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Abstract

Due to the bulky size and limited lifespan of batteries, remote charging and energy har-
vesting from the environment are becoming two trends to power miniaturized electronics. Tri-
boelectric nanogenerator (TENG) is an emerging technology to convert mechanical energy to
electricitical energy by the coupling of triboelectrification and electrostatic induction. It has
been widely applied to self-powered sensing and energy generation by virtue of the simpler
device configuration and broader material choices compared to conventional energy conversion

technologies, such as electromagnetic and piezoelectric energy harvesters.

In this thesis, it is the first time to presented a self-powered on-line ion concentration
monitoring system based on the impedance matching effect of TENG. Other than handcrafted
TENGs, the rotary disc-shaped TENG (RD-TENG) was fabricated by the industrial printed
circuit board (PCB) technology, which could realize sophisticated design and low-cost fabrica-
tion. Flowing water, as the energy source, in the pipeline was utilized to drive the RD-TENG
and generate an open-circuit voltage (Voc) of ~210 Vp_p. The impedance matching effect of
TENG as the sensing mechanism was studied thoroughly. Based on the impedance matching
effect, an alarm circuit was designed for the demonstration and the alarm LED can be success-
fully lit up by the change of NaCl concentration with only 1x10~° mol/L, which showed a high

sensitivity.

Compared to environmental monitoring, healthcare monitoring requires further miniatur-
ized size and better compatibility with electronics. To satisfy the demands, a novel micro tri-
boelectric energy harvester (WTEH) was developed. Based on the uTEH, a propotyped acoustic
energy transfer system was built via an ultrasound link. For the very first time, TENG was fab-
ricated by Micro-electro-mechanical systems (MEMS) technologies in batch process, giving
better integrated circuit (IC) integration. More importantly, it is also the first time that the size
of TENG is brought into microscale. We demonstrated a prototyped acoustic energy transfer
system for implanted devices that could generate 50 nW power on load resistor under 1 MHz,
132 mW/cm? incident acoustic power. The WTEH also achieved a signal-to-ratio (SNR) of
20.54 dB and exhibited promising potential for wireless communication by modulating the in-
cident ultrasound. Finally, detailed optimization methods were proposed to improve the output

power of the uTEHs in the future.
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Chapter 1

Introduction

The rapid advances in the Internet of Things (IoT) are revealing the new requirements of
the power source with the characteristics of smaller size, better sustainability and environment-
friendliness. Numerous individual nodes are deployed for monitoring and data communication
in the IoT network. However, the arrangement of the electrical wires and the maintenance of
batteries are huge consumption of time, labor and money. The disposal of batteries is also a big
issue that may be harmful to environment and hazardous to human health. To overcome these
issues, new strategies of energy generation are in desperate need. Energy harvesters can convert
energies of another form (e.g., solar energy, biological energy, thermal energy and mechanical

energy) to electrical energy through various mechanisms.

Different from solar energy and thermal energy, mechanical energy is not limited by time,
weather or location. It is one of the most abundant energy in our daily life, including wind,
flowing water, vibrations and even motions of human body. A large amount of “wasted” me-

chanical energy could be useful if we can capture it.



1.1 Current technologies of mechanical energy harvesting

Several different technologies have been applied to harvest mechanical energy and ex-
tend the life-span of devices, including electromagnetic induction, electrostatic induction and

piezoelectric effect [1, 2].

e Electromagnetic induction

Movement
S —
Sl Perea
e
Magnetic field

Receive

Circuit

Figure 1.1: Graphic illustration of electromagnetic energy harvesting.

