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Preface

As we enter the nanoelectronics era, electrostatic discharge (ESD) phenomena is
still an important issue for everything from micro-electronics to nanostructures.
One of the driving forces for this interest is the concern of the ability to manu-
facture nanostructures without destruction associated with static charge and
ESD events.

The book Electrostatic Discharge: From Electrical Breakdown in Micro-gaps to Nano-
generators opens with an introductory chapter. The first section of this book dis-
cusses the issue of ESD in advanced technologies. The second section follows with a
chapter on electrical breakdown in micro-gaps. The third section contains a chapter
on nanogenerators from ESD and a chapter on theoretical prediction and optimiza-
tion of triboelectric nanogenerators.

This book provides insight into the operation and design of micro-gaps and nano-
generators. It will be of use for engineers and scientists that have an interest in ESD
physics and design.

Dr. Steven H Voldman
Steven H Voldman LLC,
Lake Placid,

New York, USA
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Chapter1

Introductory Chapter:
Electrostatic Discharge Breakdown
in Micro-gaps and Nanogenerators

Steven Voldman

1. Introduction

As we enter the nanoelectronic era, electrostatic discharge (ESD) phenomena is
still an important issue for micro-electronics and nanostructures [1-10]. This inter-
est is the concern of the ability to manufacture nanostructures without destruction
associated with static charge and ESD events. ESD issues are a concern with almost
all structures with a small gap in the device. The introduction will provide examples
of structures that have ESD concerns which will establish a base understanding for
the future chapters in this book.

2. Photomasks

Photomasks, or “masks,” are used for exposing the photosensitive materials for
designing components. These photomasks must be “defect free.” Shapes are formed
on a glass insulating surface to form the masks, where the shapes are metallic

Figure 1.
Atomic force microscopy image of photomask ESD damage.
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Figure 2.
Atomic force microscopy image of latent photomask ESD damage.

chrome. A key problem is the buildup of charge on the mask shapes [5]. Between
each chrome shape on the mask, a potential “micro-gap” exists which can lead to
electrical discharge when the electric potential exceeds the air breakdown. The

law that governs the breakdown is known as Paschen’s law. For gases, Paschen’s law
states for electrical breakdown of gases, the breakdown is a function of the product
of gas pressure and gap width.

With the dimensional scaling, smaller line width, and the spacing between lines
also are reduced, leading to electrostatic micro-discharges occurring between the
mask shapes. Figure 1 shows an example of an ESD discharge as a function of the
spacing between two shapes on a photomask.

The mask shape damage can introduce defects in the product chip. With dimen-
sional scaling, the spacing decreases.

Figure 2 shows a second image of a mask damage. These “nano-defects” can also
lead to defects in the product chip.

3. Magnetic recording

In the magnetic recording industry, a small thin film magneto-resistor (MR) is
used [6]. To sense the magnetic field, a magneto-resistor is mounted on a “magnetic
head.” To continue to scale down the size of disk, the magnetic recording industry
continues to evolve to new devices. The devices are MR heads, to the giant magneto-
resistors (GMR) and tunneling magneto-resistor (TMR).

Figure 3 shows damage in a MR structure. The damaged device leads to dimen-
sional changes in the MR stripe, causing a change in series resistance of the MR
stripe. Micro-breakdown can also occur between the magneto-resistor, the adjacent
shields, and substrates. Along the surface, breakdown can occur leading to damage
of the MR stripe and the physical surface.

With technology scaling, the size and film thickness are reduced to sense smaller
signals; as a result, the human body model (HBM) ESD “robustness” is decreased
from 150 and 35 to less than 10 V.
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Figure 3.
Magnetic recording head after ESD damage.

4. FinFET transistors

In semiconductors, to pack more transistors into a smaller space and to pro-
vide higher performance, the transistor is leaving the two-dimensional wafer
and becoming more three-dimensional. Today, in advanced technologies, these
new devices are known as “FinFETs.” The FinFET is a multi-finger structure. The
MOSFET gate covers the “fin” over the parallel fin structures. The FinFET consists
of nano-channels to conduct the MOSFET current [7].

5. MEMS

Microelectromechanical systems (MEMS) are being designed for motors,
generator, micro-mirrors, switches, and passive circuit elements [9, 10]. MEMs pose
a new challenge due to many of these nano-elements are electrostatically actuated
elements and contain micro-gaps.

In MEM structures, segments of the elements are closely spaced and inherently
have micro-gaps. Electrical spark can occur in the gap leading to melting of the
component and “stiction.”

In micro-motors, this issue also occurs [8]. It is noted, in micro-motors the
existence of damage to the gear rotation, and “nano-welding” was observed from
the current of the ESD event.

For RF applications, RF MEM switches have advantages compared to conven-
tional switches. But, broken physical elements can lead to residual materials within
the air gap, influencing functional operation or electrical shorting.

ESD damage occurs in the RF switch between the input and output [9], as well as
between the actuator and the switch input and output. Figure 4 shows an example
of the damage observed in the RF switch.

Micro-mirrors have present day and future applications in the system. ESD
events can lead to damage between the mirror and actuator; this can lead to
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Figure 4.
RF switch damage after ESD testing (with and without membrane removed).

Figure 5.
Micro-mirvor array damage after ESD testing.

operational issues affecting the tilt angle and rotation of the micro-mirror struc-
tures. As we move to nano-gaps and spaces, these concerns will continue to exist.
Figure 5 shows damage to the micro-mirrors after ESD testing.

6. Closing comments and summary

As nanostructures become smaller, the electrostatic sensitivity increases leading
to new failure mechanisms. Electrostatically actuated devices, magnetic recording
devices, photomasks, RF switches, and micromachines have air gaps which can lead
to breakdown across surfaces and in the air gap.

This book will provide insight into operation and design of micro-gaps and
nano-generators. It will be enlightening for engineers and scientists that have an
interest in electrostatic discharge physics and design.
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Chapter 2

Low-C ESD Protection Design
in CMOS Technology

Chun-Yu Lin

Abstract

Electrostatic discharge (ESD) protection design is needed for integrated
circuits in CMOS technology. The choice for ESD protection devices in the CMOS
technology includes diode, MOSFET, and silicon controlled rectifier (SCR). These
ESD protection devices cause signal losses at high-frequency input/output (I/0)
pads due to the parasitic capacitance. To minimize the impacts from ESD protection
circuit on high-frequency performances, ESD protection circuit at I/O pads must
be carefully designed. A review on ESD protection designs with low parasitic
capacitance for high-frequency applications in CMOS technology is presented in
this chapter. With the reduced parasitic capacitance, ESD protection circuit can be
easily combined or co-designed with high-frequency circuits. As the operating
frequencies of high-frequency circuits increase, on-chip ESD protection designs for
high-frequency applications will continuously be an important design task.

Keywords: CMOS, ESD protection, high frequency, high speed, low capacitance

1. Introduction

The integrated circuits (ICs) operated at higher frequency are needed. For
example, the transceivers operated in gigahertz (GHz) bands are the good candi-
date for the demand of faster data transmission [1]. CMOS technology is a promis-
ing way to implement the GHz integrated circuits with the advantages of high
integration capability and low cost for mass production [2, 3]. However, the tran-
sistors in CMOS and even FinFET technologies are inherently susceptible to the
electrostatic discharge (ESD) events [4, 5]. Once any transistor is damaged by ESD,
it cannot be recovered, and the IC functionality will be lost. Therefore, the ESD
protection design must be equipped on the chip. Nevertheless, the ESD protection
devices cause the IC performance degradation. The ICs operated in GHz frequen-
cies are very sensitive to the parasitic capacitance [6, 7]. To mitigate the perfor-
mance degradation caused by ESD protection device, the low-capacitance (low-C)
ESD protection designs are needed [8, 9].

2. ESD protection requirement
To adequately protect the ICs, the ESD protection circuit must shunt ESD

current with limited voltage drop [10-12]. Figure 1 shows the ESD design window
of an IC, which is defined by the power-supply voltage (Vpp and Vsg) and the

9 IntechOpen
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Figure 1.
ESD design window.
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Figure 2.
(a) Pavasitic capacitances seen at I/0 pads cause signal loss to ground and (b) Simulated loss of parasitic
capacitances.
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breakdown voltage (Vpp) of internal circuit. First, the internal circuit normally
operates between Vpp and Vg, and the ESD protection circuit cannot turn on in
this normal circuit operation region. Second, the internal circuit causes failure
beyond the positive or negative Vgp, so the ESD protection circuit becomes invalid
in this internal circuit failure region. Besides, it usually reserves some safety margin.
Therefore, the ESD protection circuit must shunt ESD current with the voltage
within ESD design window as shown in Figure 1. As ESD stresses at the I/O pad, the
ESD protection circuit turns on at its trigger voltage (Vy;) and clamps to the holding
voltage (V},). The turn-on resistance (R,,) should be minimized to reduce the joule
heat generated in the ESD protection circuit and enhance the current-handling
ability, that is the secondary breakdown current (I,).

A typical method to enhance the current-handling ability is to widen the ESD
device dimension; however, the large ESD protection device has too large parasitic
capacitance to be tolerable for the high-frequency ICs. As shown in Figure 2(a), the
parasitic capacitances seen at the input and output (I/0) pads cause signal loss to
ground. The parasitic capacitances come from not only the ESD protection circuits but
also the pads and the metal connections [13, 14]. If the parasitic capacitance increases,
the signal loss dramatically increases at high frequency, as shown in Figure 2(b). To
mitigate the performance degradation caused by the parasitic capacitance, the ESD
protection circuit must carefully design. For example, a typical specification for the
parasitic capacitance of input terminal of a gigahertz IC is 200£F [15].

3. ESD protection strategy

At an I/0 pad of IC, it may be stressed by positive or negative ESD with
grounded Vpp or Vss. A whole-chip ESD protection design must provide the ESD
current paths of all possible combinations, including the positive 1/0-to-Vpp (PD),
positive I/O-to-Vsg (PS), negative I/O-to-Vpp (ND), and negative 1/0-to-Vsg (NS)
[16]. Since the common ESD protection devices in CMOS technologies include
diode, MOSFET, and silicon controlled rectifier (SCR), they are used to implement
the ESD protection circuits [17]. To achieve the whole-chip ESD protection, three
types of ESD protection schemes are introduced in this chapter.

Type I ESD protection circuit uses one bidirectional ESD protection device
between I/0 pad and Vg and one bidirectional power-rail ESD clamp circuit between
Vpp and Vgg, as shown in Figure 3(a). The bidirectional ESD protection device could
be an NMOS or SCR device. Both PS and NS ESD currents can be discharged through
the ESD protection device. Besides, PD and ND ESD currents can be discharged
through the ESD protection device and the power-rail ESD clamp circuit.

Type II ESD protection circuit uses two unidirectional ESD protection devices
from I/0 pad to Vpp and from Vgg to I/O pad, respectively, and one bidirectional
power-rail ESD clamp circuit between Vpp and Vg, as shown in Figure 3(b). The
unidirectional ESD protection device was a diode. Both PD and NS ESD currents
can be discharged through one unidirectional ESD protection device. For the PS and
ND ESD currents, they can be discharged through one ESD protection device and
the power-rail ESD clamp circuit.

Type III ESD protection circuit uses a two-branched ESD protection device and
an unidirectional ESD protection device between I/0 pad and Vsg and one bidirec-
tional power-rail ESD clamp circuit between Vpp and Vgs, as shown in Figure 3(c).
The two-branched ESD protection device was usually an SCR device. The PS and
PD ESD currents can be discharged through the two-branched ESD protection
device, and NS and ND ESD currents can be discharged through the unidirectional
ESD protection device and the power-rail ESD clamp circuit.

11
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Figure 3.
ESD protection schemes: (a) type I, (b) type II, and (c) type IIL.

All the ESD protection devices at I/O pad should be shrunk to lower the parasitic
capacitance, while the power-rail ESD clamp circuit could be as large as possible.
The large-sized power-rail ESD clamp circuit can help to reduce R,,, during ESD
current discharging, but it will not cause the parasitic capacitance to the I/O pad.

4. ESD protection circuit design: Type I

A common ESD protection circuit used in CMOS technology is the grounded-
gate NMOS (GGNMOS), as shown in Figure 4(a) [18, 19]. In this ESD protection
circuit, the NMOS’s gate is grounded to keep it off during normal circuit operation.

Veo
2 =
b 3
5 o Internal
% B Pad Cirguit
]
u I_I
Vs P-Substrate
(a) (c)

Figure 4.

(a) ESD protection circuit with GGNMOS. Device cross-sectional view of (b) GGNMOS and (c) GGNMOS
with additional N-well.
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Figure 5.
TLP-measured I-V curve of a GGNMOS (W = 120 um) in 0.18 ym CMOS technology.

The GGNMOS turns on as the positive voltage excursions above the trigger voltage
(V). Figure 5 shows the positive I-V curve of a GGNMOS in 0.18 pm CMOS
technology, which is measured by a transmission-line-pulsing (TLP) system. The
TLP system with a 10 ns rise time and a 100 ns pulse width is used to investigate the
turn-on behavior and the I-V characteristics in high-current regions of the test
devices [20]. The trigger voltage (V.;), holding voltage (V},), and secondary break-
down current (I,) of test devices in the time domain of HBM ESD event can be
extracted from the TLP-measured I-V curves. This GGMOS triggers on at 5.6 V,
snapbacks to 4.0 V, and discharges ESD current until 1.1A. The GGNMOS with
the help of parasitic junction diode turns on as the I/O voltage excursions below
the Vgg voltage.

The GGNMOS is generally drawn in the multi-finger structure with central
drain to save total layout area [21]. Figure 4(b) shows the device cross-sectional
view of a single-finger GGNMOS. The multi-finger structure can be realized by
combining such single-finger structures with sharing drain and source regions
between every two adjacent fingers. For the high-frequency applications, the para-
sitic capacitance of GGNMOS has to be considered. For a given drain width (W,,)
and length (L,), the total capacitance of a GGNMOS (C,,) is given by the drain-
gate overlap capacitance (Cyperiap), the N+/P-well bottom junction capacitance
(C)), and the N+/P-well sidewall capacitance (Cj,), according to the
following equation:

cnzcaueriap XH':E+CIXWHXLN +stwxzx(m':i + L)

All the parasitic capacitance (Coperiap, Cjs and Cj,,) are given by the process.
Besides the drain width, the L, strongly affects the total capacitance. For high-
frequency applications, the L, needs to be optimized by reducing the contact rows,
the enclosure of contacts, and the extension of silicide [22, 23]. Also the extension of
silicide on drain side increases the ESD robustness of GGNMOS, it implies a larger
junction area and thus induces additional parasitic capacitance of the N+/P-well
bottom junction. Therefore, a trade-off between the ESD robustness and the para-
sitic capacitance has to be found. A possible solution to reduce the bottom capaci-
tance with the given L,, is to use an N-well implant below the N+ drain, as shown in
Figure 4(c). Most of the bottom N+/P-well capacitance is then replaced by an N-
well/P-well sidewall capacitance and N-well/P-substrate bottom capacitance.

Instead of GGNMOS, gate-coupled NMOS and substrate-coupled NMOS have
also been used as ESD protection circuit [24]. However, the parasitic capacitance of

13



Electrical Discharge - From Electrical breakdown in Micro-gaps to Nano-generators

MOS-based ESD protection device is usually too large to be tolerable for the high-
frequency circuits.

