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Tribotronic triggers and sequential logic circuits
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ABSTRACT
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In this paper, a floating-gate tribotronic transistor (FGTT) based on a mobile
triboelectric layer and a traditional silicon-based field-effect transistor (FET) is
proposed. In the FGTT, the triboelectric charges in the layer created by contact
electrification can be used to modulate charge carrier transport in the transistor.
Based on the FGTTs and FETs, a tribotronic negated AND (NAND) gate that
achieves mechanical-electrical coupled inputs, logic operations, and electrical
level outputs is fabricated. By further integrating tribotronic NAND gates with
traditional digital circuits, several basic units such as the tribotronic S-R trigger,
D trigger, and T trigger have been demonstrated. Additionally, tribotronic
sequential logic circuits such as registers and counters have also been integrated
to enable external contact triggered storage and computation. In contrast to the
conventional sequential logic units controlled by electrical signals, contact-triggered
tribotronic sequential logic circuits are able to realize direct interaction and
integration with the external environment. This development can lead to their
potential application in micro/nano-sensors, electromechanical storage, interactive
control, and intelligent instrumentation.
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Introduction

The limitation of Moore’s Law has accelerated the
development of multi-functional and diversified
electronics [1–3]. The internet of things (IOT) has
established interconnections between objects and
promoted active and adaptive interactions between the
external environment and electronics. These can aid
in directing, detecting, processing, and controlling the
information encoded by environmental stimuli [4, 5].

Traditional logic units are almost entirely triggered or
activated by electric signals [6, 7]. Establishing direct
interaction with the human/ambient environment
will play an important role in extending the functions
of electronics and promoting the development of
intelligent systems.
The recently invented triboelectric nanogenerator
(TENG) has provided an effective approach for the
conversion of ambient mechanical energy into electricity
[8–11]. The three major applications of this development
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relate to micro/nano-power sources [12–16], selfpowered sensors [17, 18], and blue energy [19–21].
Further, tribotronics has been established as a new
field of research [22, 23]. The research has been based
on the coupling of triboelectricity and semiconductors
that uses the triboelectric charges created by contact
electrification as the “gate” voltage required for tuning
the charge carriers in electronic devices. Tribotronics
has established a mechanism for direct interaction
between the external environment and electronics, and
has potential applications in micro-electromechanical
systems (MEMS) [24], sensors [25, 26], digital circuits
[27, 28], optoelectronics [29–32], and analog signal
modulation [33, 34].
In this paper, we propose a floating-gate tribotronic
transistor (FGTT) composed of a mobile triboelectric
layer and a traditional silicon-based field-effect
transistor (FET), which can be used as a logic device
that can be controlled by an external force. Based on
FGTTs and FETs, a tribotronic negated AND (NAND)
gate is included in order to facilitate mechanical and
electrical dual-inputs, logic operations, and electrical
level outputs. Further, several basic triggers and tribotronic sequential logic circuits have been presented
through combinations of tribotronic NAND gates and
traditional digital circuits. Unlike conventional sequen-

tial logic units that are controlled by electrical signals,
tribotronic sequential logic circuits are triggered by
external stimuli. This enables direct interaction between
the ambient environment and the integrated circuit. This
advancement has immense potential for application
in micro/nano-sensors, electromechanical storage,
interactive control, and intelligent instrumentation.

2

Result and discussion

A schematic of an FGTT is depicted in Fig. 1(a).
An inverted silicon-on-insulator (SOI) metal-oxidesemiconductor field-effect transistor (MOSFET) with
a floating copper (Cu) gate electrode is integrated
onto an FR4 layer. A Cu film is sputtered onto the
upper side of the FR4 layer, which is connected to the
floating Cu gate electrode by a hole. In the FGTT, two
Cu pads deposited on the back of the n-type channel
layer are in ohmic contact and act as the bottom drain
and the source electrode, respectively. The Cu film on
the upper side of the FR4 layer serves as a frictional
layer. A mobile perfluorinated ethylene-propylene
copolymer film (FEP) layer assembled on top of the
Cu film is regulated by an external force and can make
vertical contact with and separate from the Cu film. The
distance is well-controlled and measured by a precise