Electromagnetic induction was discovered by Michael Faraday in the 1800s. The process
of the energy conversion via electromagnetic induction is the generation of alternating current in
a metal coil, which is placed in a magnetic field (shown in Fig. 1.1). The electricity is generated
by either the relative movement between the coil and the magnetic field or the variation of
the magnetic field. The generated current intensity is highly dependent on the strength of
the magnetic field, the diameter/turns of the coil and the velocity of the relative movement
[3]. Although electromagnetic energy harvesting has been widely explored for decades with
a decent efficiency to date [4-6], the complex system construction limits its miniaturization.
Additionally, theoretical study has already proved that the efficiency of electromagnetic energy

harvester has an obviously drop in the sub-millimeter scale [7].
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Figure 1.2: Graphic illustration of (a) in-plane and (b) out-of-plane electrostatic energy har-
vesting.

In principle, electrostatic induction is based on a capacitor consisting of two parallel plates.
Under DC bias, an electrostatic field is initially built between the two plates. The relative
movement between plates, induced by mechanical force, generates electrical energy (shown in
Fig. 1.2). Typically, electrostatic energy harvester can be classified into two types, depending
on the in-plane movement or the out-of-plane movement between plates [8—12]. To achieve
high efficiency, a minuscule separation between two plates is desired. It results in a limited
movement of plate, which further limits the output power [13]. It is also noteworthy that the

applied DC bias can be as high as hundreds of Volts, which causes the safety concern.

e Piezoelectric effect

The piezoelectric effect is a well-known working mechanism where mechanical energy is
converted to electrical energy through piezoelectric materials. Electricity is generated when
stress is applied to the piezoelectric material. Fig. 1.3 illustrates the piezoelectric conversion

mechanism.

The output power of the piezoelectric energy harvester is highly dependent on the inherent
properties and the structure of piezoelectric materials. Currently, piezoelectric energy har-

vester can be divided into three categories. One is piezoelectric nanogenerator (PENG), where
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Figure 1.3: Graphic illustration of the piezoelectric effect.

piezoelectric materials are fabricated in nanostructures (nanorods, nanowires, nanobelts and
etc.). Zinc oxide (ZnO) is the most commonly-used piezoelectric material for PENG because
nanostructured ZnO can be easily fabricated by multiple methods [14-16]. Recent researches
reported that nanostructured ZnO can be fabricated on the flexible substrate, such as poly-
dimethylsiloxane (PDMS) and polyethylene terephthalate (PET). These flexible PENGs show
the great potential for powering wearable and implanted devices. The second type of piezoelec-
tric energy harvester is based on bulk PZT transducer. PZT is a piezoelectric ceramic material
with the chemical formula of Pb(Zr,Ti;_,)O3 (0<x<1) and has a high piezoelectric coefficient.
Even though this kind of piezoelectric energy harvesters can generate the highest output power,
the issues of the bulky size and poor integration with IC limit their applications. Bulk PZT
transducers are often adopted for the acoustic energy transfer (AET) application to obtain max-
imum efficiency [17, 18]. In AET applications, an external acoustic energy source is provided
so that the transmitted energy is much more stable (less affected by environmental variations)
and the transmitted signal can even be modulated from the transmit end [19]. However, the
toxicity of PZT also limits its applications. The third type of piezoelectric energy harvester
is based on the piezoelectric thin film. Compared to the bulk counterpart, this thin-film-based

piezoelectric energy harvester is more miniaturized, more flexible with device configuration



and more compatible with IC integration, resulting in wider applications [20-22]. However,
the fabrication of high-quality piezoelectric thin film is currently a challenging work [23, 24].
An easy, low-cost and MEMS-compatible fabrication method is highly required to advance this

technology.

Table 1.1: Challenges of current technologies for mechanical energy harvesting.

Technology Current challenges
Electromagnetic induction Complex system and low efficiency in small scale
Electrostatic induction DC required and low output
Piezoelectric effect (bulk PZT) Large device size, poor integration and toxicity
Piezoelectric effect (PZT thin film) Complicated fabrication process

To date, challenges of current technologies (summarized in Table 1.1) still exist and new
technology is needed to overcome them. Triboelectric nanogenerator (TENG) is an emerging
and promising technology which was invented in 2012 [25]. Compared to other commonly-
used energy harvesting technologies, TENG has the advantages of higher output, simpler device
configuration/fabrication and broader material choices [26, 27]. It shows great potential to
overcome the abovementioned challenges. Since invention, it has been widely applied for self-

powered sensing and energy harvesting and has been attracting more attention.

