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ABSTRACT: Triboelectric nanogenerator has drawn considerable attentions as a potential candidate for harvesting
mechanical energies in our daily life. By utilizing the
triboelectric potential generated through the coupling of
contact electriﬁcation and electrostatic induction, the “tribotronics” has been introduced to tune/control the charge carrier
transport behavior of silicon-based metal−oxide−semiconductor ﬁeld-eﬀect transistor (MOSFET). Here, we perform a
theoretical study of the performances of tribotronic MOSFET
gated by triboelectric potential in two working modes through
ﬁnite element analysis. The drain-source current dependence on contact-electriﬁcation generated triboelectric charges, gap
separation distance, and externally applied bias are investigated. The in-depth physical mechanism of the tribotronic
MOSFET operations is thoroughly illustrated by calculating and analyzing the charge transfer process, voltage relationship
to gap separation distance, and electric potential distribution. Moreover, a tribotronic MOSFET working concept is
proposed, simulated and studied for performing self-powered FET and logic operations. This work provides a deep
understanding of working mechanisms and design guidance of tribotronic MOSFET for potential applications in micro/
nanoelectromechanical systems (MEMS/NEMS), human-machine interface, ﬂexible electronics, and self-powered active
sensors.
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he metal−oxide−semiconductor ﬁeld-eﬀect transistor
(MOSFET) composed of an MOS capacitor and two
adjacent p−n junctions is one of the most important
units for forefront high-density integrated circuits that are the
indispensible electronic building blocks of smartphone,
computer and other microchip-enabled electronic devices.
The carrier transport process as well as the drain-source
current (IDS) in the MOSFET is generally modulated by an
externally applied gate voltage (VGS).1 Because of the lack of
direct interaction between the external environment and
electronic components such as MOSFET, transistors ordinarily
act as readout elements for the detection of property changes in
the pressure-sensitive materials induced by the external
mechanical stimulation/triggering. Thus, approaches for
developing a direct interface between electronics and external
environment are highly desirable. In 2007, an emerging ﬁeld of
piezotronics was invented,2 in which the piezoelectric polarization charge-induced inner-crystal piezoelectric potential is
utilized to modulate the charge carrier transport in piezoelectric
semiconductor materials with wurtzite and zincblende
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structures (such as ZnO, GaN, and CdS) as well as 2D
materials (MoS2) at the contacts.3−8 Piezotronic strain-gated
transistors and basic logic devices based on ZnO nanowires and
GaN nanobelts have been realized, which convert the external
mechanical stimulation into electronic controlling signals for
performing piezotronic logic operations.3,4 Recently, a largescale array three-dimensional (3D) circuitry integration of
vertical ZnO nanowire piezotronic transistors has been
reported for active tactile imaging.5 Moreover, these piezoelectric semiconductor materials can also be utilized to fabricate
piezoelectric nanogenerators for harvesting mechanical energies.9,10
Since the ﬁrst report on the triboelectric nanogenerator
(TENG) in 2012,11 it has drawn considerable attention as an
eﬀective approach to scavenge mechanical energies in our daily
life such as human motion,12−18 wind,19 and raindrop20 and to
Received: January 3, 2016
Accepted: April 14, 2016

A

DOI: 10.1021/acsnano.6b00021
ACS Nano XXXX, XXX, XXX−XXX

Article

www.acsnano.org

Article

ACS Nano

Figure 1. Triboelectric-potential gated (TPG) NMOS. (a) Schematic illustration of TPG NMOS, which is composed of a traditional siliconbased NMOS and a PTFE layer with aluminum electrode coated at its back as mobile electrode. (b) IDS−d characteristic of TPG NMOS with a
small VDS bias of 0.01 V under diﬀerent gate triboelectric charges (Qg). (c) IDS−VDS output characteristic of TPG NMOS with Qg of 1.0 fC
under diﬀerent d values from 0.5 to 3.0 μm. (d) IDS−d characteristic of TPG NMOS with Qg of 1.0 fC under diﬀerent VDS biases from 1 to 5 V.