Figure 1 FGTT. (a) Structure of the FGTT based on a mobile FEP layer and a MOSFET integrated on a FR4 layer sputtered with Cu films.
(b) The working principle of the FGTT demonstrating that the channel width and drain current change when an external contact is applied.
(c) IDS–VDS characteristics of the FGTT with different vertical distances between the FEP layer and Cu layer. (d) IDS–d characteristics of
the FGTT when VDS is 5 V.
| www.editorialmanager.com/nare/default.asp
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positioning system that is schematically illustrated in
Fig. S1(a) (in the Electronic Supplementary Materral
(ESM)).
Based on the coupling effects of contact electrification,
electrostatic induction, and field effect, the working
principle of the FGTT is illustrated in Fig. 1(b). At first,
an external force is applied on the device, leading to
complete physical contact between the FEP layer and
the Cu triboelectric layer. The FEP layer is negatively
charged and the Cu triboelectric layer is positively
charged in accordance with the triboelectric series.
This contact has no impact on the channel layer as the
triboelectric charges produced in the two layers are
of opposing polarities and hence negate each other’s
impact. As the external force is removed, the FEP layer
gradually separates from the Cu triboelectric layer
leaving a distance d between them. Owing edge electric
field leakage, there is a partial loss of positive charges
from the Cu triboelectric layer that are transferred
to the floating Cu gate electrode. This leads to an
enhancement zone in the n-type channel and a consequently increased drain current. When an external
force is reapplied, the two triboelectric layers are
brought into contact and subsequently the positive
charges on the floating Cu gate electrode are transferred
back to the Cu triboelectric layer in order to balance
the negative charges on the FEP layer. Thus, inner
charge polarization in the n-type channel will disappear
and the drain current is restored to its original state.
The IDS–VDS characteristics of the FGTT with vertical
distances ranging from 0 to 200 μm separating the
FEP layer from the Cu triboelectric layer, are shown
in Fig. 1(c) and the IDS–d characteristics are shown in
Fig. 1(d). When the VDS is 5 V, the IDS increases from
20 nA to 0.29 mA with the increase in vertical distance
between the two layers (0 to 200 μm). An Ion/Ioff ratio
of 14,500 demonstrates that the FGTT has an on-off
switching characteristic. This means that it can act as
a logic device that can be regulated by an external
force. The corresponding VGS–d characteristics are shown
in Fig. S1 (ESM). The equivalent VGS characteristics of
the MOSFET for varying vertical distances between
the Cu layer and the mobile FEP layer can be seen.
The structure of a tribotronic NAND gate is
schematically illustrated in Fig. 2(a). It consists of two
opposite FGTTs and a couple of traditional n-type

and p-type MOSFETs. Output characteristic curves of
the traditional p-type MOSFET and n-type MOSFET
are shown in Figs. S2(a) and S2(b) (ESM), respectively.
One FGTT and a traditional p-type MOSFET are
integrated onto the lower FR4 layers, and the other
FGTT and traditional n-type MOSFET are integrated
onto the upper FR4 layers. The drain electrode of the
FGTT on the lower FR4 layers and the source electrode
of the p-type MOSFET are connected to the bias
voltage (Vbias). Meanwhile, the source electrode of the
FGTT on the lower FR4 layers and the drain electrode
of the p-type MOSFET are both electrically connected
to the drain electrode of the FGTT on the upper FR4
layers, all of which serve as the output port (Vout). The
source electrode of the n-type MOSFET is connected
to the drain electrode of the FGTT on the upper FR4
layers, and the source electrode of the n-type MOSFET
is grounded. In the tribotronic NAND gate, the gate
electrodes of the traditional n-type and p-type MOSFET
couple are connected to a logic electrical level input
port, defined as EA. Two mobile FEP layers supported
vertically by an acrylic sheet are controlled by an
external force FB that brings in contact and separates
them from the two Cu triboelectric layers. The equivalent
circuit is shown in Fig. 2(b), in which the two FGTTs
(1# and 3#) are gated by FB and the two MOSFETs
(2# and 4#) are gated by EA. The output level is
thus determined by both EA and FB. This is the first
instance of successful coupling of mechanical and
electrical inputs in logic devices.
The Vout–d transfer characteristics of the tribotronic
NAND gate at an input EA of 5 V is illustrated in
Fig. 2(c) in order to define the state of the input FB.
For the complementary metal-oxide-semiconductor
(CMOS) logic level standard, Vout ≥ 4.5 V is defined as
logic “1”, and 0 ≤ Vout ≤ 0.5 V is defined as logic “0”.
Therefore, the moving range d ≥ dIH (150 μm) induces
an output voltage above point H (4.5 V), which is
defined as the logic “1” region (yellow region) for
input FB. On the other hand, the moving range d ≤ dIL
(75 μm) induces an output voltage below point L
(0.5 V), which is defined as the logic “0” region (blue
region).
The measured output voltages of the tribotronic
NAND gate for different combinations of input EA
and FB are shown in Fig. 2(d). Figure 2(e) displays the

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano

Research

4

Nano Res.