Contact Separate

+ + + +

Figure 1.4: Graphic illustration of triboelectric effect.

The mechanism of the triboelectric energy harvester is actually the conjunction of the

triboelectrification and electrostatic induction. Although the phenomenon of contact triboelec-



trification was discovered thousands of years ago and can be observed almost every day, the
exact physical essence behind this phenomenon is still ambiguous [28, 29]. It is well accepted
that the charges (mostly free electrons) can transfer between two materials driven by the sur-
face potential difference when two materials are brought into contact. If the two contacting
materials are insulators, the transferred charges will be trapped on the surfaces and an electric
field will be built between two materials. Similar to electrostatic energy harvesting, electricity
is generated by the relative movement between two materials, as shown in Fig. 1.4. In 2012,
Wang group proposed this new type of energy harvester for the first time [25]. Compared to
other energy harvesters, triboelectric nanogenerator has the advantages of high output, low cost,
simple configuration and abundant material choices. It is attracting increasing attention in the

fields of the power generation and self-powered sensing.

1.2 Objectives

Water quality is often regulated in many industries and the monitoring of water quality is
a necessary process for the industrial production. An on-line and real-time monitoring system
will effectively improve the reliability of the product in the long term. Furthermore, it will be a
huge economization of energy if the monitoring systems can sustainably work without external
power supply. However, the study of real-time water quality monitoring is still a blank area up
to now. Hence, the first motivation of the thesis is to explore a novel strategy, based on TENG,
to scavenge the mechanical energy of flowing water and power the sensor so that a self-powered

sensing system can be constructed to monitor the water quality in real time.

Other than the environmental monitoring, healthcare monitoring is also seeking an effi-

cient energy harvesting technology. Benefiting from the micro-/nano-electromechanical sys-



tem (MEMS) technologies, a lot of healthcare monitoring devices, such as implanted devices,
are following the trends of miniaturization, low power consumption and easy integration with
integrated circuit (IC). To power these devices, the power sources should also follow the above-
mentioned trends. Therefore, another motivation of the thesis is to combine the TENG and
MEMS technologies and to promote the miniaturization and integration of the TENG. As a

result, the TENG can be more compatible with micro-/nano-electronic systems.

1.3 Thesis organization

This thesis is organized in six chapters. In Chapter 2 introduces the fundamental physics,

basic working modes and major applications of triboelectric nanogenerators.

Chapter 3 presents a self-powered on-line ion concentration monitoring system based on
TENG. It is an excellent example to harvest environmental energy by TENG. In this chapter, a
disc-shaped TENG (RD-TENG) was designed and fabricated to harvest the mechanical energy
from flowing water and convert to electrical energy. In the prototyped system, both the sensor
and TENG were fabricated based on PCB technology. Lastly, a self-powered sensing system

was exhibited for the demonstration.

Chapter 4 illustrates the development of a novel micro- triboelectric energy harvester
(WTEH), from the working mechanism to fundamental characterizations. The TENG was firstly

and successfully fabricated based on MEMS technologies.

In Chapter 5, two potential applications of the uTEH are proposed. In addition, optimiza-

tion methodologies are also given to improve the output of the uTEH in the future.

Chapter 6 summarizes the work in this thesis and gives future plans.



Chapter 2

Review of triboelectric nanogenerators

Triboelectric effect is one of the most common phenomena in our daily life. A typical

example is that confetti is attached to the glass by rubbing glass and silk (shown as Fig. 2.1).

Figure 2.1: Triboelectrification between glass and silk.

For a very long time, people are trying to avoid the triboelectrification phenomena in the
industry due to its negative effects, such as the high-voltage breakdown in IC. Until 2012, it was
first proposed that triboelectricity is also a type of useful energy. Based on this idea, triboelec-
tric nanogenerator (TENG) was proposed to scavenge mechanical energy and generate electri-
cal energy, via the coupling of triboelectrification and electrostatic induction. Since invention,

numerous studies have been conducted and TENGs have been applied in many different fields.