Figure 1a. The conduction channel length (L) is 1 μm and the
gate dielectric layer that overlaps the two heavily doped n-type
regions has a length of 1.5 μm and a thickness of 20 nm. The
distance between the PTFE layer and the gate electrode (d)
varies from 1 nm to 3 μm. Other parameters of the NMOS
such as doping concentration, doping proﬁle, and detailed
geometrical parameters can be found in Methods. The basic
current−voltage (I−V) characteristics of the NMOS (Figure
S1, Supporting Information) indicates the threshold voltage Vth
of about 0.8 V and general IDS−VDS and IDS−VGS properties.
Because the PTFE layer is in vertical alignment and contacts
only with the gate electrode in this working concept, we deﬁne
it as triboelectric-potential gated (TPG) NMOS.
The fundamental working mechanism of the TPG NMOS is
based on the coupling of contact electriﬁcation, electrostatic
induction, and basic silicon-based NMOS operations. At ﬁrst,
the PTFE layer is brought into fully physical contact with the
gate electrode by external force/pressure, generating equal
triboelectric charges in opposite polarities by contact
electriﬁcation on PTFE layer and gate electrode, respectively.
The PTFE layer is negatively charged and the gate electrode is
positively charged according to the triboelectric series. As it
releases the external force/pressure, the PTFE layer gradually
separates from the gate electrode by a distance d with air
dielectric between the two layers. Then an electric ﬁeld and a
potential drop are created due to the electrostatic induction,
resulting in a built-in voltage at the gate electrode to tune/
control the charge carrier transport properties between the
drain and source electrodes. When the distance d increases to a
speciﬁc value as the threshold distance dth, the triboelectric
charges induced gate voltage reaches the threshold voltage Vth,

act as self-powered sensors.21,22 In addition, by utilizing the
triboelectric-potential that is generated by contact induced
triboelectric charges as the gate voltage to control/tune the
charge carrier transport of transistor, a contact electriﬁcation
ﬁeld-eﬀect transistor (CE-FET) was introduced, leading to a
research ﬁeld of tribotronics.23 Most recently, through the
coupling of a silicon-based MOSFET and a TENG, a ﬂoating
contact-electric-ﬁeld gated tribotronic transistor (CGT) and
universal combinational logic circuits for mechanical-electrical
coupled tribotronic logic operations have been demonstrated.24
By contacting/separating the mobile polymer layer with/from
the ﬂoating gate electrode, the CGT is gated by external force
and the basic logic operations are realized through external
mechanical stimuli, indicating huge potential in applications
such as tribotronic digital circuits, memory, and ﬁngerprint
recognition. Here, we theoretically study the tribotronic
MOSFETs powered by triboelectric-potential based on two
fundamental working modes and concepts through ﬁnite
element analysis (FEA), providing in-depth understanding of
working mechanisms and design guidance for potential
applications in micro/nano-electromechanical systems
(MEMS/NEMS), human-machine interface, ﬂexible electronics, and self-powered active sensors.

RESULTS AND DISCUSSION
The tribotronic MOSFET model built in the FEA is composed
of a traditional silicon-based n-channel MOSFET (NMOS) for
simpliﬁcation and a polytetraﬂuoroethylene (PTFE) layer (25
nm in thickness) with aluminum (Al) electrode coated at its
back as the mobile electrode, as schematically illustrated in
B
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Figure 2. Charge transfer, induced gate voltage (VGS), electric potential and electric ﬁeld distribution of TPG NMOS with VDS bias of 1 V and
Qg of 1.0 fC. (a) Total charge amounts of all four electrodes and (b) triboelectric charges electrostatically induced VGS with d ranging from 1
nm to 3 μm. (c) Electric potential and electric ﬁeld (red arrows) distribution with diﬀerent d values: 0.5, 1, 2, and 3 μm.