An alternative ESD protection device used in Type I ESD protection circuit is a
silicon controlled rectifier (SCR) [25]. The SCR device has been reported to be
useful for ESD protection in high-frequency circuits due to its higher ESD robust-
ness within a smaller layout area and lower parasitic capacitance [22]. Besides, the
SCR device can be safely used without latchup danger in advanced CMOS technol-
ogies with low supply voltage [26]. The equivalent circuit of the SCR consists of a
PNP BJT and an NPN BJT, as shown in Figure 6(a). As ESD zapping from I/O to
Vss, the positive-feedback regenerative mechanism of PNP and NPN results in the
SCR device highly conductive to make SCR very robust against ESD stresses. The
device structure of the SCR device is illustrated in Figure 6(b). The I/O pad is
connected to the first P+ and the pickup N+, which is formed in the N-well. The Vg
pad is connected to the second N+ and the pickup P+, which are formed in the
nearby P-well. The SCR path between I/O and Vgg consists of P+, N-well, P-well,
and N+. Besides, the parasitic diode path from Vgg to I/0O consists of P-well and N-
well. The SCR with the help of P-well/N-well junction diode turns on as the I/0
voltage excursions below the Vg voltage.

Figure 7 shows the TLP-measured positive I-V curve of an SCR in 0.18 pm
CMOS technology. This SCR triggers on at 16.7 V, snapbacks to 2.1 V, and
discharges ESD current until 9.5A. The main drawback of SCR device is the higher
trigger voltage and thus the slower turn-on speed. Research works have demon-
strated that separation of the N-well and P-well junction can play an important role.
The typical SCR device uses the shallow trench isolation (STI) to separate the N-
well and P-well. To reduce the trigger voltage of an SCR device, a gate-bounded
SCR has been reported, as shown in Figure 6(c) [27].

Voo
o .
i 2
E- o o Internal
T o =] Cli i
< E ad reuit
3]
50

Vss

(a)
o Ves o Vs

P-Well

N-Well P-Well

P-Substrate P-Substrate

(b) (c)

Figure 6.
(a) ESD protection circuit with SCR. Device cross-sectional view of (b) STI-bounded SCR and
(c) gate-bounded SCR.
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Figure 7.
TLP-measured I-V curve of an SCR (W = 120 um) in 0.18 ym CMOS technology.
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(a) ESD protection circuit with GGNMOS-triggered SCR and (b) device cross-sectional view of
GGNMOS-triggered SCR.

Another alternative method to reduce the trigger voltage of an SCR device uses
the substrate-triggered technique. The trigger signal can be sent into the base
terminal of PNP or NPN to enhance the turn-on speed. Some circuit design tech-
niques are reported to enhance the turn-on efficiency of SCR devices, such as the
gate-coupled, substrate-triggered, diode-triggered, and gate-grounded-NMOS-
triggered (GGNMOS-triggered) techniques [28-30]. Figure 8(a) shows the sche-
matic of a GGNMOS-triggered SCR device, and Figure 8(b) shows its device cross-
sectional view. The GGNMOS is connected between the second N+ in the N-well
and Vggs. The trigger current is drawn from the N-well (base of PNP) to Vg through
the GGNMOS. Similarly, the trigger device can be connected between I/0 pad and
the base and NPN, but the trigger device will also add the parasitic capacitance to
I/0. A diode string could also be used as the trigger device, and its parasitic
capacitance is lower than the GGNMOS.

Recently, an inductor-assisted diode-triggered SCR (LASCR) has been presented
to further reduce the parasitic capacitance [31]. As shown in Figure 9, the LASCR
consists of an SCR, an inductor, and a diode string. The ESD current path from I/O
to Vs consists of P+/N-well/P-well/N+ SCR. The diode string drawn the trigger
current from the N-well (base of PNP) to Vgg is used to enhance the turn-on
efficiency of SCR. As the I/0 voltage excursions below the Vg voltage, the ESD
current path consists of P-well/N-well diode and inductor.

Under normal circuit operating condition, the inductor can resonate with
the parasitic capacitance, and hence the signal loss can be compensated.
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Figure 9.

(a) ESD protection circuit with LASCR and (b) device cross-sectional view of LASCR.

Once the dimension of SCR has been chosen, the inductance (L) can be designed to
minimize the high-frequency performance degradation by using the
following equation:

1
" Cpa/N-wen X (21f,)?

L

where Cp, /n_wen is the parasitic capacitance of P+/N-well junction, and f, is the
operating frequency. For example, the dimension of SCR is selected to be 30 pm,
and the Cp, v yen in @ 0.18 pm CMOS process is ~60fF around 30GHz. Therefore,
the required L for 30GHz applications is 460pH.

Figure 10(a) shows the TLP-measured I-V curves of LASCR with 3 and 5 diodes
in diode string (LASCR_3D and LASCR_5D) in a 0.18 pm CMOS process. The
LASCR_3D triggers on at 5.2 V, snapbacks to 2.9 V, and discharges ESD current
until 2.4A, while LASCR_5D triggers on at 7.6 V, snapbacks to 2.9 V, and discharges
ESD current until 2.1A. The trigger voltage can be adjusted by adding or reducing
the diode numbers. The holding voltage of both LASCR devices exceed Vpp (1.8 V
in the given CMOS process), which is safe from latchup event.

The signal losses of both LASCR devices are measured through the on-wafer
two-port measurement. The measured loss versus frequencies of both LASCR
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Figure 10.

(a) TLP-measured I-V curves and (b) loss of LASCR (W = 30 um) with 3 and 5 trigger diodes in 0.18 um
CMOS technology.
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devices is shown in Figure 10(b). The LASCR devices exhibit sufficiently low loss
even if the frequency is up to 30GHz. Therefore, LASCR can be a good solution for
ESD protection of high-speed applications.

5. ESD protection circuit design: Type II

Diode is a typical ESD protection device with unidirectional discharging path
[32, 33]. A dual-diode ESD protection circuit for high-frequency applications is
shown in Figure 11(a), where two ESD diodes at I/O pad are cooperated with the
turn-on efficient power-rail ESD clamp circuit to discharge ESD current in the
forward-biased condition [13, 34].

In the CMOS process, the choice for ESD protection diodes includes P+/N-
well, N+/P-well, and N-well/P-well diodes. The P+/N-well diode, as shown in
Figure 11(b), is used between I/O pad and Vpp. For the N-well/P-well diode, it may
occupy larger layout area than the N+/P-well diode. Thus, the N+/P-well diode, as
shown in Figure 11(c), is used between Vgg and I/O pad.

The typical diodes use the STT to separate the PN junctions. Besides the
STI-bounded diodes, the gate-bounded diodes have been reported, as shown in
Figure 11(d) and (e). The gate-bounded diodes were introduced by Voldman
in order to improve the ESD robustness of STI bounded diodes [35].

In order to reduce the parasitic capacitance or provide the large signal-swing
tolerance, the ESD protection diodes in stacked configuration have been presented
[36, 37], as shown in Figure 12(a). The device cross-sectional views of the conven-
tional stacked diodes are shown in Figure 12(b) and (c). Two P+/N-well diodes
(stacked P diodes) can apply to I/O-to-Vpp, and two N+/P-well diodes (stacked N
diodes) can apply to Vss-to-1/0, as shown in Figure 12(b) and (c), respectively.
With the stacked diodes, the junction capacitances are connected in series, and the
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Power-Rail ESD
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G O
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Figure 11.

(a) ESD protection circuit with diodes. Device cross-sectional view of (b) STI-bounded P+/N-well diode,
(¢) STI-bounded N+/P-well diode, (d) gate-bounded P+/N-well diode, and (e) gate-bounded
N+/P-well diode.
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Figure 12.

ESD protection circuit with stacked diodes. (a) ESD protection circuit with stacked diodes. Device
cross-sectional view of (b) stacked P+/N-well diode and (c) stacked N+/P-well diode.

overall parasitic capacitance becomes smaller. However, the stacked configuration
is adverse to ESD protection because the overall turn-on resistance and the
clamping voltage of the stacked diodes during ESD stresses are increased as well.

For effective ESD protection, the stacked diodes with embedded SCR (SDSCR)
have been presented [38, 39]. The SCR device has been reported to be useful for
ESD protection with low turn-on resistance, low parasitic effects, and high ESD
robustness. The stacked diodes with embedded SCR are illustrated in Figure 13. In
this design, a P+/N-well diode and an N+/P-well diode are stacked, and a P+/N-
well/P-well/N+ SCR is embedded to form the ESD current path. A deep N-well
structure is used to isolate the P-well region from the common P-substrate, so the
SDSCR can apply to I/O-to-Vpp or Vgs-to-1/0. In the beginning of ESD stress, the
initial current will be discharged through the stacked diodes, and then the primary
current will be discharged through the embedded SCR. The stacked diodes also play
the role of trigger circuit of SCR, because the current drawn from N-well and
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Figure 13.

(a) ESD protection circuit with SDSCR and (b) device cross-sectional view of SDSCR.
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Figure 14.
TLP-measured I-V curves of Dp, SDp, and SDSCR (W = 20 um) in 0.18 uym CMOS technology.
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(a) ESD protection circuit with RTSCR. (b) device cross-sectional view and (c) simplified model of RTSCR.

injected into P-well can also trigger the PNP and the NPN of SCR. Figure 14 shows
the TLP-measured I-V curves of P+/N-well diode (Dp), stacked P+/N-well diodes
(SDp), and stacked diodes with embedded SCR (SDSCR) in a 0.18 pm CMOS
process. We can find that turn-on resistance or the clamping voltage of single diode
is much lower than that of the stacked diodes. The embedded SCR can help to
slightly reduce the turn-on resistance and the clamping voltage of the stacked
diodes. In fact, some layout skills can be used to further improve the turn-on
efficient of the stacked diodes with embedded SCR [40].

Recently, a similar structure of the stacked diodes with embedded SCR, where a
resistor uses to separate two diodes, has been reported [41]. The resistor acts as the
trigger element of SCR, so the device is named resistor-triggered SCR (RTSCR).
Figure 15(a) and (b) shows the schematic and the device cross-sectional view of
RTSCR. The resistor can also reduce the parasitic capacitance of the ESD protection
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circuit. Considering the simplified SCR model by using junction capacitances, as
shown in Figure 15(c), the equivalent capacitance seen at anode or cathode of
RTSCR can be calculated by the following equation:

1
Im } T } 1 . T
C . Im(YRTSCR) . JoCp/N-Well $+ijP7Well/N7Well(Deep N—well) JCP—Well/N+
RTSCR — -
w w

where Ygrscr denotes the admittance of the RTSCR, Ry is the resistance, and
Cp./N-well> Cp-weit/N-weli(Deep N-weity a0d Cp_wei/n. denote the junction capacitances.
To simplify the above equation, the junction capacitance is rewritten to Cj, and then
the parasitic capacitance of the RTSCR can be expressed by the following equation:

2 2
2 _oRG
c m 1 Cr + 1+w?R72C* C]
RTSCR = = ~
&t e 2 oG NI oy )P 24307ReC)
7 wRT ] C] 1+a}2RT2C]2 1+(112RTZC]2

It can be noted that the parasitic capacitance of the RTSCR can be reduced by
adding the resistor. Generally, the capacitance reduction of RTSCR can be up to
30%. Therefore, the ESD protection circuit with dual RTSCRs can be used for high-
frequency applications.

6. ESD protection circuit design: Type III

Figure 16(a) shows another SCR-based ESD protection circuit [13]. The typical
SCR device in CMOS process consists of P+, N-well, P-well, and N+. Instead of
connecting the N-well to I/O pad, connecting the N-well to Vpp avoids the parasitic
capacitance or noise coupling from P-substrate or P-well to N-well and I/0 [42]. As
shown in Figure 16(b), the I/O pad is connected to the first P+, which is formed in
the N-well. The pickup N+ in the N-well is biased to Vpp. The Vg pad is connected
to the second N+ and the pickup P+, which are formed in the nearby P-well. The
SCR path between I/0 and Vg consists of P+, N-well, P-well, and N+. Besides, the
parasitic diode path from I/O to Vpp consists of P+ and N-well. In this structure, the
PS and the PD ESD currents can be discharged through the SCR path and its
parasitic diode path. The NS and the ND ESD currents need reverse diode and
power-rail ESD clamp circuit to form their discharging paths.
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Figure 16.
(a) ESD protection circuit with SCR and diode and (b) device cross-sectional view of SCR and diode.
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Figure 17.

ESD protection circuit with LTSCR and reverse diode. (a) ESD protection circuit with LTSCR and reverse
diode and (b) device cross-sectional view of LTSCR and reverse diode.

The SCR device in this ESD protection circuit still has the drawbacks of higher
trigger voltage and the slower turn-on speed. The circuit design techniques, includ-
ing the gate-coupled, substrate-triggered, diode-triggered, and GGNMOS-triggered
techniques can be used to enhance the turn-on efficiency of SCR device. Of course,
the capacitive triggering device increases the total parasitic capacitance seen at the
/O pad, even if the triggering device is not directly connected to I/O. Recently, an
SCR device with inductive triggering device has been presented [43]. That
inductor-triggered SCR (LTSCR) is proposed for ESD protection of high-frequency
applications to achieve low high-frequency performance degradation, low trigger
voltage, and high ESD robustness. In this design, the inductor provides a current
path to trigger the SCR device, and it can also compensate the parasitic capacitance
of ESD protection devices.

Figure 17(a) shows the ESD protection circuit with an LTSCR and a reverse
diode. This design consists of an SCR device and a reverse diode as the main ESD
current path, and an inductor (Lyg), a MOS transistor (My;g), and an RC-based
ESD detection circuit as the trigger circuit. The initial-on PMOS transistor is
selected for My to quickly pass the trigger current to SCR device [44]. The positive
and negative ESD current discharging paths for the I/O pad are provided by the SCR
and the reverse diode. Figure 17(b) shows the device cross-sectional view of
inductor-triggered SCR. Under ESD stress conditions, the inductor and PMOS are
used to provide the trigger path between the I/O pad and the base of NPN of the
SCR device. When the trigger current is sent into the base of NPN of the SCR
device, the SCR device can be quickly triggered on to discharge the ESD current
from the I/0 pad to Vss. The ESD detection circuit usually uses RC timer to distin-
guish the ESD-stress conditions from the normal circuit operating conditions, and
the PMOS transistor is well controlled to turn on or off by the ESD detection circuit.
Under normal circuit operating conditions, the inductor can compensate the para-
sitic capacitance of SCR and diode.

In this circuit, the dimensions of the inductor (L), PMOS transistor (M,,;),
SCR device, and reverse diode can be designed to minimize the high-frequency
performance degradation. Since the capacitor used in power-rail ESD clamp circuit
is large enough to keep the node between R and C at AC ground under normal
circuit operating conditions, the impedance of the trigger path (Z;,;,) seen at the I/O
pad to ground can be calculated as:

1 1
Zirig ¥ WLy + ———— = jo | Lyyiy —
trig ~ ] @. tg—’_]wcmg ]w< trig )

Cl)2 Ctrzg
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where C,,,, is the sum of gate-to-source, gate-to-body, and drain-to-body capac-
itances of the PMOS. The resonance angular frequency (w,) can be obtained by

1

\/ (Lm'g - m) Cesp

where w, is designed to be the operating frequency, and Cggp is the parasitic
capacitance contributed by the SCR and diode. The sizes of SCR and diode depend
on the required ESD robustness, while the size of M,,,, transistor depends on the
required trigger current. Once the sizes of M,,;, transistor, SCR, and diode have
been chosen, the required inductance (L;;,) can be determined.