This chapter will give an introduction to the fundamental principles and the working behaviors

of TENG. Up-to-date major applications are also reviewed at last.

2.1 Fundamental principles of triboelectric nanogenerator

2.1.1 Origin of nanogenerator

To pursue the origin and explain the working mechanism of TENG, we should go back to

the Ampere’s circuital law with Maxwell’s addition [30, 31]

VxH:Jf+% 2.1)

where H is magnetizing field, J; is the free electric current density and D is the displacement

field.

D=gE+P 2.2)

where E is electric field, P is polarization field and g is the vacuum permittivity.

Substituting Eq. 2.2 into 2.1, we obtain the second term of Eq. 2.1

_OD _ OE 0P

JD—E—SOE‘FE

(2.3)

which is so-called Maxwell’s displacement current. The first component (soa(,)—f) is the current
induced by the time-varying electric field, which is the origin of electromagnetic wave. The
second component (%—I;) is the current contributed by the time-varying small motion of charges
bound in atoms and dielectric polarization of materials, which can theoretically explain the
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working principles of nanogenerator [32]. The output of both piezoelectric nanogenerator
(PENG) and triboelectric nanogenerator (TENG) is the electron flow in the external circuit
driven by the polarized charges and the induced time-varying electric field. The difference is
that the induced electric field of PENG is inside the piezoelectric material while the induced
electric field of TENG is between the triboelectric pair. The following part will give a brief

discussion of the governing equations for both PENG and TENG.

e Piezoelectric nanogenerator

Z(t)

+ + + +
o(t)

Figure 2.2: Working principle of piezoelectric nanogenerator.

The working principle of the PENG is illustrated in Fig. 2.2. For a piezoelectric material,
the polarized charges are usually induced by the applied stress at two sides. Without external
electric field, the displacement field is the polarization vector in the medium. If we take the

z-axis as the polarization direction, we can obtain

D, =P, =0p(2) (2.4)

where o p(2) is the surface charge density contributed by the piezoelectric polarization. So, the
displacement current (Jp) inside the piezoelectric material is given as
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8Pz _ 6a'p(z)
o Ot

D=

(2.5)

It can be observed that the displacement current of PENG is the change rate of the sur-
face charge density by the piezoelectric polarization. The induced electric potential difference
between two electrodes forces the electrons to flow in the external circuit. Assuming the piezo-
electric material is an ideal insulator, the open-circuit voltage (Vo) and the output current

equation of the PENG are expressed as [32]

Voc = (2.6)

rado _ dor@) - o] 2.7
dt g

where R is the load resistance, A is the electrode area, o (¢) is the charge density in electrode
and z is the distance (a function of time 7). According to Eq. 2.5 and 2.6, both the piezoelectric

polarization and the change rate of the surface charge density contribute to the output of PENG.

e Triboelectric nanogenerator

For TENG, the polarized charges are contributed by the triboelectrification and trapped on
the contacting surfaces. Then, the free electrons flow through the external circuit. The working
principle is illustrated in Fig. 2.3. The electric field in the triboelectric materials (E,, E;) and

the gap (E,) are defined as [32]
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Figure 2.3: Working principle of triboelectric nanogenerator.

Ey =0(z,0) /&
E, =0(z,1t)/e (2.8)
E, =[o(z,1) — o/

where o(z,1) is the charge density in the electrode (a function of the separation z(t)), o is

the surface charge density on the triboelectric material, €; and &, are the relative dielectric

constants. The electric potential drop between electrodes is

V=0 0ld /e + dr/&:] + 2oz, 1) — o]/€o (2.9)

Under the short-circuit condition, V = 0. So, we obtain

o
,1) = 2.10
o(z1) digo/er + dreg/er + 2 (2.10)