Figure 2 Tribotronic NAND gate with mechanical-electrical coupled inputs. (a) Structure of the tribotronic NAND gate based on two
FGTTs and a couple of traditional n-type and p-type MOSFETs. (b) Equivalent circuit of the tribotronic NAND gate with mechanicalelectrical coupled inputs. (c) Vout –d transfer characteristic of the tribotronic NAND gate at the input EA of 5 V. For the CMOS level standard,
the output voltage above point H is the high-level range (yellow region), which is the logic “1” output region for the NAND gate. While the
output voltage below point L is the low-level range (blue region), which is the logic “0” output region for the NAND gate. (d) The measured
output voltages of the tribotronic NAND gate at different combined states of input EA and FB. (e) Experimentally obtained truth table of
the tribotronic NAND gate with physical values following each corresponding logic level. (f) Logic symbol of the tribotronic NAND
gate with mechanical-electrical coupled inputs.

experimentally obtained truth table of the tribotronic
NAND gate with physical values following each
corresponding logic level. For instance, when the
input state (EA, FB) is (0, 0), the input EA is 0 V and the
FEP layer is fully in contact with the upper Cu
triboelectric layer (d = D0). The 1# FGTT and 2# MOSFET
are in “on” state, and 3# FGTT and 4# MOSFET are
in “off” state. Therefore, the output voltage is 5.033 ±
0.021 V, which corresponds to logic “1”. Accordingly,
through the mechanical-electrical coupled inputs, the
logic symbol of the tribotronic NAND gate is shown in
Fig. 2(f). In Fig. S3 (ESM), the NAND gate demonstrates
a rapid response to an external stimulus during a
quick contact-separation process at an input EA of 5 V.
The measured response and recovery times are ~50 ms
and ~71 ms, respectively.

Based on two tribotronic NAND gates and a
traditional latch, the tribotronic S-R trigger circuit
and operation can be achieved as shown in Fig. 3(a).
In the circuit, the force input port of NAND1 and
NAND2 are both controlled by FCLK, and the electrical
input ports of NAND1 and NADN2 are ES and ER,
respectively. The output ports of NAND1 and NAND2
are connected to the two input ports of the latch. The
outputs of the latch Q and Q ports are the final outputs
of the tribotronic S-R trigger, in which Q is the
inversion of Q. The equivalent circuit for the latch
is shown in Fig. S4 (ESM). The logic symbol for the
tribotronic S-R trigger is represented in Fig. 3(b).
Figure 3(c) shows the measured output voltages of
the tribotronic S-R trigger when using different
combinations of input FCLK, ES, and ER. When the FCLK
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Figure 3 Tribotronic S-R trigger. (a) Equivalent circuit of the tribotronic S-R trigger based on two tribotronic NAND gates and a
latch. (b) Logic symbol of the tribotronic S-R trigger. (c) The measured output voltages of the tribotronic S-R trigger at different states
of input FCLK, ES and ER. (d) Experimentally obtained truth table of the tribotronic S-R trigger with each corresponding logic level.

input is logic “0” (d = D0), the outputs stay the same
irrespective of the electrical input. When the FCLK input
is logic “1” (d = 0), the outputs can be influenced by
either ES or ER. The outputs remain unchanged when
(ES, ER) is (0, 0), and change to logic “1” and logic “0”
states when (ES, ER) are (0, 1) and (1, 0), respectively.
Notably, the outputs are uncertain at the input state
of (1, 1). The outputs of the S-R trigger depend not
only on the present inputs, but also on the states of
memory inputs. Figure 3(d) presents the experimentally
obtained truth table for the tribotronic S-R trigger
under conditions of external force, the characteristics
of which agree with those of a traditional S-R trigger
and CMOS logic level standard.
The tribotronic D trigger is shown in Fig. 4(a). The
electrical input port of NAND1 is connected to ED,
and the electrical input port of NAND2 is connected
to the inversion of ED. This is in contrast to the
tribotronic S-R trigger. Figure 4(b) indicates the logic
symbols for the tribotronic D trigger. Figure 4(c)
represents measured output voltages for various FCLK
and ED states. Output Q is equivalent to the original
input ED when FCLK is set to logic “1”, but remains
unchanged if FCLK is set to logic “0”. Figure 4(d)
presents an experimentally obtained truth table
including each corresponding logic level of the