saturation in “w/feedback” mode and a slow saturation in “w/o
feedback” mode, which diﬀers from silicon-based NMOS
(Figure S1b, Supporting Information). Moreover, as shown in
Figure 1b, dth of both modes decreases as Qg increases because
the larger the Qg, the stronger the electrostatic induction eﬀect.
Besides, at Qg = 0.2 fC, TPG NMOS retains at “oﬀ” state for
both modes, indicating a minimum Qg required for turning on
the device.
Other transmission characteristics of TPG NMOS including
IDS−VDS at diﬀerent d values and IDS−d at diﬀerent VDS values
are simulated by ﬁxing Qg at 1.0 fC, as illustrated in Figure 1c,d.
At each ﬁxed d value (ranging from 0.5 to 3.0 μm), IDS presents
a two-stage increase behavior under both w/and w/o feedback
modes (Figure 1c): IDS increases with a sharp slope initially and
then with a shallow slope, showing no saturation as increasing
VDS. Diﬀerent from TPG NMOS, IDS of traditional Si-based
NMOS generally increases to saturation disregarding the
reduced eﬀective channel length caused by applying VDS bias
beyond VDSsat = VGS − Vth if the channel length is much larger
than the change of channel length. However, for those whose
channel length is small, the reduced amount of eﬀective channel
length is a substantial fraction of the channel length and this
will increase IDS even the NMOS works in the saturation
region, which is also named as short-channel eﬀect. Therefore,
the IDS−VDS characteristic of TPG NMOS could be regarded as
a short-channel silicon-based NMOS, although the NMOS in
our model has a large channel length of 1 μm and does not
show clear IDS increase in the saturation region (Figure S1c,
Supporting Information). When biased with VDS from 1 to 5 V,
TPG NMOS represents totally diﬀerent IDS−d characteristics
under two modes (Figure 1d): the IDS of “w/o feedback” mode
increases gradually with d, similar as the IDS−VGS characteristic

creating an inversion conduction channel between drain and
source underlying the gate dielectric and, thus, producing the
drain-source current IDS by applying a drain voltage (VDS),
turning the NMOS “on”. Further release of external force/
pressure is similar to increasing the applied gate voltage, which
decreases the resistance of the conduction channel and
increases IDS. Here, we consider two working modes: one is
that the mobile electrode is connected to the grounded source
and bulk electrodes; the other one is that the mobile electrode
is isolated from all other electrodes as a “ﬂoating” one. On the
basis of the presence/absence of feedback charges from outside
the mobile electrode during operations that is analogous to the
“short-circuit” and the “open-circuit” conditions of TENG,
these two working modes are deﬁned as “w/feedback” and “w/
o feedback”, respectively.
The dependence of threshold distance dth on the amount of
contact electriﬁcation generated triboelectric charges on gate
electrode (Qg) is simulated ﬁrst by varying the separated
distance d between PTFE layer and gate electrode from 1 nm
to 3 μm with a small VDS bias of 0.01 V, as illustrated in Figure
1b. Under “w/o feedback” mode (dash−dot lines in Figure 1b;
dash−dot lines in the following article represent “w/o
feedback” mode unless otherwise speciﬁed), IDS ﬁrst keeps
almost zero (“oﬀ” state) and then increases gradually (“on”
state) after d reaches a speciﬁc value dth, showing a similar
turning on process to silicon-based NMOS. However, under
“w/feedback” mode (solid lines in Figure 1b; solid lines in the
following article represent “w/feedback” mode unless otherwise
speciﬁed), TPG NMOS turns on at a very small d value, and IDS
increases dramatically to saturation, which is totally diﬀerent
from the “w/o feedback” mode. Besides, under both modes, IDS
exhibits a saturation trend when d increases, with a fast
C
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Figure 3. Charge transfer of TPG NMOS with conduction channel length (L) of (a) 10 μm, (b) 100 nm, (c) 20 nm, and (d) 10 nm. While L
scales up/down, all the parameters related to the NMOS also scale up/down, meaning the fully scaling.