Then, the displacement current inside the triboelelctric materials is expressed as
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aDZ _ 0o (z, 1) _ dz digg/er + drgg/ & + do Z

I = @
b ot ot O-dl‘ [digo/e1 + drey/ e +Z]2 dt digo/er + dreg/er + 2

(2.11)

The second term in the Eq. 2.11 shows the relationship between the displacement current
and the change rate of the surface charge density on triboelectric materials. After sufficient
contact, the surface charges almost saturate on triboelectric materials, resulting in a constant
surface charge density. Thus, the second term will be zero at steady state and Eq. 2.11 is only
determined by the first term. Consequently, the displacement current of TENG is only related to
the surface charge density on triboelectric materials and the velocity of the relative movement

between the triboelectric pair.

In the external circuit, the output current equation of TENG is expressed as [32]

do(z, 1)
dt

RA

=z0/gy —0(z,0)di /&1 + da/&r + 2/ &0] (2.12)

2.1.2 Triboelectric materials

Almost all of the known materials have the triboelectric properties, including metals, poly-
mers, woods and etc. Fig. 2.4 illustrates a triboelectric series of some common materials [26].
In the series, materials close to the positive end tend to lose electrons (positively charged) while

materials close to the negative end tend to gain electrons (negatively charged).

Other than the material itself, the surface properties of a material can also contribute to the
triboelectric property. By physically creating nano-/micro- patterns on the surface [33-35] or
chemically functionalizing the surface [36-38], materials will be easier to gain/lose electrons
after contact. The mechanism behind this is that the surface modification, either physically or

13



Figure 2.4: Triboelectric series of some common materials.

chemically, can significantly change the surface potential, resulting in a change of the capability
of gaining/losing electrons. Typically, materials located further away on the triboelectric series

are preferred to construct TENG because electrons are easier to transfer from one to the other.

2.1.3 Output characteristics of TENG

For all kinds of TENGs, the working mechanism is the coupling of contact triboelectrifi-
cation and electrostatic induction. Essentially, a TENG contains a pair of electrodes, insulated
with each other. The resistance between electrodes is assumed infinitely large to ensure that
charges can only flow through external circuit. To theoretically analyze the working behaviors
of a TENG, the TENG can be fundamentally modeled as a time-varying capacitor. If the trans-
ferred charges between electrodes are defined as Q, one electrode will have the positive charges
Q and the other one has the negative charges —Q. For any TENG, two components contributes
to the electric potential difference. One is from the polarized triboelectric charges and the other
one is from the already transferred charge Q. Based on the electric potential superposition

principle, the actual electric potential difference (V) between electrodes is given as [39]
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V=-
C(X)

Q + Voc(x) (2.13)

where C(x) is the capacitance between two electrodes and Vc(x) is the electric potential drop
induced by the polarized triboelectric charges with certain separation (x). Here, Eq. 2.13,

so-called V — Q — x relationship, is the governing equation of an arbitrary TENG.

Under the short-circuit condition, the transferred charges (Qs¢) will completely screen
the electric potential difference induced by the polarized triboelectric charges. Therefore, the

fundamental relationship among Qsc, C and V¢ 1s Qsc(x) = Cx)Voc(x) [40].

C

Figure 2.5: First-order lumped parameter equivalent circuit mode of an arbitrary TENG.

Based on the V — Q — x relationship (Eq. 2.13), a first-order lumped parameter equivalent
circuit model can be built to analyze the behaviors of TENG [41]. The two terms at the right
side of Eq. 2.13 can represent a capacitance term and an open-circuit voltage term, respectively.
In consequence, the lumped parameter equivalent circuit mode is exhibiting as a series of an
ideal voltage source and a time-varying capacitor (shown as Fig. 2.5). For an arbitrary TENG,
there is no resistance term in the equivalent circuit. Therefore, the inherent impedance of the
TENG is only related to the capacitive term. On the basis of the lumped equivalent mode of

TENG, two typical conditions will be discussed in the following section.

e Output of TENG with resistive load

Fig. 2.6a is the equivalent circuit model of a TENG with the load resistance. According to
Kirchhoff’s law, the governing equation is given as [42]
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Figure 2.6: (a) The equivalent circuit mode of TENG with resistive load. (b) The output voltage
and current dependence on the load resistance. (c) The output power dependence on the load
resistance.