Wo =

7. Conclusion

A comprehensive review in the field of ESD protection design for high-
frequency integrated circuits is presented in this chapter. Besides improving the
ESD robustness, the parasitic effects from ESD protection devices must be mini-
mized or canceled to optimize the high-frequency performance simultaneously.
Furthermore, the ESD protection circuits and high-frequency circuits can be co-
designed to achieve both good circuit performance and high ESD robustness. The
on-chip ESD protection designs for high-frequency circuits will be continuously an
important design task in CMOS technology.
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Chapter 3

Electrical Breakdown Behaviors in
Microgaps

Guodong Meng and Yonghong Cheng

Abstract

The study of electrical breakdown behaviors in microgaps has drawn intensive
attention around the world due to the miniaturization of electronic devices that
allows electronic circuits to be packaged more densely, making possible compact
computers, advanced radar and navigation systems, and other devices that use very
large numbers of components. Therefore, a clear understanding of the electrical
breakdown behaviors in microgaps is required to avoid the dielectric breakdown or
to trigger the breakdown at microscale. This chapter introduces the significance of
understanding breakdown characterization and reliability assessment for electro-
statically actuated devices, magnetic recording devices, photomasks, RF MEMS
switches, and micromachines and points out the derivation of the classical Paschen’s
law at microscale. Then it summarizes the state-of-the-art research work on the
methodology, influencing factors, dynamics, and physical mechanisms of electrical
breakdown in microgaps, which is expected to expand the general knowledge of
electrical breakdown to the microscale regime or more and benefits the reliability
assessment and ESD protection of microscale and nanoscale devices.

Keywords: electrical breakdown behaviors, microscale, Townsend avalanche,
field emission, influencing factors, dynamics, physical mechanism

1. Introduction
1.1 Background and motivation

Device miniaturization has revolutionized electronics, allowing denser packag-
ing of electronic circuits to make possible compact computers, advanced radar and
navigation systems, and other devices that use very large numbers of components
[1]. In practical applications, micro-electromechanical systems (MEMSs), like
micromachines and micro-mirror arrays, function by electrostatic actuation
[2, 3], while the electronic devices, like photomasks [4, 5] and magnetoresistive
(MR), giant magnetoresistive (GMR), and tunneling magnetoresistive (TMR)
devices used in the magnetic recording industry [6-8], are at risk of accumulating
static charges and the consequent threats of electrostatic discharge (ESD); both
the microdevices and microstructures are associated with a strong electric field
strength within microgaps [9]. For instance, the high operating voltages required
for RF MEMS switches [10-13], micro-motors [14, 15] and micro-mirror [16, 17]
can create sparking or breakdown across microgap structures due to electrical
overstress (EOS) that may damage or destroy sensitive equipment, especially
when the devices are subjected to a complex electromagnetic environment [7, 18].
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Besides, the photomasks, which are used in front-end semiconductor photolithog-
raphy processing to project a desired pattern onto the wafer surface, could become
charged and a spark can occur either due to the real charge on the chrome guard
ring or the induced charge caused by fields from surface charge on the quartz

[4, 19]. Meanwhile, multiple applications in combustion, chemistry, biology, and
medicine require the intentional creation of microplasmas or microdischarges

[20, 21]. For instance, various microelectric propulsion systems have been pro-
posed for ultra-small satellites, including Hall thrusters or pulsed plasma thrusters
[22-25], which utilize microdischarges. As the devices are getting smaller from
microscale to nanoscale and even molecular scale, the reliability assessment and
underlying physics about the static charge and ESD events draw increasing atten-
tions from both academics and industry [26-28]. Hence, predicting dielectric break-
down thresholds and figuring out the physical mechanism of microgap structures
are critical to avoid undesired discharge or improve the microplasma performance,
which would be of great interest to the microelectronic and plasma communities.

1.2 Derivation from the classical Paschen’s law

The gas breakdown phenomenon was recognized ever since the creation of
human beings thousands of years ago, but firstly systematically investigated by
German physicist Paschen in 1889 [29]. Through conducting a series of electrical
discharge experiments, Paschen established the widely used Paschen’s law, which
described the relationship between the breakdown voltage V4 and the product of
the pressure p and gap length d. Since then, Paschen’s law has been employed for
predicting breakdown thresholds and insulation performance of power equipment,
electronic devices, etc.

Generally, Paschen’s law could be explained by the Townsend avalanche mecha-
nism, which considers that the electrons collide and ionize with neutral particles
(o process) and positive ions bombard the cathode and generate secondary elec-
trons (y process), which are the primary processes during the discharge. Paschen’s
law could be described by the equation

B Bpd
" In(Apd) - In(In(1 + 1/7))

Upa 1

where Uyq is the breakdown voltage, 4 is the gap separation, p is the gas pressure,
y is the secondary electron emission coefficient, and A and B are constants deter-
mined by the gap type.

While the classical Paschen curve has a right branch with the breakdown voltage
decreasing as pd decreases, a characteristic minimum, and a left branch with the
breakdown voltage increasing as pd decreases, research has shown that the left
branch continues to decrease nearly linearly with d, that is, in microscale gaps, pd
scaling fails. Early experiments noted that reducing gap sizes to microscale at atmo-
spheric pressure led to deviations in the traditional breakdown mechanism driven
by Townsend avalanche and represented mathematically by Paschen’s law (PL)
[30]. Departing from the traditional PL, the breakdown voltage would undergo a
plateau when the gap width is smaller than ~10 pm and then continue to decrease
with the gap width. The gap widths for the transition processes vary with the
experimental conditions, such as electrode materials, electrode geometry, applied
voltage waveform, gap pressures, etc.

Since the derivation of Paschen’s law in the microscale regime was discovered
in 1950s, a large number of research work has been dedicated to modification of
the classical Paschen’s law, from experimental investigation [31, 32] to numerical
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simulation [33, 34], from atmosphere environment [35] to vacuum [36, 37]. Torres
et al. and Slade et al. carried out a series of experimental investigations on microgap
breakdown in air and vacuum, respectively. They both found out the plateau stage
in the modified Paschen’s law and the transition point of gap widths was 4 pm.
Besides the numerical simulation, analytic and theoretical calculations have been
also carried out. Go [38], Klas [39, 40], Buendia [41], and Loveless [42] calculated
the breakdown thresholds at microscale coupling with field emission and Townsend
avalanche, considering the ion-enhance field emission, where the electron collision
ionization coefficient o and the secondary electron emission coefficient y dictate
the breakdown process, where the secondary electron emission coefficient y would
be enhanced by the space charge accumulation and the cathode charge production
through secondary emission. Therefore, the investigation of electrical breakdown
behaviors at microscale, including the methodology, fundamental properties,
influencing factors, and physical mechanisms, is urgently demanded, which is of
critical importance not only for the plasma physics community but also for micro-/
nanoelectronic industries.

1.3 The main chapter content

This chapter summarizes the state-of-the-art methodologies, influencing fac-
tors, dynamics, and physical mechanisms of the electrical breakdown in microscale
based on the research work in the last two decades.

Section 2 summarizes the methodology for investigating the electrical break-
down in microgaps. Section 3 summarizes the influencing factors of the electrical
breakdown in microgaps. Section 4 and 5 summarize the dynamic process and
physical mechanism of the electrical breakdown in microgaps. Summary and
outlook are provided in Section 6.

2. Methodology

Different from the routine gas breakdown experiments in large gaps (>0.1 mm),
the electrical breakdown experiments in microgaps (<0.1 mm) require a much bet-
ter spatial resolution in terms of both observation and gap adjustment. Accordingly,
the methodology is very diverse, including the macro electrode structure prepared
by the mechanical technique, the planar electrode structure and MEMS device
structure prepared by the microfabrication technique, and the microelectrode
structure prepared by the electrochemical etching technique. Moreover, the in-situ
electro-optical measurement technique has also been proposed for exploring the
breakdown dynamic process at microscale. In this chapter, various experimental
methods are discussed and summarized.

2.1 The macroelectrode structure

At the initial stage, the study was basically conducted with the macroelectrode
structure and experimental setup similar to that at macroscale. Figure 1a shows
the schematic diagram of a typical macro electrode-based experimental setup and
(b) shows the picture of a spherical electrode-based experimental setup used in the
literature. The electrode size is in the order of millimeters in radius, which could
be fabricated by mechanical machining. One electrode is fixed with the base (also
known as static electrode) and the other is movable with the screw micrometer or
stepping motor (also known as movable electrode). Both electrodes are required to
be aligned on a straight line to ensure the consistence of the discharge experiments.
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Figure 1.

(a) Schematic diagram of macroelectrode-based experimental setup. The gap distance is controlled
and adjusted by the screw micrometer or stepping motor [43]; (b) the picture of two spherical electrode
experimental setup for vacuum breakdown test [44].

Therefore, the gap distance could be controlled by adjusting the screw micrometer
or stepping motor, with an accuracy of 2 pm. Therefore, this method applies for the
electrical breakdown in microgaps ranging from 5 to 500 pm.

2.2 The planar electrode structure

The emerging of microelectronic devices drew intensive attention to the
electrical reliability issues, and thus, the planar electrode structure was pro-
posed. Through the standard fabrication process, such as oxidation, lithography,
deposition, etching, etc., the planar metal electrode (aluminum, copper, gold,
and platinum) is patterned on the silicon dioxide/silicon substrate with a thick-
ness of several hundreds of nanometers and a gap distance ranging from several
nanometers to micrometers.

(a) shows the typical planar electrode-based experimental setup. The semi-
circular type electrode pattern was fabricated on the substrates and the electrical
breakdown experiments could be conducted between microgaps. In addition, the
suspended planar electrode was also proposed by sacrificing layer process as shown
in Figure 2b, in which electrical breakdown properties of MEMS devices (such as
MEMS switches and MEMS motors) could be investigated. Therefore, this method is
dedicated to the study of device reliability issues with typical and simple structures.

2.3 The MEMS device structure

Apart from the typical simplified electrode structures above, lots of research
work has also focused on the breakdown characterization and reliability assessment
of real device structures under ESD impact, especially for those devices that require
electrostatic actuation (i.e., RF MEMS switch, micro-motor, and micro-mirror)
or are very susceptible to static charge accumulation (i.e., photomask). Figure 3
shows the pictures of different RE MEMS devices for ESD impact testing, which
are gold-based capacitive (a) and ohmic (b-d) RF-MEMS switches with vertical
air-gap structure from 1.0 to 4.5 pm and lateral air-gap structure of 6.7 pm. For this

32



Electrical Breakdown Behaviors in Microgaps
DOI: http://dx.doi.org/10.5772/intechopen.86915

10um

{3} (bl

Figure 2.
Schematic diagram of planar electrode-based experimental setup: (a) semicircular type electrode [45] and
(b) suspended semicircular type electrode [46].

(a) (c)

Figure 3.
Tested devices were gold-based (a) capacitive and (b-d) ohmic RF-MEMS switches [10].

configuration, the breakdown may occur across the micron air gaps of RF MEMS
switches and result in permanent physical damage on the devices.

Figure 4a shows the SEM image of a torsional ratcheting actuator (TRA) in
which the ratchet gear and curved comb fingers are used for electrostatic actuation
and (b) shows the optical image of metal-air-metal device on reticle with 4 pm gap,

(b}

Figure 4.

(a) SEM image of a torsional vatcheting actuator (TRA). The inset shows an enlarged view of the ratchet gear
and curved comb fingers used for electrostatic actuation [15]; (b) optical image of metal-air-metal device on
reticle with 4 ym gap [7].
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which has been developed to check the ESD threat to reticles in a photolithography
bay. For this configuration, the breakdown may occur across the surface of the air-
gap structure and result in permanent physical damage on the devices.

2.4 The microelectrode structure

While the planar electrode and MEMS device structure are employed to explore
the electrical reliability of microelectronic devices, the intrinsic properties of
electrical breakdown in microgaps require microelectrodes with precisely control-
lable morphology and geometry, which were proposed and fabricated by combining
the electrochemical etching and Joule melting method [47]. Figure 5 shows the
microelectrode structure-based experimental setup, of which the hemisphere
electrodes were made of tungsten, and the radius of the electrodes ranged from
50 nm to 200 pm. The hemisphere electrodes have a regular and contaminant-free
surface. The three-dimensional piezoelectric displacement could align the electrode
pair with the aid of an optical microscope, allowing precise gap adjustment from 1
to 25 pm with an uncertainty of +100 nm.

2.5 The in-situ electro-optical experimental setup

Basically, the fundamental properties and influencing factors of the electrical
breakdown in microgaps could be obtained by measuring the electrical parameters;
however, to further understand the dynamics and physical mechanism, additional
physical parameters during the breakdown are required. Monitoring the optical
properties of the breakdown dynamic process is the primary way, which may
need to satisfy two requirements simultaneously: (1) how to observe the break-
down channel at microscale and (2) how to capture the breakdown appearance in
nanoseconds.

Figure 6 shows the electro-optical measurement setup that can simultaneously
fulfill these requirements. The system consists of a nanosecond pulse generation
unit, a synchronous and delay triggering unit, an in-situ optical imaging unit, and
an electrical parameter measurement unit. The nanosecond pulse generation unit
can provide amplitude-adjustable pulses up to 5 kV. The synchronous and delay
triggering unit is achieved by a dual-channel function signal generator which can
adjust the relative time delay between the two TTL triggering signals and ensure
the synchronism of the test. The in-situ optical imaging unit integrates the optical
microscope for micron-scale spatial resolution (1 pm) and the high-speed gated
ICCD camera for nanosecond-scale temporal resolution (2 ns). The breakdown
current and voltage are measured by a current coil (1 A/V) and a voltage attenuator
(100:1), and then recorded by a digital oscilloscope. This system allows temporal

ib) ic)

Figures.
Schematic diagram of sphere-to-sphere microelectrode-based experimental setup: (a) 10x, (b) 50x, and
(c) 1000x magnification [48].
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Figure 6.
Schematic diagram of in-situ electro-optical measurement system [48, 49].

and spatial-resolved optical measurement and images the discharge appearance of
pulse breakdown across microgaps, which will be a promising method to further
explore the underlying principle of gas breakdown at microscale and evaluate the
insulation performance in micro-/nanoelectronics.

3. Influencing factors of electrical breakdown in microgaps

As the gap size decreases, the classical Paschen’s law demonstrates a significant
derivation at microscale which implies the different physical mechanisms from
Townsend avalanche breakdown. Since a lot of influencing factors could affect
the electrical breakdown, this section gives some of the influencing factors such as
the gap widths, the atmospheric pressures, and the applied voltages. These results
determine quantitative relationships between the breakdown and the factors, and
thus provide an overall picture of the electrical breakdown in microgaps.

3.1 The effect of the gap widths

Figure 7 shows the breakdown thresholds as a function of gap width in atmo-
spheric air (101 kPa) at room temperature (298.15 K). The electrode configuration
is hemisphere-hemisphere with gap widths from 1 to 25 pm. For gap widths <5 pm,
the breakdown voltage decreases with decreasing gap width. For gap widths
between 5 and 10 pm, the breakdown voltages almost remain constant at about
490V regardless of the gap width, demonstrating a “plateau” stage. Although
numerous microscale breakdown studies have noted this plateau [50], a strong
hypothesis has not yet been developed. For gap widths larger than 10 pm, break-
down voltage increases dramatically with increasing gap width, indicating the
increasing importance of Townsend avalanche. It can be noted that the breakdown
voltage is 386 V when the gap width is 1 pm and the breakdown voltage is 842 V
when the gap width is 25 pm. As the gap width shrinks to several micrometers, the
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number of gas molecules inside the gap would be not enough for impact ionization,
thus higher field strength is demanded for electron avalanche. When the gap width
is reduced to <5 pm, the electric field strength is calculated to be ~108 V/m, which

has reached the threshold of field electron emission from the electrode surface. The
obvious transition in the curves can be noticed and the cathode field emission plays

a dominant role in the generation of free electrons.