separation of PTFE layer from gate electrode and reaches a
steady condition rapidly as the Qmobile approaches to Qg quickly.
Consequently, the triboelectric charge-induced VGS increases
dramatically to the saturation. Furthermore, as illustrated in
bottom panel of Figure 2c, the electric potential distribution
remains almost unchanged with d varying from 0.5 to 3 μm.
This diﬀerent VGS−d characteristic between two working
modes arising from the presence/absence of charge transfer
among four electrodes is responsible for the totally diﬀerent
IDS−d behavior as shown in Figure 1d.
By scaling down conduction channel length L of the NMOS
in the model from 10 μm to 10 nm, the device size dependence
of the charge transfer process of TPG NMOS under two modes
is simulated and investigated as shown in Figure 3. While L
scales up/down from 1 μm, all the parameters of silicon-based
NMOSincluding conduction channel width and all other
device geometric parameters, gate dielectric layer’s thickness,
applied bias voltages, silicon substrate’s doping concentration,
and source/drain doping proﬁlealso scale up/down proportionally. Besides, the thickness of PTFE layer and the generated
triboelectric surface charge density keep unchanged considering
that the contact electriﬁcation process between PTFE layer and
gate electrode remains the same. For “w/o feedback” mode
with L of 10 μm, 100 nm, 20 and 10 nm, Qmobile keeps zero and
Qsource, Qbulk, and Qdrain changes gradually as d increases,
showing a similar charge transfer process to that of L = 1 μm.
This is further conﬁrmed by the calculated results of IDS−d,
IDS−VDS, and VGS−d characteristics and electric potential and
electric ﬁeld distributions with L = 10 μm, 100 nm, and 10 nm
(Figures S2, S4, and S6, Supporting Information).
However, for “w/feedback” mode, the charge transfer
processes at L = 10 μm, 100 nm, 20 nm, and 10 nm present

of silicon-based NMOS (Figure S 1d, Supporting Information),
whereas the IDS of “w/feedback” mode ﬁrst increases quickly
and gradually reaches a saturation.
To better understand the physical mechanism of the diﬀerent
IDS−d behavior of TPG NMOS under two working modes,
total charge amount of all four electrodes, including mobile
(Qmobile), source (Qsource), bulk (Qbulk), and drain (Qdrain)
electrodes, and triboelectric charge-induced gate voltage (VGS)
versus separated distance d under two modes are calculated
with bias VDS of 1 V and Qg of 1.0 fC, as illustrated in Figure
2a,b. For “w/o feedback” mode, the Qmobile remains zero with d
increasing from 1 nm to 3 μm because that the mobile
electrode is isolated from all other electrodes as a “ﬂoating”
one. With d increases, the built-in potential drop from the gate
electrode to the PTFE layer increases, thus leading to an
increase of the absolute value of Qsource, Qbulk, and Qdrain in order
to keep the externally applied potential on these three
electrodes constant. As a result of the increase of absolute
total charge amounts, the triboelectric charge-induced VGS
increases as well (Figure 2b). Electric potential and electric
ﬁeld distribution at diﬀerent d values: 0.5, 1, 2, and 3 μm at “w/
o feedback” mode (Figure 2c, top panel) also indicates that the
built-in potential drop from gate electrode to PTFE layer
increases with d and electric ﬁeld is mainly distributed between
gate electrode and PTFE layer because Qsource, Qbulk, and Qdrain
are far away from saturation (gray dash-dot line in Figure 2a,
indicating the maximum transferred charge amount Qg). As for
the “w/feedback” mode, upon separating PTFE layer from gate
electrode, a built-in electric ﬁeld forms, driving electrons ﬂow
from mobile electrode to all other three electrodes, which is
similar to the short-circuit condition of TENG. The charge
transfer process is almost completed instantaneously upon the
D
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Figure 4. Self-powered triboelectric-potential driven (TPD) NMOS. (a) Schematic illustration of TPD NMOS, where PTFE layer contacts
both gate and drain electrodes for contact electriﬁcation. (b) IDS−d characteristic under diﬀerent Qd values from 0.2 to 1.0 fC. (c) Charge
transfer and (d) triboelectric charges induced VGS and VDS with Qd of 1.0 fC and d ranging from 1 nm to 3 μm.