Qo 1
R=E = —20+ Vo (2.14)

Fig. 2.6b gives the effect of the load resistance on the peak output voltage and current.
It is obvious that three regions can be divided, marked as I, II and III. This characteristic can
be explained by charge transfer velocity [42, 43]. Indeed, the output current of the TENG is
an external expression of the charge transfer velocity in external circuit. The charge transfer
velocity in external circuit has the maximum value in short-circuit condition and the existence
of load resistance constrains the charge transfer velocity. In region I, the load resistance is small
and has a negligible effect on the charge transfer velocity. The output current is almost equal
to the short-circuit current. At the same time, the electric potential drop is nearly balanced
by the transferred charges, generating a very small output voltage. In region II, as the load
resistance continues to increase, the charge transfer velocity is significantly lowered and the
output current decreases rapidly. The electric potential drop is less balanced due to the less
transferred charges. As a result, the output voltage increases. When the load resistance is
sufficiently large, the charge transfer in the external circuit is almost blocked, resulting in an
extremely small output current. Since very few charges are transferred in the external circuit,

the output voltage almost keeps consistent to the open-circuit voltage. This is the region III.
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To mathematically express the output of the TENG, impedance matching between TENG
and the load resistance is often adopted to analyze the output characteristics as well [44, 45].
Since the inherent capacitance of a TENG is not constant, the average inherent capacitance
(Cavg) 1s used in the calculation. The corresponding average inherent impedance of the TENG
is 1/(wCy,) (w is the angular frequency of the mechanical movement). In region I, the load
resistance is much smaller than the average inherent impedance of the TENG and circuit can be
considered as a quasi-short-circuit condition. In region III, the load resistance is much larger
than the average inherent impedance of the TENG and the circuit can be considered as a quasi-
open-circuit condition. In both regions, the output power on the load resistance is small. In
region II, both the output voltage and current are sensitive to the value of load resistance. The
maximum output power can also be reached in this region, as illustrated in Fig. 2.6c. Niu et al.
[43] gave the expression of the optimum load resistance (R,;), corresponding to the maximum

output power.

dy

Ropi = ———— 2.15
" [H()]2S vey 2.15)

where d is the effective thickness of the dielectric, x,,,, is the maximum displacement, S is the
area of triboelectric material and v is the velocity of the mechanical movement. H is a function

to describe the detailed relative movement.

The TENG with load resistance is the simplest case in the real application. These char-
acteristics are often applied for the self-powered sensing application because most the sensing
systems are based on the resistance-type sensors. When the working range of the sensors is lo-

cated in region II, sensing results will be directly demonstrated by the output voltage of TENG.

e Output of TENG with capacitive load

17



(b

—

(c)

Optimal C.

Voltage
93iey)

Figure 2.7: (a) The equivalent circuit mode of TENG with capacitive load. (b) The output
voltage and transferred charges dependence on the load capacitance. (c) The stored energy
dependence on the load capacitance.

Fig. 2.7a is the equivalent circuit model of a TENG with load capacitance. In this case,
there is no external resistance term in the circuit and it is more meaningful to discuss the trans-
ferred charges and stored energy in load capacitor, instead of output current and power [41, 42].
Although the behavior of the TENG is time-varying, the distribution of charges is certain in the
circuit at any moment. Typically, the open-circuit voltage (Vo) of the TENG reaches the peak
value at the maximum displacement (x,,,.). We take this peak V¢ for further discussion. At
this point, the instantaneous voltage (V) and charges (Qc) on the load capaitance are expressed

as [42]

_ QSC(X = -xmax)

%
C.L+Cr

(2.16)

_ CLQSC(X = xmax)

= 2.17
0=~ (2.17)

where Qgc(e=max) 18 the transferred charges of the TENG in short-circuit condition, Cy, is the
load capacitance and C7 is the instantaneous inherent capacitor of the TENG. Based on the Eq.