tribotronic D trigger. When it is triggered by an
external force, the output of the tribotronic D trigger
corresponds to the characteristics of a traditional
logic D trigger operation and CMOS logic level
standard. Further, a three-bit tribotronic register is
presented based on three tribotronic D triggers that
can save three binary inputs. Figure 4(e) shows the
equivalent circuit for the three-bit tribotronic register.
The three tribotronic D triggers can be synchronously
controlled by a force input FCLK, and the electrical
inputs ED0, ED1, and ED2 can be stored when FCLK is set
to logic “1”. Figure 4(f) shows the measured output
voltages of the three-bit tribotronic register at differing
FCLK and ED input values. The input data can be stored
by the tribotronic register after a single mechanical
trigger. The three-bit tribotronic register that performs
external-contact-triggered storage is displayed in
Video S1, which is give in the ESM.
A tribotronic T trigger is assembled to include a
tribotronic NAND gate, a NOT gate, and two traditional
S-R triggers as shown in Fig. 5(a). The equivalent circuit
for the traditional S-R trigger is shown in Fig. S5 (ESM).
The electricity input of the NAND1 gate is set to logic
“1”, and the mechanical input port is controlled by
the FCLK. The output of the NAND1 gate is fed as
input to the NOT gate, and the output of the NOT
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Figure 4 Tribotronic D trigger and register. (a) Equivalent circuit of the tribotronic D trigger based on two tribotronic NAND gates, a
NOT gate and a latch. (b) Logic symbol of the tribotronic D trigger. (c) The measured output voltages of the tribotronic D trigger at
different states of input FCLK and ED. (d) Experimentally obtained truth table of the tribotronic D trigger with each corresponding logic
level. (e) Equivalent circuit of the three-bit tribotronic register based on three tribotronic D triggers. (f) The measured output voltages of
the three-bit tribotronic register at different states of input FCLK and ED.

gate serves as clock input to the two S-R triggers. The
electricity input ET and feedback signal Q act as the
input point S of the first S-R trigger. Similarly, ET and
the feedback signal Q work as the input point R,
while the inputs S and R of the second S-R trigger are
provided by the outputs of the first S-R trigger.
Figure 5(b) shows the logic symbol of the tribotronic
T trigger. Figure 5(c) shows the measured output
voltages at differing FCLK and ET values. Output Q will
reverse at the falling edge of FCLK, and will remain
unchanged at other FCLK states. As shown in Fig. 5(d),
the experimentally obtained truth table of the
tribotronic T trigger is triggered by the falling edge of
the external force, this meets the characteristics of a
traditional T trigger and CMOS logic level standard.
Furthermore, a three-bit tribotronic counter is fabricated
based on three tribotronic T triggers. Figure 5(f) shows
the measured output voltages of the three-bit tribotronic
counter at different FCLK states. Each triggered by falling

edge of the external force, the tribotronic counter plus
one. Figure S6 in the ESM shows the experimentally
obtained truth table and the corresponding decimal
number of the tribotronic counter. The three-bit
tribotronic counter for performing external contact
triggered computation is displayed in Video S2,
which is given in the ESM.

3

Conclusions

In summary, a combination of a mobile triboelectric
layer and a traditional silicon-based FET is presented
as a FGTT, in which the triboelectric charges of the
layer created by contact electrification can be used to
modulate charge carrier transport in the transistor.
On the basis of FGTTs and FETs, a tribotronic NAND
gate was developed, which achieves mechanicalelectrical coupled inputs, logic operations, and electrical
level outputs with excellent logic characteristics. By
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Figure 5 Tribotronic T trigger and counter. (a) Equivalent circuit of the tribotronic T trigger based on a tribotronic NAND gate, a
NOT gate and two S-R triggers. (b) Logic symbol of the tribotronic T trigger. (c) The measured output voltages of the tribotronic T
trigger at different states of input FCLK and ET. (d) Experimentally obtained truth table of the tribotronic T trigger with each
corresponding logic level. (e) Equivalent circuit of the three-bit tribotronic counter based on three tribotronic T triggers and two NAND
gates. (f) The measured output voltages of the three-bit tribotronic counter and carry flag at different states of input FCLK.

further assembling tribotronic NAND gates and
traditional digital circuits, several basic units such as
the tribotronic S-R trigger, D trigger, and T trigger have
been demonstrated, which all yield characteristics
that agree well with those of traditional logic units
and the CMOS logic level standard. Furthermore,
tribotronic sequential logic circuits, such as registers
and counters, are used to perform external-contacttriggered storage and computation. Unlike conventional
sequential logic units, that are controlled by electrical
signals, the tribotronic sequential logic circuits are
triggered by external stimuli, which enables active
interaction with the external environment. This provides impetus for the development of tribotronics for
application in micro/nano-sensors, electromechanical
storage, interactive control, and intelligent instrumentation.
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