diﬀerent behaviors as shown in Figure 3 (solid lines). As L is
much larger than the thickness of PTFE layer (L = 10 μm, 100
nm), the charge transfer process (Figure 3a,b), the corresponding IDS−d, IDS−VDS, VGS−d characteristics and electric potential
and electric ﬁeld distributions (Figure S2 and S4, Supporting
Information) are similar to that at L = 1 μm (Figure 2a). At L =
10 nm, which is smaller than the thickness of PTFE layer (25
nm), the charge transfer process (Figure 3d) becomes
ineﬃcient compared with that of L = 10 μm, 1 μm, and 100
nm. Also, Qmobile increases gradually without saturating other
than saturates rapidly (Figures 2a and 3a,b). Accordingly, the
IDS−d, IDS−VDS, and VGS−d characteristics, electric potential,
and electric ﬁeld distributions (Figure S6, Supporting
Information) show the similar trend as the charge transfer
process (Figure 3d). At L = 20 nm which is comparable to the
thickness of PTFE layer, the charge transfer process (Figure 3c)
shows a transitional-behavior from the rapid transfer process
(Figure 2a) to the slow one (Figure 3d) with Qmobile increasing
quickly to about three-quarters of Qg. Therefore, for transistors
with size much larger than the thickness of mobile polymer
layer for contact electriﬁcation, the two working modes of TPG
NMOS show diﬀerent characteristics and, thus, can be utilized
in diﬀerent applications, whereas for transistors with size
smaller than the thickness of mobile polymer layer for contact
electriﬁcation, the two working modes of TPG NMOS are
almost the same.
As described above, TPG NMOS utilizes the triboelectric
charges induced potential to serve as the gate voltage for
tuning/controlling the charge carrier transport between drain
and source electrodes, where an externally applied bias VDS is
still needed. By bringing the PTFE layer into physical contact

with both gate and drain electrodes, the triboelectric charges
induced potential serves as the gate voltage VGS and externally
applied bias VDS simultaneously, indicating a working concept
deﬁned as self-powered triboelectric-potential driven (TPD)
NMOS, as schematically illustrated in Figure 4a. All of the
parameters of silicon-based NMOS and the thickness of PTFE
layer are the same, except that the length of the PTFE layer is
increased to vertically align and contact with both gate and
drain electrodes. Because gate and drain electrodes are both Al,
the contact electriﬁcation between PTFE layer and these two
electrodes should be the same. Thus, it is assumed that the
generated triboelectric surface charge density is the same on
gate and drain electrodes. We only deﬁne the total charge
amount of drain electrode (Qd), and then Qg can be calculated
through the ratio of gate electrode area to drain electrode area.
The transmission characteristic of TPD NMOS is simulated
by varying Qd from 0.2 fC to 1.0 fC, as shown in Figure 4b.
Under “w/o feedback” mode, TPD NMOS turns on at a
speciﬁc separated distance dth, and IDS increases linearly with no
saturation observed. While under “w/feedback” mode, TPD
NMOS turns on instantaneously upon the separation of PTFE
layer from gate and drain electrodes, and IDS increases linearly
at initial stage and then reaches saturation gradually. The
diﬀerences between two modes are contributed to the diﬀerent
charge transfer process as illustrated in Figure 4c. Similar to
TPG NMOS, Qmobile of TPD NMOS also remains zero under
“w/o feedback” mode with Qsource and Qbulk gradually changing
in order to keep source and bulk electrodes grounded, whereas
under “w/feedback” mode, Qmobile increases quickly to
saturation (Qd + Qg) due to the electron ﬂow from mobile
electrode to source and bulk electrodes driven by the built-in
E
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Figure 5. (a) Electric potential and electric ﬁeld distribution of TPD NMOS with Qd of 1.0 fC and diﬀerent d values: 0.5, 1, 2, and 3 μm. (b−
d) Charge transfer characteristics of TPD NMOS with conduction channel length L scaling up/down from 10 μm to 10 nm.