2.16 and 2.17, the total stored energy in load capacitance can be obtained as
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Ec = lCLVZ — Cr[QOsc(x = xma)c)]2

2 2(Cr + CT)Z

(2.18)

The three-working-region behavior can also be observed for the capacitive load charac-
teristics, as shown in Fig. 2.7b. For a certain TENG and movement, the maximum transferred
charges in short-circuit condition is a fixed value. It is easy to obtain the dependency of charges,
voltage and stored energy on the load capacitance from Eq. 2.16, 2.17 and 2.18. Similar to the
resistive load characteristics, there is also an optimum value (C,,,) of the load capacitor that
makes the stored energy in the load capacitance maximized. Based on Eq. 2.18, maximum

stored energy is reached when C; = C,,; = Cr.

Currently, a supercapacitor is usually connected with the TENG to store the generated
energy. Therefore, the characteristics of the TENG output with load capacitance are useful
when designing the supercapacitor to maximize the stored energy. So far, few researches have
been performed on the combination of TENG and capacitance-type sensors. In chapter 3, it is
observed that operating frequency of the TENG has an effect on the output voltage with load
resistance, but has no effect on that with load capacitance. These characteristics may promote

the development of the frequency-independent self-powered sensing systems.

2.2 Basic working modes of triboelectric nanogenerators

Depending on the configurations, TENGs are working under four basic operating modes.

This section will respectively introduce these four working modes.
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2.2.1 Vertical contact-separation mode
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Figure 2.8: Working mechanism of vertical contact-separation mode TENG in single working

cycle.

Vertical contact-separation mode is the simplest working mode of TENG, which can be
divided into two categories: dielectric-to-dielectric and conductor-to-dielectric. Fig. 2.8 il-
lustrates the working mechanism of the dielectric-to-dielectric case. Initially, two different
triboelectric materials are brought into contact by external mechanical force. Opposite charges
with same density are distributed on the surfaces of the two materials according to the electron
affinity. When being separated from each other, there will be an electric potential difference
between two electrodes attached to dielectric layers. The electric potential difference increases
with the increase of separation and will reach the maximum with the maximum separation. Due
to the electric potential difference, free electrons are transferred through external circuit. Then,
electric potential difference decreases when two materials are forced into contact again. To bal-
ance the potential difference, electrons will flow back through the external circuit. Alternating
current (AC) is generated when this process is repeated periodically. Based on the theoretical
model proposed by Niu et al. [43], the open-circuit voltage (Voc) and short-circuit current (Is¢)

are defined as

ox(t)
Voc =

(2.19)
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- 2.20
do + x(1)? (2.20)

SC

where o is the surface charge density of the triboelectric material, x(#) is the separation between
two triboelectric layers, S is the contact area and v(?) is the relative velocity of the two tribo-
electric layers. d is the effective thickness of dielectric layers between two electrodes, defined

as

doh=> 2 2.21)

i=1 Cri
where the ith dielectric layer has the thickness of d; and relative dielectric constant of &,,.

TENGs working under the vertical contact-separation mode have the advantages of sim-
plest configuration, high output power and easier construction of multilayered structure. They

have been widely applied for portable electronics and self-powered sensors [38, 46].

2.2.2 Lateral sliding mode

(1
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Figure 2.9: Working mechanism of lateral sliding mode TENG in single working cycle.