3.2 The effect of applied voltages

Figure 8 shows the breakdown thresholds as a function of applied voltages in

atmospheric air (760 Torr) and room temperature (298.15 K), the electrode configu-
ration is hemisphere-hemisphere type with various gap widths from 1 to 25 pm, and

Breakdown voltage(V)

Figure 8.

Breakdown thresholds as a function of gap widths under nanosecond pulsed voltage and DC voltage.
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the error bars in all these figures show the standard deviation above and below the
mean value of measurement. The results of pulsed breakdown [51] and DC break-
down [32] are plotted for comparisons. Generally, the nanosecond pulsed break-
down thresholds are at least two or three times higher than DC breakdown [52];
however, an interesting phenomenon can be observed from Figure 8 when the gap
width is scaled down to 15 pm. It can be seen that, overall, Actually, a lot of numeri-
cal under nanosecond pulsed voltage (blue solid square) shows a similar trend and
amplitude to those under DC voltage (black solid square). For a 15-pm gap, the
pulsed breakdown voltage is 639 V while the DC breakdown voltage is 571 V. For a
5-pm gap, the pulsed breakdown voltage is 450 V while the DC breakdown voltage is
499 V. More specifically, it can be noted that there is also a “plateau” stage between 5
and 10 pm, with a constant breakdown voltage of about 490 V, which is considered
to be the transition region from Townsend avalanche to ion-enhanced field emission.

When the gap width is <5 pm, the breakdown voltage decreases with the
decrease of gap width, demonstrating a good consistence with the DC break-
down voltage (Upuised = 432 V = Upc = 435 V for the 3-pym gap). Meanwhile, the
pulsed breakdown voltage is found to have a power law dependence on the gap
width through conducting the fitting analysis: U = 396 x b*'*, where U is the
breakdown voltage in Volt, b is the gap width in micrometer and the Adj. R-Square
is 0.99195. That is in good agreement with the vacuum breakdown behaviors pro-
posed by Staprans in 1966 [53, 54], implying that while the gap width is reduced
to 5 um, the pulsed breakdown in air might be similar to the vacuum breakdown.
So as the gap width shrinks to several micrometers, the number of gas molecules
inside the gap would be not enough for the collision ionization, and thus, higher
field strength is demanded for electron avalanche. When the gap width is reduced
to <5 pm, the electric field strength is calculated to be 108 V/m, which has reached
the threshold of field electron emission from the electrode surface. The obvious
transition in the curves can be noticed and the cathode field emission is believed
to play a dominant role in the generation of free electrons.

However, as the gap width continues to increase from 15 pm, it is noteworthy
that pulsed breakdown demonstrates larger thresholds, and furthermore exhibits
a linear increase with a positive slope of 21.5 compared to the positive slope of 8.4
for the DC breakdown voltages, which indicates that the duration of applied voltage
determines the amplitude of breakdown voltage [55], that is, the breakdown under
the nanosecond pulse would be much more difficult to breakdown than the DC
voltage, and thus, it could be expected to become two or three times larger than the
DC breakdown values as mentioned above.

3.3 The effect of atmospheric pressures

Figure 9 shows the breakdown thresholds as a function of atmospheric pressures
[56], the squares represent the breakdown thresholds at a pressure of 760 Torr,
the circles represent the breakdown thresholds at a pressure of 375 Torr, and the
triangles represent the breakdown thresholds at a pressure of 23 Torr. The electrode
configuration is hemisphere-hemisphere type with various gap widths from 1 to
25 pm. Apparently, the curves demonstrate a similar trend; however, the breakdown
voltages are almost the same when the gap width is <5 pm. Considering an electron
as the gas molecule, the mean free path of an electron /, can be derived from the
following equation.

fo= —2 @)
n(%5%) v
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Figure 9.
Breakdown voltages as a function of gas pressure at different pressures.

where Kj is the Boltzmann constant (1.38 x 102 J/K), T is the ambient
temperature in Kelvins, d,, is the atom or molecular diameter in meter, d. is the
electron diameter in meter, and p is the atmospheric pressure in Pascal. Since d
is 5.62 x 10~ m which is <1/1000 of the proton diameter, the collision between
electrons could be neglected, so the mean free path of an electron could be defined
to be the average distance the electron travels between successive collisions with the

-

. Kp-T 1 .
gas atom or molecule, that is, 4 = n(zm)z,p , which is inversely proportional to the square
2

of the gas molecule diameter [57]. According to Eq. (2), when the gas pressure is
760, 375, and 23 Torr, the mean free path of an electron in air is calculated to be
539 nm, 1.1 pm, and 18 pm, respectively, which are either much smaller or compa-

rable with the gap length (5 pm), so the moving electrons can seldom collide with
the gas molecules in the gap space and the number of collisions is so small that no
considerable electrons and ions could be produced, in other words, the gaseous gap
is almost equivalent to vacuum gap at this scale. As the gap width increases, suf-
ficient and more collision ionization can take place at 760 Torr than those at 23 and
375 Torr due to larger propagation distances (>5 pm), which result in the significant
difference between the breakdown thresholds. This implies that the role of gas
molecule density or atmospheric pressure inside the gap could be eliminated when
the gap width is <5 pm but will greatly affect the breakdown process in larger gaps.
However, it also demonstrates a different trend that the breakdown thresholds at
375 Torr are larger than those at 23 Torr, which will be further investigated in the
future study.

4. The dynamics of electrical breakdown in microgaps

Except for the fundamental properties of electrical breakdown in microgaps,
the breakdown evolution process was also investigated for further understanding
the dynamics properties, with the aid of the in-situ electro-optical measurement
system introduced in Section 2.5. This section provides the temporal evolution of gas
breakdown which exhibits various breakdown channel morphologies and transitions
dependent upon the gap width, and highlights the breakdown dynamics in microgaps.
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4.1 The breakdown paths

Figure 10 shows the breakdown morphology and discharge paths for various gap
widths ranging from 1 to 20 pm. The sphere-sphere electrodes are employed in the
atmospheric air environment, and the triggering time of the ICCD shutter is 10 ps
prior to the breakdown moment with an exposure time of 200 ms, which guarantees
that the entire breakdown process could be captured and recorded within one shot.
It can be seen from Figure 10a—c with a gap width of 20, 15, and 12 pm, that the
luminescence fills the entire gap and surroundings, in which an intense light chan-
nel can be clearly observed between the electrodes. Typically, the discharge plasma
would propagate along the shortest distance between the electrodes, and the spot
with maximum electric field strength is at the apex of the sphere electrodes, so
the straight line connecting the apexes is considered to be the shortest path for the
breakdown, which could be proved by the captured images. However, an interesting
phenomenon is observed in Figure 10d-f with a gap width of 9, 7, and 5 pm, that the
intense light channel does not follow the very straight line between the electrodes;
on the contrary, it initiates from the cathode apex and propagates along a curved line

d=15pm € d=12pm

i — il —
Twm Ipm

Figure 10.

Breakdown morphology at gap widths from 1 to 20 ym. (a—c) show the breakdown propagating along the

shortest path with luminescence filling the surrounding area, (d—f) show the voughly constant path lengths
regardless of gap width which is consistent with the plateau of breakdown voltage in this region, and (g—i)
indicate no obvious breakdown channel arising at these smallest gap distances [48].
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Figure 11.
The effective lengths of breakdown path for various gap widths [48].

to the neighbor region of the anode apex, which is a significant deviation from the
theoretical prediction. In Figure 10g-i with a gap width of 3, 2, and 1 pm, the entire
gap is full of luminescence and no obvious breakdown channel could be observed.
While a channel may arise for the 2 and 3 pm gaps, it is much fainter compared to
overall luminous intensity of the remainder of the diffuse discharge, unlike the
noticeably higher intensity channels that connect both electrodes at larger gaps [48].
Figure 11 shows the effective lengths of breakdown paths in different gaps accord-
ing to the breakdown channel images in Figure 10. It can be noteworthy that the curved
path in Figure 10d—f is almost the same (about 11.7 pm) regardless of the gap widths,
which is well consistent with the trend of the breakdown voltages in Figure 7 and
would be a very straight evidence to explain the “plateau” stage from 5 to 10 pm. That
is, the consistency between the plateau in breakdown voltage and the constant break-
down path length for gap widths ranging from 5 to 10 pm is critical for understanding
the transition in breakdown mechanism both experimentally and theoretically. It
implies that the extension of breakdown path provides more collision ionization and
electron avalanches for the breakdown which means that the ion-enhanced field emis-
sion must play an important role in breakdown rather than the Townsend avalanche
alone, thus resulting in the “plateau” stage. Therefore, this evidence directly shows the
transition from Townsend avalanche to ion-enhanced field emission, in which the field
emission begins to dominate over Townsend avalanche for gaps smaller than ~10 pm
and Townsend avalanche becomes continuously less important for smaller gaps, and
finally, the field emission will dominate the breakdown for gaps shorter than 5 pm [48].

5. The physical mechanism of electrical breakdown in microgaps

Based on the captured breakdown morphology across various microgaps, the
physical mechanisms could be summarized as follows:

a. When the gap width d is larger than 10 pm, the breakdown threshold is
expressed as a function of the product gas pressure p and gap width d, and the
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Figure 12.
The physical process unifying Townsend avalanche and field emission for microscale breakdown for
(a) d > 10 ym, (b) d = 5-10 um, and (c) d = 1-5 pum [48].

Townsend avalanche is considered to be the dominant mechanism. The break-
down demonstrates a clear electron avalanche plasma trajectory connecting the
cathode tip and the anode tip by a straight path, as shown in Figure 12a.

b.When the gap width d lies between 10 and 5 pm, Townsend avalanche still plays
arole in breakdown but the contribution of ion enhanced field emission becomes
more important. In this regime, a plateau can be observed indicating that the
breakdown thresholds almost remain invariant as the decease of the gap width,
which shows the transient from Townsend avalanche to the field emission pro-
cess. Although the gap length is not long enough for the collision ionization, the
initial electron avalanche is generated in the vicinity of the cathode and propa-
gates along a curved path following the electric field lines. This could extend the
effective propagation width and then may increase the collision ionization prob-
ability and frequency. The successive electron avalanches would be produced and
may ultimately contribute to inducing breakdown, as shown in Figure 12b.

c. When the gap width 4 is smaller than 5 pm, the breakdown threshold dem-
onstrates a linear relationship with the gap width. In this regime, a high
electric field (~10® V/m) would reduce the potential barrier of the cathode
and electrons would be emitted into the gap, so the initial electron avalanche
can be generated around the cathode tip. Since the electron mean free path is
comparable to the gap length, the emitted electrons would drift toward the
anode and collide with the anode directly, resulting in the heating and release
of anode and cathode materials due to the Nottingham effect. Then the thermal
electron emission would turn on and more electrons would be generated by
the combination of field emission and thermal emission. The outgas and atoms
would fill the gap, and finally breakdown would occur with a steep decline of
predicted voltage thresholds, which indicates that field emission is the domi-
nated mechanism for gap width <5 pm, as shown in Figure 12¢c.

6. Summary and outlook

This chapter provides a general review of the electrical breakdown in micro-
gaps, including the methodology, influencing factors, dynamics, and physical
mechanism. The breakdown thresholds in various conditions and the transition
from Townsend avalanche to field emission-driven breakdown were demonstrated,
which would be vital to the electrical breakdown theory at microscale. Meanwhile,
understanding the fundamental mechanism of gas breakdown at microscale will
have far reaching impact on practical devices due to the numerous applications that
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leverage microplasmas [21], including excimer lamps with emissions in the VUV
[58], ozone generators [59], arrays for flat panel light sources [60], nanoparticle
synthesis [61], medicine [62], environmental remediation [63], detectors [64, 65],
microthrusters [66], and combustion [67]. While a lot of numerical calculation
work devoted to this subject could be found in somewhere else, this chapter focuses
on the experimental investigations of breakdown behaviors in microgaps, which
helps to pave the way for insulation design and discharge applications at small
scales.

As the miniaturization trend of devices and equipment continues along with
the great demand in civil and military industries, the electrostatic sensitivity
increases accordingly, leading to a new failure mechanism [26]. When the physi-
cal size downscales to nanoscale and molecular scale, the quantum effect, space
charge effect, and other effects should be considered, and this will also require
novel experimental techniques that can obtain more physical parameters during the
breakdown process. Therefore, with advanced experimental techniques, more and
more explorations in breakdown behaviors at microscale, nanoscale, and molecular
scale will surely be carried out, and new physical mechanisms will be put forward
in the future.
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Chapter 4

Nanogenerators from Electrical
Discharge

Jie Wang, Di Liu, Linglin Zhou and Zhong Lin Wang

Abstract

Electrical discharge is generally considered as a negative effect in the electronic
industry and often causes electrostatic discharge (ESD) and thus failure of electronic
components and integrated circuits (IC). However, this effect was recently used to
develop a new energy-harvesting technology, direct-current triboelectric nanogenera-
tor (DC-TENG). In this chapter, its fundamental mechanism and the working modes
of the nanogenerator will be presented. They are different from the general alternat-
ing current TENG (AC-TENG) invented in 2012, which is based on triboelectrifica-
tion and electrostatic induction. Taking advantage of the electrostatic discharge, it
can not only promote the miniaturization trend of TENG and self-powered systems,
but also provide a paradigm shifting technique to in situ gain electrical energy.

Keywords: electrostatic discharge, mechanical energy harvesting, nanogenerators,
self-powered systems

1. Introduction

Static electricity is a documented phenomenon since the ancient Greek era of
2600 years ago [1-3]. At that time, people found that the amber through friction
can attract lightweight particles, attracting a lot of researchers to study the physi-
cal principle behind this interesting phenomenon. Triboelectrification (or contact
electrification), which refers to the charge transfer between two surfaces in contact,
is the principle behind natural phenomena such as the amber effect and lighting
[4-8]. Generally, two different materials will have net negative and positive charges,
respectively, after contact or by friction based on their capability of gaining and
losing electrons. The material which has strong capability of losing electrons will
easily be positively charged, and the other has the tendency to be negatively charged.
The presence of triboelectric charges on the surface of dielectric will build a strong
electric field. When two materials of different polarities are close to each other, a
charged material close to either a metal or ground, the electrostatic field between the
two materials may break down the air and finally form electrical discharge.

Electrostatic discharge is a ubiquitous phenomenon in our daily life which is a sud-
den flow of electricity between two charged materials caused by contact or dielectric
breakdown [9-13]. For instance, during dry winters, the body easily accumulates static
electricity, and it is very prone to discharge when it makes contact with conductors or
other people. Generally, electrical discharge is considered as a negative effect in the
electronic industry and often causes electrostatic discharge (ESD) failure of electronic
components and integrated circuits (IC). Intensive work has been dedicated to avoid-
ing ESD to protect electronic components and instruments’ safety [14-20].
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With the rapid development of science and technology, the structure of energy
demand has changed dramatically. Conventional ordered energy cannot fully
meet modern society’s demand of a clean and sustainable power source with the
increasing demand of wearable electronics and Internet of Things (IoTs). We need
“disordered energy” to meet the remaining energy demand of electronics, which
are widely distributed, possibly moved and large quantity [21]. At present, most
electronic devices are powered by batteries and/or local power generators. However,
a battery has limited life cycle which has to be constantly monitored, recharged, or
replaced, and it needs a lot of manpower and material resources, thus increasing
the maintenance cost [22]. With considering the working status of each electron-
ics, a variety of energy-harvesting methods show their respective characteristics.
For example, solar cells can harvest solar energy except in the day time when there
is sun light [23]; wind power generation [24] works under abundant wind energy;
a thermal generator can convert temperature difference into electricity [25]; and
piezoelectric nanogenerators can convert tiny physical deformations into electricity
to self-power small-scale devices [26]. Based on the triboelectrification effect and
electrostatic induction, the use of triboelectric nanogenerators (TENGs) has been
demonstrated as a cost-effective, clean, and sustainable strategy to convert mechani-
cal energy into electricity with comprehensive advantages of light weight, small size,
a wide choice of materials, and high efficiency even at low frequencies [27-30].