electric ﬁeld between PTFE layer and gate and drain electrodes.
Thus, the negative triboelectric charges on PTFE layer are
almost electrostatically screened and the triboelectric charges
induced VGS and VDS increase quickly to saturation (Figure 4d).
As illustrated by Figure 5a, under “w/o feedback” mode, the
electric potential drop from gate/drain electrode to PTFE layer
increases with d ranging from 0.5 to 3 μm, and the electric ﬁeld
mainly distributes between PTFE layer and gate/drain
electrode (Figure 5a, top panel). However, under “w/feedback”
mode, the electric potential distribution remains almost
unchanged when d increases from 0.5 to 3 μm (Figure 5a,
bottom panel). Consequently, the electric ﬁeld between PTFE
layer and gate/drain electrode gradually weakens with the
electric ﬁeld inside silicon substrate enhancing due to increased
d.
The device size dependence of the charge transfer process of
TPD NMOS under two working modes is also simulated and
investigated, as shown in Figure 5b−d. For “w/o feedback”
mode, all the charge transfer processes as well as the IDS−d,
VGS−d, and VDS−d characteristics (Figures S3, S5, and S7,
Supporting Information) are similar to that of L = 1 μm.
However, for “w/feedback” mode, when L is larger than the
thickness of PTFE layer (L = 10 μm and 100 nm), charge
transfers quickly to the saturation as the same as that for L = 1
μm condition. When L is smaller than the thickness of PTFE
layer (L = 10 nm), charge transfers slowly without saturation.
Moreover, the IDS−d, VGS−d and VDS−d characteristics of “w/
feedback” mode (Figures S3, S5, and S7, Supporting
Information) further verify this transition from fast charge
transfer process to slow charge transfer process.
Both the TPG NMOS and the self-powered TPD NMOS
under “w/feedback” mode with conduction channel length L =
1 μm possess rapid switching speed upon separating the mobile

PTFE layer, indicating the potential to operate as fast
electromechanical switch controlled by environmental mechanical stimuli. The switching speed of these tribotronic devices is
mainly determined by two factors: (i) the intrinsic switching
speed of the electronic transistor itself and (ii) the speed of
applying external stimuli to the devices. The switching delay of
modern electronic transistors is generally at the nanosecond
scale, meaning a very fast switch in the GHz range. However,
because the control signal (i.e., the gate voltage VGS) is
produced by external stimuli, such as human motions and
environmental vibrations, which are typically in the kilohertz
range, the switching speed of the whole tribotronic devices as
electromechanical switch is dominated by the external stimuli
and is at the millisecond scale.
In practical applications, electrostatic discharge (ESD) is a
major concern in advanced MOSFETs. Because the tribotronic
devices utilize the triboelectric contact electriﬁcation and
electrostatic induction to produce the gate voltage VGS, it is
essential to avoid possible ESD failures. Detailed discussion
about the ESD solution is found in the Supporting Information
Note 1. Moreover, in a real MOSFET, carrier mobility degrades
with phonons, impurities, surface roughness scattering, and
electric ﬁeld. The carrier mobility degradation due to these
eﬀects are carefully simulated and discussed in the Supporting
Information Note 2. The results show that the current IDS is
reduced signiﬁcantly for both TPG NMOS and self-powered
TPD NMOS under two working modes. Whereas the IDS−VDS
and the IDS−d correlations remain unchanged, indicating that
the carrier mobility degradation has no eﬀects on the operation
of tribotronic devices.
F
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eﬀective density of states at room temperature (RT) 1.04 ×
1019 cm−3, conduction band eﬀective density of states at RT 2.8
× 1019 cm−3, electron mobility 1450 cm2 V−1 s−1, hole mobility
500 cm2 V−1 s−1, electron lifetime for Shockley−Read−Hall
(SRH) recombination model 10 μs, and hole lifetime for SRH
recombination model 10 μs. A trap-assisted recombination
deﬁned by SRH recombination model is applied to silicon to
describe the recombination process. The NMOS is modeled by
a conventional drift-diﬀusion approach using partial diﬀerential
equations available internally within the semiconductor module
in COMSOL. After the computation, by integrating the surface
charge density on electrodes, the total amount of charges on all
electrodes and, thus, the charge transfer process can be derived.

