment,
ar more choice of materials, and wider application prospects in
e explored in the near future. Reprinted with permission from Ref. [67]. Copyright

conjunction with the conventional semiconductor devices with
the merits of TENG. Furthermore, the piezotronics are stimulated
by the mechanical strain while the tribotronics can be gated by
physical contact and mechanical displacement, which makes the
tribotronics has greater durability with less fatigue accumula-
tion in interaction with the external environment. Tribotronics
is an extension of piezotronics, which could both lay important
foundations for the development of human-machine interaction
technology, and have important applications in sensors, intelli-
gent interfacing, MEMS/NEMS, nanorobotics, and active flexible
electronics. The current approach of using stretchable wires or
interconnects for fabricating flexible electronics avoid any shape
induced disturbance to the operation of the devices, while keep the
entire structure can be bendable/strachable. In contrast, the active
flexible electronics purposely use the deformation/strain intro-
duced in the device for creating new functions, such as piezotronics
and tribotronics. Such fields remain to be extensively studied in
order to derive a new field of active flexible electronics.

Fig. 14 summarizes and exhibits the four different applications
of TENG, in which tribotronics is also a new application of TENG. In
the beginning, the TENG is used as a power source for micro and
small electronics. With the rapid enhancement in output power
and expected network distribution, it has demonstrated enormous
potential for general power application at mega-scale. Moreover, it
can be used as a self-powered active sensor for sensing a dynamic
mechanical action without power supply. In these applications,
power can be generated as long as there is a motion. And now in
 new field by coupling triboelectricity and semiconductor, Nano

tribotronics, the TENG is used as a control source by taking advan-
tage of the output voltage for modulating electronics, which can
be a new application for triboelectric-voltage-controlled (tribo-
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ontrolled) devices. It is expecting that future electronics can be
ctively controlled as long as touched!

By further introducing optoelectronics, Fig. 15 has schematically
hown the three-way coupling among triboelectricity, semicon-
uctor, and photoexcitation, which could consequently derive
everal new fields such as tribophotonics, tribo-phototronics, and
ribo-electromagnetism for further research [75]. Looking forward
o the development and future applications, tribotronics as a new
merging field has faced a series of challenges in theory mecha-
ism, material selection, prototype device and practicability. More
esearch work should be focused for seeking potential technical
oute as follows.

Firstly, establishing the fundamental theory of tribotronics.
ased on nano-tribology and semiconductor device physics, the

undamental theory of tribotronics has to be further developed
nd the coupling mechanism of triboelectricity and semiconduc-
or needs to be investigated in details. More fundamental theories
re expected to establish for the fabrication and application of tri-
otronics.

Secondly, extending the material system of tribotronics. Based
n the organic, nano-scale, and other new materials, the mate-
ial diversification could be further exhibited, such as flexible,
ransparent and stretchable tribotronics, for the development of
pplications in human-machine interfacing, electronic skin, intel-
igent sensing, wearable devices, etc.

Thirdly, developing the functional devices of tribotronics. Based
n optoelectronics, electromagnetism, MEMS/NEMS, integrated
ircuits, and other technologies, new branches of tribotronics
re expected to explore and various novel functional tribotronic
evices are highly desirable, such as tribotronic photolumines-
ence, tribotronic electromagnetic emission, tribotronic sequential
ogic circuits, tribotronic MEMS/NEMS, etc.

Lastly, integrating into the array devices of tribotronics. Based
n the system integration technology, the functional tribotronic
evices could be integrated and packaged in array, for developing
he large-scale integrated tribotronic array devices, highly compact

EMS/NEMS, and large-area human-machine interactive interface.
As a new field by coupling triboelectricity and semiconduc-

or, tribotronics has extended the emerging fields of nano-energy
nd nano-electronics with potential applications and significant
mpact. It will be a collaborative developing field with various dis-
iplines such as material, mechatronics, information, automation,
nvironment, energy, chemistry, biomedicine, and so on.
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