2. Triboelectric nanogenerators

In 2012, triboelectric nanogenerators (TENGs) based on triboelectrification
effect and electrostatic induction were invented by Zhong Lin Wang to harvest
mechanical energy from ambient environment [31]. In addition, the self-powered
systems based on TENGs demonstrated an effective solution to supply energy for
micro/nano electronics. A conventional TENG can generate AC by the friction of
two materials with different electron affinity, where charge transfer occurs between
the two surfaces of materials, and then inducing electron transfer between two
back electrodes under the periodical mechanical force. Recent research indicates
that its fundamental theory lies in Maxwell’s displacement current and change in
surface polarization [32]. Based on this principle, four different modes of TENGs
are built according to different device structures and working environments:
vertical contact-separation mode, lateral siding mode, single-electrode mode, and
freestanding triboelectric-layer mode (Figure 1) [33]. Based on the four modes of
TENG, several works have demonstrated that TENGs can harvest various forms of
mechanical energy, such as human motion, vibration, wind and even blue energy,
making possible their applications in wearable electronics, remote and mobile
environmental sensors, and IoTs [34-38].

As an energy harvester, the output power density is one of the key properties
to measure the output capability of TENGs. Recent progress indicates that the
power density is quadratically related to triboelectric charge density [39, 40], and
thus, great efforts have been concentrated on increasing the triboelectric charge
density by means of material improvement, structural optimization, surface
modification, and so on [41-43]. Jie Wang et al. fabricated a flexible TENG with
the silicon rubber as a triboelectric layer and a mixture of silicon rubber [44],
carbon black, and carbon nanotubes as a triboelectric electrode. With optimized
structural design, the triboelectric charge density is increased up to 250 pC m™.
By designing a three-layer TENG, the triboelectric charge density increases to ~270
pC m™2, which is the theoretical limit of air breakdown [45]. Then, a high-vacuum
environment was adopted to suppress electrostatic breakdown and a triboelectric
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Figure 1.
The four fundamental modes of TENGs: (a) vertical contact-separation mode, (b) in-plane contact-sliding
mode, (c) single-electrode mode, and (d) freestanding triboelectric-layer mode [33].

charge density of 660 pC m™ is achieved. By further coupling surface polarization
from triboelectrification and hysteretic dielectric polarization from ferroelectric
material in vacuum, the triboelectric charge density boosts to 1003 pC m™~> without
the constraint of air breakdown [46].

Triboelectric charge density as one of the main optimization directions of
TENGs is gradually increased from 50 to ~1000 pC m™?, and electrostatic break-
down becomes a problem that must to be considered. Generally, a high electrostatic
field will be built between the two charged surfaces with opposite triboelectric
charges during the working process of TENG. Paschen’s law describes the empirical
relationship between gaseous breakdown voltage (V3,), gap distance (x), and gas
pressure (P) and is given by

APd
Vo= ited) + 5 @

where A and B are constants determined by the composition and the pressure of
the gas. For air at standard atmospheric pressure (atm, i.e., the conventional opera-
tion condition of a TENG), A = 273.75V Pa m ' and B = 1.08.

According to the theoretical derivation, the gap voltage between contact surfaces
of aTENG (V) under short-circuit condition is given by

_ otd
8P " eo(t +de,) @)

where t is the thickness of the polytetrafluoroethylene (PTFE) film, ¢ the tribo-

electric surface charge density, ¢, the relative permittivity of PTFE (g, ~2.1), and g
the vacuum permittivity (go ~ 8.85 x 107> Fm ™).
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To avoid air breakdown, Vj,, must be smaller than V}, at any operation gap
distance. Large efforts have been dedicated to study the electrostatic breakdown of
TENGs.

3. The confirmation and study of air breakdown in TENG

Using the ion-injection method for introducing surface charges into the dielectric
layer, the power density of TENG greatly increases to ~315 W m™> [39]. With the help
of this method, the maximum surface charge density of TENG with the limitation of
electrostatic breakdown was observed and confirmed for the first time. As shown in
Figure 2a, the maximum surface charge density gradually increased with the ion-
injection process (the thickness of the utilized FEP film is 50 pm). In the initial state,
the surface charge density only generated by triboelectrification is nearly 50 pC m™.
Subsequently, step-by-step ion injection was adopted for effective accumulation of the
negative charges on the FEP surface, and it is very important to connect the FEP’s bot-
tom electrode to the ground in each ion-injection step. After a few ion injections, the
surface charge density increased to ~240 nC m ™ (Figure 2b). After the ninth injection,
the performance of transferred charges became distinctively different that this abrupt
decrease of surface charge resulted from air breakdown. The schematic and numeri-
cal simulation results showing the voltage drop in the air gap between the Al and FEP
layers, which could cause the air breakdown is shown in Figure 2c. This provides a new
optimization direction for realizing high output performance of TENG.

After confirming the existence of air breakdown, many researchers studied
the electrostatic breakdown of TENGs and various experiments demonstrated the
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Figure 2.

Stegp-by—step measurement of the surface charge density by ion-injection process. (a) In situ measurement of the
charge density of the FEP film during the step-by-step ion-injection process. (b) The short-circuit charge density
(Aosc) measured by the TENG when the FEP film was injected with ions time-by-time. (c) Schematic and
numerical simulation vesults showing the voltage drop (Vo) between the Al and the FEP layers, at which the
air breakdown may occur [39].
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Figure 3.

Cogmparison of S-TENG with A-TENG, and the demonstration of ESD. (a) The structure (i), stable output
voltage (ii), stable Q waveforms (iii), and signals detected by a photocurrent detector of S-TENG (iv). (b)
The structure (i), abrupt voltage decline (ii), abrupt declined Q waveforms (iii), and signals detected by a
photocurrent detector of A-TENG (iv). (c) Triboelectric charges in four different regions of ESD processes. (d)
Picked-up, 20-s waveforms for each marked point in (c). (¢) ND and n change with time in IDR. (f) Double-
layer feature in three different minutes of ADR [47].

existence of air breakdown. Haixia Zhang et al. [47] fabricated a symmetric structure
and an asymmetric structure of TENG, discovered the phenomenon of electrostatic
breakdown in the asymmetric structure, and then studied the four steps of elec-
trostatic breakdown in detail. Figure 3a, b shows the comparison of the symmetric
structure and the asymmetric structure. A low-dark-current photoelectric detector is
used to test photocurrent signals and an obvious light signal can be observed between
the abrupt output decline in Figure 3b(iv), while no light signal has been detected

in Figure 3a(iv). The transition process of electrostatic breakdown has been inves-
tigated and summarized, and the changes in triboelectric charges with time at four
different regions in electrostatic breakdown, which are charge accumulation region
(CAR), intermittent discharge region (IDR), accelerated discharge region (ADR),
and uniform discharge region (UDR) are shown in Figure 3c—f. Meanwhile, the influ-
ence of several factors including contact materials, contact pressure, titled angle, and
surface morphology on electrostatic breakdown has been studied.

Yunlong Zi et al. [48] confirmed that the threshold surface charge density of
contact-separation mode TENG is nearly 40~50 uC m > with the existence of air
breakdown by the theoretical study of the maximized effective energy output, and
then the effects of gas pressure (higher than the atmosphere) and gas composi-
tion were also studied. Figure 4a shows the breakdown voltage as calculated by
Paschen’s law in 1 atm air, in which the points A-E show the voltage V; between
triboelectric surfaces of contact-separation mode TENG under different transferred
charges. The potential distribution of A-D is simulated by COMSOL Multiphysics
software shown in Figure 4b. In Figure 4c,d are shown the voltage V; between
the two triboelectric surfaces and the breakdown voltage Vy,. To further clearly
explain the relationship of V; and Vy,, Figure 4e shows the distribution of V},-V;
in a V-Q plot with the contour line of 0 V displayed as the red dashed line. The
negative (“—”) and positive (“+”) areas are divided by this contour line. They also
did experiments to demonstrate the existence of air breakdown. Figure 4f is the
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mechanism of contact-separation mode TENG when the air breakdown existed. The
final charge densities of six TENGs with different initial charge densities are shown
in Figure 4g. The decrease in final charge densities of TENG #3-6 indicates the
existence of air breakdown.

B amd
Changs

Figure 4.

Thgeudemomtmtion of air breakdown in a CS mode TENG. (a) The breakdown voltage calculated by Paschen’s
law in 1 atm aiv, in which the points A—E show the voltage V, between dielectric layer and upper electrode of

the CS mode TENG with different surface charge density (inset shows the schematic diagram of the TENG). (b)
The potential distribution of A-D simulated by COMSOL Multiphysics software. (c) The voltage V, between the
dielectric layer and upper electrode in V-Q plot. (d) The breakdown voltage V,, in V-Q plot. (e) The distribution
of V-V, in V-Q plot. The red dashed line is the contour line of o V. (f) The working process of CS mode TENG
with air breakdown and the mechanism of the final charge density measurement. (g) The test vesults of final
charge densities for six TENGs. The equal initial and final charge densities ave shown with the dashed inclined
line, and the dotted vertical line indicates the existence of air breakdown where o, separates with o, (blue) [48].
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Output performance of TENG in vacuum. (a) Schematic of TENG with a cushioned Cu electrode to increase
contact mnmacy during operation process. (b) Charge density of the TENG in atmosphere and high vacuum
(P~10"%torr). (c) Schematic of the TENG with the mtegmtzon of triboelectric material (PTFE) with
ferroelectric material (BT). (d) Charge density of the TENG in atmosphere and high vacuum [46].
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Besides the relatively theoretical research of air breakdown, great efforts have
been devoted to suppress or avoid air breakdown for substantially enhancing the
output performance of TENGs [49, 50]. On the basis of soft contact and fragmental
structure, Jie Wang et al. [46] fabricated a TENG with a cushioned Cu electrode and a
contact area smaller than conventional TENG to improve the contact intimacy, which
is shown in Figure 5a. After working in high-vacuum environment (~107° Torr), the
triboelectric charge density is increased up to 660 pC m™> (Figure 5b). Meanwhile,
by properly combining the surface polarization from triboelectrification and residual
dielectric polarization of ferroelectric materials, the surface charge density can be
expected to further increase. Then, a TENG with the integration of triboelectric
material PTFE with ferroelectric material BT (one type of doped barium titanate
material) in vacuum is fabricated (Figure 5c¢), and its surface charge density jumped
to 1003 pC m™ without the constraint of air breakdown (Figure 5d). The surface
polarization from triboelectrification induces the dielectric polarization in BT, and
the latter further enhances the former until a new equilibrium rebuilds again. This
combination of surface polarization and dielectric polarization greatly enhances the
triboelectric charge density under the rest cycles of TENG. This work proposes a new
optimized method to realize high-output power density TENG and meanwhile avoids
the effect of environmental factors on the output performance of TENG.

4. Applications of air breakdown in conventional TENGs
TENGs can convert all kinds of mechanical energy into electricity, and have a

built-in characteristic, that is high output voltage. Taking advantage of the high-
output voltage characteristic, a lot of practical applications of TENG have been
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Figure 6.

Segélpowered gas sensors. (a) Structure diagram of the self-powered CO, sensor. (b) Circuit diagram of the
self-powered CO, sensor. (c) Schematic image of the gas discharge process in pure N,. (d) Under negative voltage,
the curves of discharge curvent peak at different “d” under different CO, concentrations. (e) The curve of Cy, at
diffevent “d” [49]. (f) Schematic diagram of the cubic-TENG structure. (g) Output performance under various
gas atmospheres of He, Ay, air, N,, CO,, CHF,Cl, and SFs. (h) Long-term stability under an SFs atmosphere [55].
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developed and successfully demonstrated in generating the input ions in mass
spectrometry [51], fabricating electrospun nanofibers [52], driving field emission
of electrons [53] etc. Considering the effects of gas composition and gas pressure on
air breakdown, great efforts have been dedicated to study the air discharge for gas
sensors. Ke Zhao et al. [54] fabricated a self-powered CO, gas sensor based on gas
discharge induced by a TENG. The structure diagram of a self-powered CO, gas sen-
sor is shown in Figure 6a. Figure 6b is the circuit diagram of the self-powered CO,
gas sensor. The detailed gas discharge process is shown in Figure 6c. N, molecules
lose electrons under the bombardment of electrons to form positive N, ions. N, mol-
ecules and electrons are accelerated to different directions under the electric field.
Since the mass of positive N, ions is much higher than that of the electrons, electrons
are easier to be accelerated. The accelerated electrons will bombard other N, mol-
ecules to form new positive ions and electrons; eventually an electron avalanche is
formed. It is shown that the Cy, (Cy, is defined as the critical CO, concentration that
causes the stop of gas discharge) decreased with the increase of distance. Shasha Lv
et al. [55] fabricated an enclosed cubic-TENG consisting of an inner and outer box
using a fluorinated ethylene propylene thin film and a layer of conducting fabric as
the triboelectric layers, which is shown in Figure 6f. The output performance of the
cubic-TENG in different gas atmospheres is shown in Figure 6g. Long-term stability
under SF6 atmosphere is shown in Figure 6h, indicating the potential of cubic-
TENG as an energy-harvesting device and vibration sensor.

5. Mechanical energy harvesting via air breakdown
5.1 DC-TENG

Besides the applications of air breakdown in TENGs for gas sensors, some works
about using air breakdown producing electricity also have been studied. Ya Yang
et al. [56] fabricated a DC triboelectric generator (DC-TEG) consisting of two
wheels and a belt, which is shown in Figure 7a. Figure 7b is a scanning electron
microscope (SEM) image of the surface of PTFE. The working mechanism of the
DC-TEG is illustrated in Figure 7c (The reference point T was used to monitor the
relative sliding length of the belt). The design of the DC-TEG relied on the different
properties to lose electrons, which is oy > o > oy in this structure. Here, the three
materials are an Al wheel, a rubber belt, and a PTFE wheel. When the belt I makes
contact with the wheel III, electrons will transfer from wheel III to belt I, resulting
in net negative charges on the inner surface of belt I. After belt I makes contact with
wheel II, electrons will transfer from belt I to wheel II. With the rotation of two
wheels, more and more positive and negative charges will accumulate on the surface
of wheel IIT and wheel II. Moreover, some positive charges are accumulated at elec-
trode 2 (E2) due to electrostatic induction. So, the high electric field between wheel
IT and E2 will breakdown the air during the gap forming a pulsed DC output in exter-
nal circuit. This DC-TEG exhibited good performance with different rotation rates
and was demonstrated to power electronic systems directly. Figure 7d shows 1020
LEDs in series to fabricate LED panels. All the LEDs can be driven by the DC-TEG at
a rotation speed of 3044 r min~" as shown in Figure 7e. Figure 7f depicts charging
curves of a 1-pF capacitor charged by the DC-TEG at different rotation rates. The
constant-current discharging curves of a 1000-pF capacitor after being charged by
DC-TEG is shown in Figure 7g, where the discharging current is 60 pA.