CONCLUSIONS
In summary, we have carried out theoretical study of tribotronic
MOSFETs by FEA. For TPG NMOS where the triboelectricpotential serves as the gate voltage, the transistor under “w/o
feedback” mode operates as a general short-channel siliconbased NMOS; the transistor under “w/feedback” mode is
similar to electromechanical switch with quick switching
between “on” and “oﬀ” states by separating the PTFE layer
from gate electrodes for a short distance (hundreds of
nanometers). For TPD NMOS in which triboelectric-potential
serves as both the gate and drain voltages, the transistor under
“w/o feedback” mode is similar to a general NMOS; the
transistor under “w/feedback” mode performs as a self-powered
electromechanical switch. The achieved diﬀerent operating
behavior under two working modes is attributed to the
absence/presence of charge transfer process between mobile
electrode and other electrodes. Our simulated results also
indicate that for both TPG and TPD NMOS under “w/
feedback” mode, the fast charge transfer process between
mobile electrode and other electrodes transit to a slow process
as device size scaling down to smaller than the thickness of
PTFE layer. This work provides in-depth understanding of the
physical mechanism of tribotronic MOSFETs in two basic
working modes and two working concepts, showing a great
potential in ﬁngerprint recognition, self-powered electronics,
ﬂexible/wearable electronics, and human−machine interfaces.
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Tribotronic MOSFET Model Development: All the simulations
in this study are performed by utilizing the semiconductor
module in COMSOL Multiphysics software. The NMOS
device model in the simulation has a length of 5 μm, width of 1
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concentration of silicon substrate is 1017 cm−3 and the uniform
n-type heavily doping concentration for drain/source is 1020
cm−3 with width of 1.6 μm and thickness of 0.1 μm. The
doping proﬁle away from the uniform region is deﬁned by the
junction depth (dj) toward each direction utilizing a Gaussian
decay function, with dj toward the length direction of 0.3 μm
and the thickness direction of 0.45 μm. Both the drain and
source electrodes are 1 μm long and 1 μm wide. The bulk
electrode is 5 μm long and 1 μm wide, same as the bottom
boundary of NMOS device. The gate dielectric layer partly
overlaps two heavily doped regions is 1.5 μm in length, 1 μm in
width, and 20 nm in thickness, with a relative permittivity of
4.5. The gate electrode has the same length and width as gate
dielectric layer. To be in vertical alignment with the gate
electrode, the PTFE layer is also 1.5 μm long, 1 μm wide, and
25 nm thick and separated from the gate electrode with
distance d varying in the simulation. The source and bulk
electrodes are grounded. The drain electrode is biased with VDS
in TPG NMOS simulation and with electrostatically induced
potential in TPD NMOS simulation. Both in TPG and TPD
NMOS simulation, the gate electrode is biased with electrostatically induced potential. The PTFE layer and the NMOS are
surrounded by air dielectric, and the contact electriﬁcation
generated triboelectric charges on gate electrode in TPG
NMOS simulation and on gate/drain electrode in TPD NMOS
simulation are deﬁned as Qg and Qg/Qd respectively. The
relative permittivity of air and PTFE are 1 and 2, respectively.
For semiconductor material silicon, relative permittivity is 11.7,
band gap 1.12 eV, electron aﬃnity 4.05 eV, valence band
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