Jianjun Luo et al. [57] reported a DC-TENG realized by air breakdown-induced
ionized air channel. The structure of the DC-TENG is illustrated in Figure 8a. This
DC-TENG is composed of a top triboelectric aluminum (Al) electrode (noted as
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DC-TEG. (a) Schematic diagram of the DC-TEG. (b) SEM image of the PTFE surface. (c) Working mechanism of
the DC-TEG. (i) Initial status without sliding motion of the belt. (ii—v) The triboelectric charge distributions when
belt Iwent through the point T with the length of Lag, Lag + Lpc, Lag + Lpc + Leps and Lag + Lgc + Lep + Lpa,
vespectively. Ly is the length that the belt went through the reference point T. L 4g is the length of the belt between A
and B. (d), (e) Photographs of 1020 LEDs driven by the DC-TEG as a divect power source when the DC-TEG is

(d) off and (e) on at a votational speed of 3044 v min™". (f) The measured voltage of the DC-TEG charges a 1-uF
capacitor at diffevent votational speeds. (g) The constant-current discharging curves of a 1000-uF capacitor after
charging by the DC-TEG (inset shows the photographs of a red LED powered by the charged capacitor) [56].

Al-T), a sponge as a compression layer, a FEP film adhered to a back Al electrode
(noted as Al-II), and an Al electrode at the bottom right corner (noted as Al-III).
Figure 8b is the photograph of the DC-TENG. Figure 8c,d shows the transferred
charges and short-circuit current of the DC-TENG with DC output characteristic.
Using polydimethylsiloxane (PDMS), Kapton, and polyethylene terephthalate
(PET) as triboelectric layers to replace FEP, the output characteristic is not changed,
indicating the DC output is universal (Figure 8e). The working mechanism of the
DC-TENG is illustrated in Figure 8f. The charge transfer between the top electrode
and the dielectric layer is based on triboelectrification. In a working process, the
electrons transport from bottom electrode to top electrode relying on an external
circuit, which is AI-III in this structure. Then, the electrons flow back from top
electrode to bottom electrode via the ionized air channel created by air breakdown.
Because the inner flow of electrons based on air breakdown is in a single direction,
the output current will be pulsed DC. This working mechanism was verified by real-
time electrode potential monitoring, photocurrent signal detection, and controllable
discharging observation. A flexible DC-TENG also fabricated to demonstrate this
device can drive electronics directly without a rectifier, and the circuit diagram

is illustrated in Figure 8g. Figure 8h shows the voltage curves of a 1-pF capacitor
charged by the DC-TENG at different frequencies. The DC-TENG can also integrate
with a capacitor and a calculator to form a self-powered system (Figure 8i).

5.2 Constant-current TENG arising from electrostatic breakdown

TENGsS are considered as a potential solution via building self-powered systems.
The conventional TENGs have two built-in characteristics (i.e., AC consisted of
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DC-TENG. (a) Structure of the DC-TENG. (b) Photograph of the DC-TENG. (c) Transferred charges of the
DC-TENG. (d) Short-circuit curvent of the DC-TENG. (e) Output performance of DC-TENG using different
triboelectric materials. (f) Schematic working principle of the DC-TENG achieved through the ionized air
channel caused by air breakdown. (g) Circuit diagram of a 1-uF capacitor divectly and continuously charged
by the DC-TENG without a rectifier. (h) Measured voltage of a 1-uF capacitor charged by the DC-TENG

at different frequencies. (i) Charging curve of a 1000-uF capacitor charged by the flexible multilayered
DC-TENG (inset shows the photograph of a calculator powered by the charged capacitor). (i-v) The working
mechanism of the DC-TENG in stable working state [57].

pulse series). Generally, TENGs need to connect with a rectifier or a capacitor to
drive electronics, which takes away its portability advantage [58, 59]. Second, the
pulsed output current of TENGs result in high crest factor, which is a key metric
to output instability defined as the ratio of the peak value to the root mean square
value. This greatly influences their performance for energy storage efficiency
and powering electronics [59]. In addition, triboelectric charge density as one of
the key properties of TENGs has been greatly increased; therefore, a very high
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Constant-curvent TENG. (a) A schematic illustration of the sliding mode DC-TENG. (b) Equivalent civcuit model
of the DC-TENG. (c) Working mechanism of the sliding mode DC-TENG in full cyclic motion. (d) Structural
design of the rotary mode DC-TENG. Inset shows a zoomed-in illustration of its stator. (¢) Constant current output
of the DC-TENG. (f) Photograph of 81 LEDs with stable luminance powered by a votary mode DC-TENG [60].

electrostatic field will be built in TENG, which also leads to air breakdown and
results in unwanted charge quantity loss and, consequently, quadratic loss in output
power. The charge quantity loss can be roughly estimated with its charge density
gap in air and vacuum. With a 50-pum PTFE film as a triboelectric layer, 240 pC m™>
is the theoretical upper limit in air [39, 44], but 1003 uC m 2 has been achieved in
vacuum, where a dominant part is wasted because of air breakdown [46].

To harvest energy during electrostatic breakdown, Jie Wang et al. [60] designed
a next-generation DC-TENG via the triboelectrification effect and electrostatic
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breakdown, which consists of a frictional electrode (FE), a charge collecting
electrode (CCE), and a triboelectric layer (Figure 9a). The CCE layer is fixed on
the side of a sliding acrylic substrate, with a subtle distance to the triboelectric
layer, which is a PTFE layer attached to another acrylic sheet. The CCE and FE

both are copper electrodes here. The physics model of the new DC-TENG is made
up of an electric charge source and a broken-down capacitor composed of the

CCE and PTEFE film, as its equivalent circuit briefly demonstrates in Figure 9b.

It is different with a conventional TENG, whose paradigm is a variable capacitor
initially charged by triboelectrification and generating AC pluses by electrostatic
induction. The working mechanism of the DC-TENG is shown in Figure 9c. When
the FE makes contact with the PTFE, electrons will transfer from the FE to PTFE
based on triboelectrification effect. PTFE as an electret can hold a quasi-permanent
electric charge (Figure 9c, i). Thus, when the slider moves forward, the electrons
on the surface of PTFE will build a very high electric field between the negatively
charged PTFE film and the CCE. As long as it exceeds the dielectric strength of

the air between them, whose value is approximately 3 kV/mm from Paschen’s law,

it can cause the nearby air to partially ionize and begin conducting. Electrons will
transfer from PTFE film to CCE (Figure 9c, ii); that is, the CCE is rationally placed
to induce air breakdown, creating artificial lightning. When the slider is stationary
on the surface of PTFE, electrons will stop transfer (Figure 9c, iii). Because the
inner flow direction of electrons is fixed from the FE to the PTFE film and then to
the CCE, the output electrons will also be in a single direction, that is, from the CCE
to the FE. Thus, cyclic DC can be produced by periodically sliding the slider.

To optimize the output performance, a radially arrayed rotary of DC-TENG is
fabricated by parallel multiple DC-TENGs, which is shown in Figure 9d and inset
shows a zoomed-in illustration of its stator. When the motor rotates steadily, the
crest factor of output current is very close to 1, indicating approximately constant
current output characteristic (Figure 9e). This DC-TENG was demonstrated to
charge capacitors or drive electronics without a rectifier. A light-emitting diode
(LED) bulb arrays can also be lit up by the rotary mode DC-TENG with a rotation
rate of 500 r min~" (Figure 9f). Unlike when driven by the conventional AC-TENG,
the LEDs remain at constant luminance without flashing lights.

6. Conclusions

Harvesting of environmental mechanical energy as an eco-friendly energy
generation method is particularly a promising solution and plays an increasingly
important role in driving wearable electronics and sensor networks in the IoTs.
Based on the triboelectrification effect and electrostatic induction, the use of TENG
invented in 2012 by Zhong Lin Wang has been demonstrated as a cost-effective,
clean, and sustainable strategy to convert mechanical energy into electricity with
comprehensive advantages of light-weight, small size, a wide choice of materials,
and high efficiency even at low frequencies, which shows great potential in promot-
ing the miniaturization trend of self-powered systems. With the gradually increase
in triboelectric charge density, electrostatic breakdown, which is generally consid-
ered as a negative effect in the conventional TENG, becomes an issue that must to
be considered. The theoretical and experimental studies of air breakdown in TENGs
are important to promote the development of this field. By taking advantage of
the electrostatic discharge, several types of DC-TENG have been demonstrated to
power electronics directly without a rectifier or a capacitor. Comparing with the
output characteristics of conventional TENG (AC consisted of pulse series), a con-
stant-current output (crest factor ~1) is achieved by coupling triboelectrification
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effect and electrostatic breakdown. This constant-current TENG has been demon-
strated to drive LED bulb arrays that remain at constant luminance without flashing
lights. Moreover, it can not only promote the miniaturization trend of TENG and
self-powered systems but also provide a paradigm shifting technique to in situ
gain electrical energy. Based on the above discussion and analysis, the electrostatic
breakdown in TENG will soon become a hot issue and we would require new studies
in electrostatic breakdown.
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Chapter 5

Theoretical Prediction and
Optimization Approach to
Triboelectric Nanogenerator

He Zhang and Liwei Quan

Abstract

Triboelectric nanogenerator (TENG) is a new type of electrostatic generator
based on the principle of Maxwell displacement current. It could be designed as a
device for either smart sensing or energy harvesting via converting mechanical
energy into electric power efficiently. To predict its output characteristic, investi-
gate its working mechanism, and enhance its working performance, the theoretical
analysis and optimization work in either experimental or theoretical means are of
great significance. In this chapter, we plan to introduce the progress of theoretical
analysis and optimization approach to TENG with four different modes. Three parts
of work will be introduced in the manuscript: (1) the theoretical prediction
approach for electric output performance of TENG device, (2) the optimization
strategies for TENG device based on figure of merits, and (3) the scaling laws
between the normalized electric outputs and multiple physical properties of the
TENG device.

Keywords: triboelectric nanogenerator, theoretical analysis, scaling law,
optimization strategy

1. Introduction

Triboelectric nanogenerator (TENG) [1, 2] is a revolutionary mechanical energy
harvesting technology based on triboelectrification and induction effects of two
materials with opposite electric polarities. This device contains two dissimilar
dielectric films facing with each other, and there are electrodes deposited on the top
and the bottom surfaces of the two films. The working mechanism of TENG is
based on triboelectric effect and principle of displacement current. TENG may
utilize the surface electrostatic charges produced in physical contact-separation
process of the two insulators to generate electric power. By separating the tribo-pair
with contact-induced triboelectric charges, a potential drop will be generated which
forces the electrons to flow between the two electrodes. Compared with other
renewable energy technologies including solar cells [3], biofuels [4], tide generator
[5], etc., TENGsS are less restricted by environmental or climatic conditions. In
applications of mechanical energy harvesting, TENGs have much higher power
output and energy conversion efficiency than those of electromagnetic [6] and
piezoelectric energy harvesters [7-11]. Besides, TENGs can be made from low-cost
materials by easy manufacture processes because of its simple device structures and
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configurations. These advantages make this new technology a better choice as
power source for devices and microsystems [1, 2].

TENG has four basic operational modes with different structures: contact-
separation mode, sliding mode, single-electrode mode, and freestanding mode. As
Figure 1 shows, these different modes are designed to meet the needs in different
fields of applications. Based on these four modes, various TENG devices have been
developed for different applications. Using these four modes and their combina-
tions, a range of TENG devices have been invented for energy harvesting like wind
and water, structure vibration and biomechanical motion energy harvesters, and
self-powered smart sensing like vector sensor, tactile sensor, vibration detection,
human physical signal detection, etc. [12-16].

With the progress of materials, structure design, and theories in fundamental
mechanisms, the output performance of TENG is improved vigorously. Since its
invention, the output power density of TENGs increases from initially a few pW/m?
and mW/m? to tens of W/m®. In recent works, a TENG with power density up to
500 W/m? and energy conversion efficiency more than 70% has been achieved,
which is adequate to power most microelectronic devices and systems [2]. It is the
optimization that makes the performance of the device greatly improved.

To further improve the output performance of the device, optimization design is
of great importance and has already attracted attentions. In early works, the devel-
opment of a new type of TENG devices or optimization of TENG design is typically
realized through trial-and-error process experimentally, which is of high cost and
time-consuming. Compared with experimental means, theoretical analysis is useful
and more powerful in understanding the working mechanism of the device and
could offer better optimization strategy for device structural design, material selec-
tion, and operation conditions. It is more convenient to realize the optimization of
TENG with theoretical method rather than in experimental means. Based on the
basic working mechanism of TENGs, the theoretical models for TENG have been
established, a series of parameter analysis works have been carried out, and the
relationship between the parameters and the output performance is obtained
[17-21]. In addition, to establish a standard for evaluating different architectures

{a) Vertical Contact-separation Mode (b) Contact-sliding Mode
o=

P
L
P e

(d) Freestanding tribo-layer Mode
—

IEE RN E

Figure 1.

Four fundamental modes of triboelectric nanogenerator [1].
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of a TENG device, the device figure of merits of TENG is proposed and used to
determine the maximum output power density of a TENG [22-24].

Although various theoretical models have been established for TENG, most of
them are based on single-parameter analysis which focuses on investigating the
effect of single variable on device performance with others fixed. For instance, in
optimization of the thickness of dielectric materials, we may obtain its effect with
other parameters fixed. The same procedure is required in repetition for other
working conditions with different sets of fixed parameters. Yet the optimized
structures and conditions may not be the best as many parameters are correlated.

To address this problem, Zhang proposed a set of formulations for normalized
electrical outputs of the device in dimensionless forms [25, 26]. The expressions for
these normalized outputs rely on two compound parameters composed of device
dimensions (sizes, dielectric layer thickness), electrical properties of the electrode
and dielectric materials, loading conditions (loading force, frequency, and motor
process), and the circuit conditions (open/short circuit and load resistance). With
these expressions, a multiparameter analysis method for theoretical approach for
optimization of TENG has been derived. This method makes it possible to realize
the optimization of the device by tuning different physical parameters simulta-
neously, which may reveal the real situation of the TENG that its output perfor-
mance is influenced simultaneously and coherently by a number of factors.

In this chapter, the theoretical approaches of V-Q-x relationship for different
TENGs are presented. Along with these relationships, the output performance
of TENG and the optimization method with material and device figure of merits for
TENG are discussed. Lastly, the multiparameter analysis method and the optimiza-
tion strategy for TENG are presented.

2. The theoretical prediction and optimization strategies for TENG

In this section, the theoretical prediction for output performance and optimiza-
tion strategies for design of TENG are discussed from three different aspects: the
theoretical prediction approach for V-Q-x relationship of different modes of TENGs
is presented firstly, followed by the principle of material and structure figure of
merit for different modes of TENG and corresponding optimization strategies, and,
lastly, the scaling laws between the normalized electric output of TENG and multi-
ple physical properties are derived, with which the optimization strategies for
TENG are provided.

2.1 The V-Q-x relationship of TENG

The four basic modes of TENG are of similar structure with two layers of
different materials (dielectric-dielectric or dielectric-electrode), which are usually
called tribo-pair. When the tribo-pair comes into contact, some charges move from
one material to another to equalize their electrochemical potential due to triboelec-
tric effect. When forced to separate, some of the surface charges tend to keep the
original state, while the others tend to give electrons away, possibly producing
triboelectric charges on the surfaces. The presence of triboelectric charges on
dielectric surfaces can be a force for driving electrons in the electrode to flow in
order to balance the electric potential drop created.

As Figure 1 shows, there are two different motion patterns including contact-
separation and sliding in these four modes of TENG. For the contact-separation
mode and single-electrode mode TENG, the tribo-pair moves vertically and creates
an air gap in between, while for the contact-sliding mode and freestanding
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tribo-layer mode, the tribo-pair moves laterally. For these two different kinds of
motion process, the theoretical models are quite different, which will be discussed
in Sections 2.1.1 and 2.1.2, respectively.

2.1.1 Contact-separation mode TENG

According to the materials used and device structures, the contact-separation
mode TENGs fall into two categories: dielectric-to-dielectric contact and conductor-
to-dielectric contact structures (Figure 2). Based on Gauss’s law, we may consider
this kind of TENG as a series of flat plate capacitors; the relationship between
electric field E in the tribo-pair and the total charge density pis V - E = p/eo.
When the charged surfaces move, according to Maxwell’s equations, the electric
displacement field is defined as D = &E + P; therefore, the current density is
Jp = eo + % Thus, we can get the V-Q-x relationship of TENG [18].

The th1cl<nesses of the dielectric plates in tribo-pair are assumed to be d; and d,
with the relative dielectric constants ¢,1 and ¢, respectively. According to the
Gauss theorem, the electric field strengths of each layer in the dielectric-to-
dielectric mode TENG are E; = —Q /Seoé¢, for dielectric plate 1, E; = —Q /Segg,, for
dielectric plate 2, and E,; = (—Q/S + o(t)) /€0 in the air gap, respectively. Here ¢
is the vacuum permittivity, o is the charge density at the contact surface of the
tribo-pair, and S is the contact area of the tribo-pair. The voltage between the two
electrodes is V = Eydq + Eyd, + E,;x(t). For the conductor-to-dielectric structure
TENG, there will be no dielectric plate 2, i.e., d, and E; are zero; thus the voltage
becomes V = Eid; + E,;x(t). If we define the equivalent thickness of the dielectric
plates to be dg = d1/em1 + da/ €2, the V-Q-x relationship could be expressed as
follows:

V:fsg(doer( )+
€0 ()

@

Here, x(t) is the varying gap distance between the tribo-pair due to external
mechanical loading imposed to the TENG device. In special circuit conditions,
for short-circuit condition with the output voltage V' = 0, the current is

I, = ‘%1 = % & for open-circuit condition with transferred charge Q = 0, the

voltage is V,, = 3:(():).
According to Ohm’s law, when the TENG is connected with a load resistance R to
form a circuit, the output voltage in the circuit can be expressed as

dQ
V=IR=R— 2
. _ a
{a) (b) '
d, I | Dielectric plate 1 i P I e

IU]] ||--.4-4.-|.+- x{r)
.............. i

o, : [chlmrjc plate 2 o i1 ;

Figure 2.
Basic structure and model of the contact-mode TENG. (a) Dielectric-to-dielectric mode TENG and (b)
conductor-to-dielectric mode TENG [18].
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Substituting Eq. (1) into Eq. (2), we will have the equation for Q as

dQ _ Q ox(t)
Rg = *%(do +x(t)) + 0

3

With initial condition of Q (t = 0) = 0, the expression of Q(z) will be

Q=oS_ oSeiﬁ <d0t+j;x<t)dt) A eiﬁ <d0t+ f;x(t)dt) Jt doeﬁ (doz+ f;x(t)dz> iz
€0 0

(4)

With the output voltage as
dQ  ody  o(do +x(t)) 1 Jt
V) =R = w0 | €0 P |7 RSz Aot ox(t)dt )
odgdg +x(t) t do(t—T) 1 Jt
e RSeo JO XP |~ RSey RSy ) B )

This V-Q-x relationship provides a means for evaluation of the electric output of
contact-mode TENG, which may also be used for single-electrode mode TENG.

To verify the accuracy and precision of the proposed relationship, the experimen-
tal results from Ref. [16] are utilized here as an example for contact-mode TENG.
Glass and polydimethylsiloxane (PDMS) are used as the tribo-pair in the experiment
in planar form. The physical parameters of the device and experiment design are
listed in Table 1. The TENG device is driven by a dynamic testing machine with
separation gap x(¢) between tribo-pair (see Figure 3a, black solid line).

According to the experimental settings in Ref. [16], we introduce a piecewise
function to describe the motion process of the tribo-pair as

Asin (%) (1-nT<t<T. ©)

x(t) =

Here, 7 is the separation ratio representing the ratio of the separation time to the
entire period. The smaller the separation ratio, the faster the tribo-pair gets into
contact and thus the longer the contact time. In each period, the dielectric plates are
supposed to start the charging process which occupies the time period from 0 to
(1 —#n)T <t <T when the tribo-pair keeps contact (x = 0).

Parameter Value
Thickness of PDMS plate d; 100 pm
Relative permittivity of PDMS &,; 2.7
Thickness of glass d» 1 mm
Relative permittivity of glass ¢, 7.2
Permittivity of vacuum g 8.854 x 10 2 F/m
Area of the dielectrics S 25 cm?
Surface charge density ¢ 5-40 pC/m?
Table 1.

Parameters of contact-mode TENG [16].
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Figure 3.

(a) Oscillation scheme used in experiment (black line) and its fitting function that is input into the analytical
solution (ved line) and (b) comparisons of the theoretical predictions on output voltage with experimental
measurements [25].

In Figure 3b, the voltage output obtained by Eq. (5) is compared with the
experimental results from Ref. [16]. Excellent agreements could be observed
between the experimental and analytical results due to different loading frequen-
cies, especially the positive part of the voltage output. For the negative part of the
results, the analytical results are slightly larger than the experimental ones, partic-
ularly for the low contact frequency case. The results presented above clearly
indicate the accuracy of the model and method developed in this work.

2.1.2 Sliding-mode TENG

For lateral sliding-mode TENG, the basic structure is shown in Figure 4.
For the lateral sliding-mode TENG, the contact area is S, the sliding distance is
x(t), the length of the tribo-pair is/, and the width isw. Since [ is always much larger
than d; and d; as the tribo-pair, and x is always smaller than 0.9/, it is difficult to
keep tribo-pair in perfect alignment. In this condition, the total capacitance C can
be estimated as C = eqw(l — x)/dy. Utilizing the charge distribution shown above
and Gauss theorem, the V. can be estimated as V,, = oxdy/eow(l — x). So the V-Q-
x relationship can be shown as
Q QdO Gxdo
V= C Vo = eow(l —x)  eow(l —x)

@)

For conductor-to-dielectric TENGs when the edge effect can be neglected, the
relationship is similar by turning d, into zero. As a result, we can get the output
voltage of sliding-mode TENG as

Figure 4.
Theoretical model of sliding-mode TENG. (a) Dielectric-to-dielectric sliding-mode TENG and (b) conductor-
to-dielectric sliding-mode TENG [26].
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Codo [ 1 do (L .,
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do l t dO g l /
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Based on these output voltage expressions, we can get the average power output
for TENG as

1 t+T V2

Pegs = — —dt

eff = L R 9)

Here, T is the time span of one mechanical loading cycle.

This V-Q-x relationship provides a method for evaluation of the electric output of
sliding-mode TENG, which may be easily extended as a methodology for sliding
freestanding tribo-layer mode TENG. To make sure the accuracy and precision of the
proposed V-Q-x relationship of sliding-mode TENG, the experiments from Ref. [17]
are carried out for validation. The materials and scale parameters are shown in Table 2.

In the experiments, the tribo-pair is fixed on a horizontal tensile loading plat-
form for reciprocating lateral sliding process. The sliding process of the tribo-pair
was imposed by the dynamic testing machine with a symmetric acceleration-
deceleration mode (Figure 5c). The analytical results of the voltage output obtained
by Eq. (8) agree very well with the experimental result.

Based on the V-Q-x relationships presented from Egs. (5)-(8), the output per-
formance of TENG is predictable when device structure, material parameters, and
motion process are clear. With these equations, the influence of each parameter is
clear, while all others are certain. For example, we can change the one parameter
such as load resistance while all the others kept unchanged. As a result, we can get
the output characteristic of the target TENG device and find out the optimized load
resistance.

With this method, parametric analyses are carried out to characterize the output
performance of TENGs with different working conditions. Niu et al. studied the
output characteristics of contact-mode [18], sliding-mode [19], single-electrode

Parameter Value
Dielectric tribo-pair PTFE-nylon
Thickness of nylon plate d1 (um) 50
Relative permittivity of Nylon erl 4
Thickness of PTFE plate d2 (um) 50
Relative permittivity of PTFE er2 21
Permittivity of vacuum €0 (F/m) 8.854 x 10~ 12
Area of the dielectrics S (m?) 0.05 x 0.071
Surface charge density 6 (uCm™2) 200
Maximum separate distance A (m) 0.05
Acceleration a (m/s?) 20
Load resistance R (MQ) 10-1000

Table 2.
Parameters of sliding-mode TENG [17].
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Figure 5.

(a) The TENG device in testing, (b) time history of output voltage, (c) simulation of dimensionless sliding
process and (d) comparison of time history of output voltage between theoretical vesults and experimental
results [26].

mode [20], and freestanding-mode [21] TENG under different load resistances,
products of velocities, contact area sizes, effective dielectric thicknesses, and gap
distances. These works obtained the effect of a series of independent parameters on
the output characteristics including load resistance, maximum gap or slid distance,
moving speed, device capacitance, and device structure parameters. These works,
by numerical calculation of the real-time output characteristics, presented the suit-
able value range of these preceding parameters with common TENG device design
and provided excellent guidance for structural design and optimization strategies
for TENG devices.

2.2 Optimization approach based on figure of merit

For various applications, four basic modes of TENGs have been developed. Each
mode has its own structure and various triboelectric material choices for the tribo-
pair. That makes it difficult to characterize and compare the output performance of
TENG. A universal standard has to be introduced to quantify the performance of
the TENGs, regardless of its operation mode. To solve this problem, the figure of
merit of TENG is proposed [22]. It gives a quantitative evaluation of TENG’s
performance from both structure’s and the materials’ points of view [22-24]. The
application of figure of merit leads to a more efficient design and optimization
approach of various TENG structures in practical applications. It may help to
establish a series of standards for developing TENGs toward practical applications
and industrialization.

The figure of merits of TENG includes performance figure of merit related to the
structure and material figure of merit related to surface charge density. The theo-
retical derivation and simulation of these two figures of merit will be discussed in
Sections 2.2.1 and 2.2.2, respectively.
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2.2.1 Figuve of merit for quantifying the output performance of TENG

Based on the V-Q-x relationship, a series of optimization strategies for indepen-
dent parameters have been proposed. But their optimization target is the maximum
output voltage or power, and the physical properties of the tribo-pair are not taken
into account. To take into consideration the influence of other parameters of the
device, the performance figure of merit (FOMp) is developed as a new standard. It
stands for the maximum power density of TENG, which represents a quantitative
standard to reflect the output capability of TENGs with different configurations
[22]. The expression of FOMp is

Ep

X max

(10)

FOMP = 280

Here, E,, is the largest possible output energy per cycle, xmax is the maximum
displacement of tribo-pair, and A is the contact area. The FOMp is considered as a
universal standard to evaluate varieties of TENGs, since it is directly proportional to
the greatest possible average output power regardless of the mode and size of TENG
[22]. To obtain the FOMp, the power output per cycle of TENG is required first.

The output energy per cycle E can be calculated through the encircled area of the
closed loop in the V-Q curve as

T t=T
E=PT = J VIdt = J vdQ = §vdQ (11)
0 0

t=

The V-Q curve is usually obtained from the working process of TENG by the
V-Q-x relation. In general, the working process of any type of TENG contains four
steps as a cycle (Figure 6a). As Figure 6b shows, the V-Q curve becomes steady
after a few initial cycles. The output energy per cycle derived from these steady
periodic cycles is named as “cycles for energy output” (CEO).

For each CEOQ, the difference between the maximum and the minimum trans-
ferred charges in its steady state is defined as the total cycling charge Q. As
Figure 6b shows, Q is always smaller than the maximum transferred charge
Qscmax- If the Q¢ could be maximized to Qg¢ .y, We may achieve the maximum
power output. Having noticed that the Q¢ = Qg¢ max 0nly occurs in short-circuit
condition, we add a switch in parallel with the external load and design the follow-
ing repeated steps to achieve instantaneous short-circuit conditions during opera-
tions: step 1, the tribo-pair separates from x = 0 to x = xp,xat switch off; step 2,
turn switch on to enable Q¢ = Qgc max; Step 3, the tribo-pair displaces from
X = Xmax to x = 0 at switch off; and step 4, turn the switch on to enable Q. = 0.
With this process, we may obtain the V-Q plot in Figure 6c. These cycles are named
“cycles for maximized energy output” (CMEO) by Ref. [22].
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Figure 6.
(a) Working process of TENG, (b) voltage-charge (V-Q) plot for CEO, and (c) V-Q plot for CEMO [22].
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The CMEO is related to load resistance of the output circuit: the higher the
resistance, the higher the output energy per cycle. Therefore, the maximized output
energy could be obtained when an infinitely large resistor as

1
Em = iQSC.maX(VOC,max + Vinax) (12)

Here Qg may is the short-circuit transferred charge, Vo max is the maximum
open-circuit voltage, and V! ___is the maximum achievable absolute voltage. The
equation for E,, of TENG operated in any conditions can also be expressed as

15 T4

P3(t)dt+J Pa(t)dt (13)

13

13

E, — J; Pl(t)dH—J

151

&@w+J

2]
The average power output P is then

E, ©vE,

P="x
T 2xma\x

(14)

Here 7 is the average velocity of the relative motion in tribo-pair. Thus, we can
define the FOMp depending on the parameters of E,,;, Xmayx, and A and get its
expression as Eq. (10).

2.2.2 Figure of merit for quantifying material characteristic

From Section 2.1, we notice that the transfer charge Q and output voltage V are
proportional to the surface charge density ¢ in the V-Q-x relations of TENG. The
increase of ¢ will directly enhance the possible average output power of TENG signifi-
cantly as the power output is proportional to ¢*. Yet for FOMp as Eq. (10) shows, the
material characteristic is not taken into consideration. Thus we define the material figure
of merit (FOM,,) as a standard to quantify the charge density of general surface as

FOM,, = ¢*(C*/m*) (15)

The FOM,, is only determined by ¢ and the component related to the material
properties alone. It can be used to evaluate the triboelectric performance of the
materials in contact [22].

The accurate value of ¢ for one kind of material is measured by putting it into a
testing TENG device and using electrometer to measure the total transfer charge. To
avoid the influence of uncertain contact conditions, the testing TENG device uti-
lizes liquid metals as the other material of the tribo-pair to get the maximum
possible surface charge of the material. Through this method, the FOM,, of a series
of commonly used materials has been acquired, and their position in triboelectric
series compared with the liquid metal has been figured out. These results in detail
can be found in Ref. [22] and its following works.

2.2.3 Application of figure of merits

The figure of merits provides a series of quantitative standards to evaluate the
working performance of TENG. Their application enables more efficient design and
optimization of various TENGs in practical applications. The optimization works
based on figure of merits are likely to establish the principles for TENG design and
develop TENGs toward practical applications and industrialization.
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Through FOMp, we introduced a universal standard to quantify the power
output performance of the TENG regardless of its operation mode and materials.
With this standard, we are able to evaluate the performance of the TENGs in
different structures/modes and achieve the optimization approach for structure
design and working parameter setting. Using Eq. (11), we may obtain the FOMp for
different TENGs with same tribo-pair and contact area through analytical and
simulation method. Taking the maximum FOMp as an optimization index, we will
achieve the optimized structure/mode for a TENG. On the other hand, for a known
TENG, we can find out its maximum FOMp and thus determine the best suitable
working condition like load resistance, xmax, etc. Through these analyses based on
FOMp, the following conclusions have been found: (1) xm.x influences the output of
TENG directly, and when x,,x grows, the total transferred charges will increase and
so does the output power; (2) the power output performance of TENG triggered by
contact-separation action is better than that of sliding action; and (3) reducing the
parasitic capacitance can help to increase the power output of TENG, and also
larger-area generators with larger air gap capacitance are much more robust to
parasitic leakage [22-24].

Using FOM,,,, we have introduced a quantitative standard to evaluate the max-
imum surface charge density for a triboelectric material. With FOM,,, of different
materials, we are able to determine their triboelectric charge polarity. And with
different FOM,, of tribo-pairs, we can find the optimal choice for a TENG. With
this standard, we found some useful regulations: (1) the optimized choice of mate-
rials in a tribo-pair should be in opposite polarities, and (2) the larger the polarity
differential between the materials, the bigger the FOM,, of the tribo-pair [22].

2.3 Optimization strategy for TENG based on multiparameter analysis

For TENGs, their electric output performance is simultaneously and coherently
influenced by a group of factors including the dimensions of the electrodes and
insulators, electrical properties of the materials and the loading processing, etc.
These parameters are interlinked with each other; therefore changing one parame-
ter with the others fixed may break the optimized condition of the device and
require new adjustment in other parameters and further optimization. It is neces-
sary to simulate the output performance of a TENG via theoretical models based on
multiparameter analysis rather than specific cases with only one variable consid-
ered. In addition, TENGs could be used as sensor or energy harvester in either
macro- or microscale, within which the physical properties of materials and device
are quite different. Hence, the dimensionless analysis method is more feasible for
parameter analysis of TENG.

Here, to realize the optimization of the device, we developed a series of normal-
ized expressions for output voltage and output power in dimensionless forms,
which provide a group of scaling laws between the normalized electric output and
two independent compound variables. These scaling laws can facilitate the analysis
of the effects in different aspects of the device simultaneously and provide accor-
dance for optimal design of TENG by considering the effects of all factors simulta-
neously. The optimal electric output could be obtained through the proposed
formulations with all parameters of the TENG considered as variables [25, 26].

2.3.1 Contact-separation mode TENG
For the optimization of contact-separation mode TENG, a set of expressions for

normalized electric voltage and power in dimensionless forms are proposed in this
section. In these dimensionless expressions, the effects of all the parameters
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involved have been investigated comprehensively and simultaneously. The normal-
ized expressions for output voltage and power may facilitate the optimization based
on the scaling laws by tuning different physical properties simultaneously rather
than those only focusing on one physical property either in dimensional or dimen-
sionless forms [25].

For the output voltage in a general circuit with the load resistance of R, the
various structure, material, mechanical loading, and circuit properties of TENG are
investigated in a coherent manner and expressed with two combined parameters.
The dimensionless expression for normalized output voltage that depends only on
the two combined parameters is derived based on Eq. (5) as

V(T)é-?o 7 A RSEO - do do _ AT do T_
7 VA<T,%,W> == + (A +x(r)> exp { RSeq (A T—i—Jox(T)dT)]

s (0) |, o [y (6o + [

where 7 =t/T is the dimensionless time and A and T are, respectively, the
oscillation amplitude and the period of the separation-contact cycle.

While for the application of energy harvest, the output power should be a key
variable for characterizing the performance of the generator. According to the

(16)

T 2 dr
definition of output power Peg = % I VT<t) , the dimensionless output power may
be given by
PeffTSO — A RS€0
=P, (=, =0 1
c2As 4 (do "AT (17)

Here, we can see that the dimensionless output voltage and power depend only
on two combined parameters, i.e., A/dy and RSeo /AT, in which A/d, characterizes
the relative oscillation amplitude, while RSeq /AT reflects the hybrid effects of
generator area, electrical resistance, oscillation amplitude, and period of the tribo-
pair. Besides this universal optimization of TENG by tuning multiple parameters at
the same time, we may still realize the optimization for individual physical quantity
with the assumption of other parameters fixed. However, we cannot figure out how
to optimize the oscillation amplitude A to achieve the peak output from Egs. (16)
and (17) since this physical property get involved in both the combined dimension-
less parameter and the normalized electric output. For the same reason, we may not
work out the effect of the generator area S and the mechanical loading period T on
the output power with Eq. (17).

If we want to examine the effect of S on the output power, we may simply
multiply Eq. (17) with the factor RSeo/AT and have

(18)

PeffRé% _p é RSS()
A2 AR do’ AT

To investigate the effect of oscillation amplitude and period, another set of
dimensionless expressions is derived by multiplying Eqs. (16) and (17) with the factor
A/d and the combined parameter RSeq /AT and multiplying Eq. (18) with A2 /dj and
RSeo/AT. This set of dimensionless expressions for the scaling laws will be
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V(z)eo < (A RSep) A _ doT A [T _
Jdo = Vd <%,d0—T> = —1+ <1+d—0x(T)) exp |:—RS€0 (T+6TOJOx(T)dT):|
doT A _ i doT A [°_
RSz (1 * aTox(T)> JO P [RSEO (“ -9+ d_oL x(g)dg)]dc
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(19)

The relations in Egs. (16)—(20) also reveal that the effective output voltage (or
power) is proportional to the square of surface charge density. These dimensionless
parameters and corresponding scaling laws also show a straightforward optimiza-
tion method for the magnitude of oscillation at the same electrical load resistance,
generator area, or oscillation period.

To verify the dimensionless expressions, we compare the peak dimensionless
output voltage based on Egs. (16) and (19) with the experimental results in
corresponding dimensionless forms. Two groups of experiments with various
thicknesses dgl,ss of glass plate [16] are utilized for comparisons. In Group I, the
oscillation frequency 1/T varies from 1 Hz to 6 Hz with the load resistance fixed at
R =100 M£, while in Group II, the load resistance R varies from 1 MQ to 1000 MQ
with the oscillation frequency fixed at 1/T = 5 Hz. The theoretical predictions for
the dimensionless voltage Vpeaceo/0A and Vyeaeo/odo (solid lines) both agree very
well with experiments (markers) in Figure 6.

As can be seen from Figure 7, the theoretical predictions agree very well with
the experimental measurements despite that the latter are achieved with different
device structures, mechanical loadings, and circuit conditions. This demonstrates
that the established scaling law reveals the underlying general correlation between
the physical properties of the device and its output performance, which may
provide robust guidelines for optimization strategies, no matter what way we use to
make it, theoretical or experimental. Take the varying parameters T and R in the
two experimental groups as an instance: from the experimental point of view, they
are totally different parameters, of which the variations affect the output perfor-
mance, respectively. However, we find in the scaling law the unified expression for
the two parameters in RSeo/AT (or RSeo/doT). The individual variation of either T
or R has since become the variation of the compound variables. That is to say, the
same compound variable may have different combinations of T and R. According to
the scaling laws shown in Egs. (16)-(20), the output voltages should have the same
value in the cases with the same compound variables RSeq /AT (or RSey/doT) and
A/dg even if the latter are comprised of parameters valued with different combina-
tions. It indicates the necessity for coupling design of these parameters included in
the compound variables to achieve the best output performance of the device.

However, the correlations among the parameters and their simultaneous effect
on the output performance are hard to be found in traditional optimization tech-
niques based on single-parameter investigations, in neither experimental nor theo-
retical means. As thus, we can conclude that the scaling law proposed in this paper
can be not only used to predict the output performance of a TENG comprehensively
and systematically with all parameters being considered simultaneously but also
treated as a general and rational optimization criterion for the device toward its best
performance. Based on the scaling laws from Egs. 16 to 20, the output performance
of the generator can be optimized by tuning combined parameters or individual
physical quantities. The scaling law for the output voltage and power in a form of
either in Egs. (16)—(18) or in Egs. (19)—(20) provide a universal optimizing strategy
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Validation of the scaling laws for dimensionless peak output voltage through comparisons with experimental
measurements with different setups [25].

to enhance the output voltage for sensing application or maximum output power
for energy harvesting application [25].

In Figure 8, the maximum peak voltage is obviously increasing monotonically
with the relative oscillation amplitude A /d, (Figure 8a). While for each given value
of A/dy, there exists an optimized RSeo /AT that delivers a maximum dimensionless
output power (Figure 8b). It suggests that we may achieve the best output perfor-
mance of TENG through tuning multiple physical parameters simultaneously. From
Figure 8, we can also find that the pinpoint for a peak output power or power
density (=0.25) is located around A /dg = 2.0 and RSeo /AT = 0.12.

Besides the universal optimization with multiple parameters, we may also use
individual parameter analysis by tuning its quantity to enhance the output perfor-
mance. For instance, from Figure 8b it is found that given all other parameters,
there exists an optimal load resistance to achieve a maximum output power. While
from Figure 8c with given load resistance and oscillation amplitude, it can be found
that larger generator area and higher oscillation frequency may enhance the output
power until saturated.
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Scaling laws for peak output voltage and output power [25].

As mentioned before, the scaling laws in Egs. (16)—(19) cannot reflect a clear
dependence of the output performance on the oscillation amplitude A since it is
included in both two dimensionless parameters. Fortunately, with the scaling laws
in Egs. (20) and (21), the effect of A is extracted and can be distinguished quanti-
tatively from the numerical results. Figure 8e—f shows that increasing the oscilla-
tion amplitude may enhance the output power or power density monotonically and
only a smaller generator area, lower oscillation frequency, or load resistance may
achieve an optimized output power [25].

2.3.2 Sliding-mode TENG
For the optimization of sliding-mode TENG, Zhang [26] established a series of

dimensionless expressions of output performance of sliding-mode TENG according
to Eq. (7) as

Ve (T A SQRS) _ eoV(r) _ 1 exp | — doT Jf 1 y
l doT O'do 1_ I%J_C(T) €0RS 0 1 I%D_C(Tl)
(21)
doT 1 r %Tf 1 ,
exp dé |dd —1
£0RS 4 —%{D_c(r) 0 €oRS J: 4 ‘%x(a)
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Here, A is the maximum sliding distance. When used as energy harvesters, the
output power will become the key target to evaluate the output characteristics of
TENG. According to the definition of effective output power, the dimensionless
output power can be expressed as

— (A RS\ €RPg (‘-2
T(l,d0T> = [ Var (22)

In Egs. (21) and (22), there are two dimensionless compound parameters A /I
and &9RS/doT affecting the dimensionless output characteristics of device, which
could be described with a group of parameters related to various aspects of TENG
device. From these equations, we may understand the effects of the load resistance
R, planer area S, loading period T, and maximum sliding distance A on output
voltage at the same time. Similarly, based on Eq. (23), we can figure out the
optimized parameters for power improvement. Meanwhile, the dimensionless
expressions also reflect the relationship between the compound parameters (A/!
and &oRS/dT) and the output performance.

To make the normalized output performance better understood from the phys-
ical point of view, they can also be described with the dimensionless capacitance C
and the dimensionless time constant T, in which the expression for C is
C =Ca/Co =1—A/l, with Cy = £0S/d, the capacitance when x = 0 and
Ca =C(x =A) =¢S(1—A/l)/do the equivalent capacitance of the device when
x = A. Here C, from the physical point of view, represents the ratio of the capaci-
tance with x = A to the capacitance with x = 0. The dimensionless time constant is
defined as T = RCy/T = £9RS/doT, which reflects the time constant for the first-
order circuits with C = Cj to the period of the alternating current. The expression
for normalized output voltage versus C and T is

1 1 i 1" 1 /
T1- (1—C)9_€(7)Jo P GJ 1- (1—6)’7(5)&15)611 -
(23)
- egRPogr 1,
Pr (C ; ) 002 d(z) = Jo Vi(z)dz (24)

Similar to Egs. (16)-(18) of contact-mode TENG, in this circumstance, the
influence of dy on normalized output voltage is not reflected in Eq. (23), neither the
effects of dy and R on normalized output power from Eq. (24). To find out the
influence of these parameters, we propose the following set of expressions for
normalized output voltage and power equations as

o TV 1 1 (o1 1 1’
Va(eCT) = s T =) p( Tjol—(l—f)a_c(r’)d )

1 1 v 1 (7 1 o1
TR (H wam‘“)”’f T

(25)
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These equations provide the optimal strategy for TENG design with the two
compound parameters related to the TENG device. We may use these equations
to study the physical interpretation of dimensionless expressions through the
dimensionless capacitance and the dimensionless time constant.

To verify the dimensionless expressions, we compare the theoretical results with
the experimental measurements using the peak output voltage in dimensionless
forms [17]. The corresponding parameters used in experiment and simulation are
listed in Table 2.

As Figure 9 shows, compared with the experimental results, the theoretical
curves based on scaling laws exhibit good consistent tendency with the experimen-
tal data points.
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Scaling laws for dimensionless output voltage and power in case I and case II [26].
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According to the referring experiments [17], we define the two different forms
of sliding process to simulate different mechanical loading conditions, including
parabolic (Case I) and triangular (Case II) loading pattern. Based on the scaling laws
for the correlation between the normalized output performance and the dimen-
sionless compound parameters, some general optimization strategies will be
acquired to improve the electric output with Eqgs. (23)-(27).

From Figure 10, the optimal combination of A/l and e9RS/dT for the best
output performance for TENG is found, thus providing a general guideline for
device optimization. In addition, we can improve the dimensionless output perfor-
mance by tuning compound parameters as well as single parameter. We can also use
the scaling law from another physical point of view by reflecting the output perfor-
mance with the dimensionless capacitance C and time constant T. The value of C
and T with regard to the best output performance provides the optimization
strategy for dimensionless capacitance and time constant.

From Figure 10, it is also obvious that increasing A /I may enhance both the peak
output voltage and the maximum output power of TENG. It indicates that the larger
the ratio of the maximum sliding distance to the length of the device, the higher the
output performance is of the TENG. Additionally, it is found that the optimization
strategies for TENG with these two different loading patterns are similar because
the scaling laws between output performance and compound parameters in Cases I
and II show the same trend.

In Figure 10(c-d), for each A/I, the value of &9V pear/0do increases monotoni-
cally with £gRS/doT and approaches to a constant when &oRS/doT = 1.0, which
implies that the optimal combination £9RS/dT is over 1. As mentioned before, the
scaling laws shown in Figure 10(c—d) may not reflect the explicit relationships
between output voltage and equivalent thickness dy, because dy is included in both
£0Vpeak/0do and £gRS /doT. To achieve the influence of do, another scaling laws are
exhibited in Figure 10(e-f) with Egs. (23) and (25). Instead of d¢ in Figure 10(c-d),
load resistance R, area S, and period T in Figure 10(e—f) are involved in both
TV peak/0RS and £9RS/d T, which means the effect of R, S, and T on output voltage
may not be reflected in Figure 10(d—f). For each A /I, a peak value of TV e, /0RS is

found, which indicates the existence of the optimal £gRS/dT or T.

In Figure 10(g-h) for the relationship between the dimensionless output power
and compound parameters, the value of £3RP.g /0%dg increases with eoRS/d T firstly
and then reaches a constant. At the same time, the value of T?Peg / 62S”R decreases
with £9RS/doT after being a constant when £9RS/dT is smaller than 0.1. In Figure 10
(k-1), a peak value is observed for &9 TP /0%d0S, which implies the optimal parame-
ter combination for £gRS/doT or T. Similar to output voltage, output power may also
be enhanced by tuning single parameter. For example, the remaining area S, period T,
and equivalent thickness d fixed, the best combination of £gRS/d¢Tand A/l can be
obtained for optimizing the output power for TENG by tuning load resistance R [26].

According to Figures 8 and 10, we can conclude that the scaling laws can provide
a more comprehensive and rational optimization strategy for both contact-separation
mode and sliding-mode TENG based on multiparameter analysis. The results can help
enhance the output performance of the device as either a smart sensor or an energy
harvester and may render a guideline for designing TENG devices.
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