Lateral sliding mode TENG has the similar configuration as that of contact-separation
mode TENG. The difference is that the relative motion direction between two triboelectric lay-
ers is in-plane for lateral sliding mode. This working mode is also classified into two types:
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dielectric-to-dielectric and conductor-to-dielectric. Shown as Fig. 2.9, positive and negative
charges are equally distributed on the surfaces of two triboelectric layers after sufficiently con-
tacting. When one triboelectric layer slides out, electric potential difference is generated be-
tween two electrodes and the potential difference increases with further relative motion. A
current is induced in the external circuit under the potential drop. Similarly, current flows back
when the triboelectric layer slides in. Based on the theoretical mode [39], the open-circuit

voltage (Voc) and short-circuit current (Is¢) are given as

_ ox(dy
oc = —80(1 ~ (1) (2.22)
Isc = owv(t) (2.23)

where x(7) is the relative lateral separation between two triboelectric layers, [ is the length of
triboelectric layer in motion direction, w is the width of the triboelectric layer perpendicular to

the page in Fig. 2.9 and v(x) is the relative velocity between two triboelectric layers.

Compared to vertical contact-separation mode TENG, lateral sliding mode TENG is more

compatible for packaging because there is no gap required in the structure.

2.2.3 Single electrode mode

For single electrode mode TENG, only one electrode is fabricated, which is referred as
the primary electrode. As shown in Fig. 2.10, ground is taken as the reference electrode in
most cases. Still, TENGs working under single electrode mode can be divided into dielectric-
to-dielectric and conductor-to-dielectric. Since the relative motion between two triboelectric
layers can be horizontal or vertical, the theoretical mode should be discussed separately [40].
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Figure 2.10: Working mechanism of single electrode mode TENG in single working cycle.

Here, we only talk about the vertical relative motion for illustration, depicted in Fig. 2.10.
After enough contacting, opposite charges are distributed on the surfaces of dielectric layer
and primary electrode equally. Once separated, an electric potential drop is built between the
primary and the reference electrodes. A current is generated in the external circuit accordingly.
When the dielectric layer moves back to primary electrode, the potential drop decreases and the
induced current flows back. The theoretical mode gives the expressions of open-circuit voltage

(Voc) and short-circuit transferred charges (Qsc) [40]

owlC,
Voc = 2.24
oc C1C2 + C2C3 + C3C1 ( )
owl
Osc = —To (225)
Ca(x)

where C;, C, and C; are the capacitances of the dielectric layer to the primary electrode, the
dielectric layer to the reference electrode and the primary electrode to the reference electrode,

respectively.

For vertical contact-separation mode TENG and sliding mode TENG, two electrodes (at-
tached to triboelectric layers) need to be fabricated for a closed circuit, which may cause some
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practical problems in real applications. On the contrary, only one electrode is required in single
electrode mode TENG and the triboelectric layer can move freely. Although the output power
is halved compared to the two abovementioned types of TENGs (due to the screening effect of

the primary electrode), single electrode mode TENG has more practical applications.

2.2.4 Freestanding triboelectric-layer mode
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Figure 2.11: Working mechanism of freestanding triboelectric-layer mode TENG (sliding) in
single working cycle.

For freestanding triboelectric-layer mode, the configuration is a bit complicated compared
to other three modes. The triboelectric layer can vertically move between two parallel elec-
trodes or laterally move on the same thin film. Similarly, freestanding triboelectric-layer mode
includes dielectric-to-dielectric and conductor-to-dielectric. Fig. 2.11 illustrates the working
mechanism of the freestanding triboelectric-layer TENG in sliding mode. In one working cy-
cle, sufficiently charged triboelectric layer moves laterally, so that two electrodes underneath
are oppositely charged. Depending on the overlapping areas, electric potential difference is
induced between two electrodes and current is generated in the external circuit. Since the ca-
pacitance between two completely misaligned electrodes is dominated by the fringing effect,
it is difficult to find a proper equation to calculate the total capacitance of TENG. Hence, the

exact expressions of open-circuit voltage and short-circuit current are quite complicated. Com-
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prehensive theoretical discussions of freestanding triboelectric-layer mode TENG can be found

in reference [47].

Freestanding triboelectric-layer mode TENG also has the advantage that triboelectric layer
can move freely. However, a significant superiority to single electrode mode TENG is higher

energy conversion efficiency because there is no screening effect.

2.3 Major applications of triboelectric nanogenerators

Over the last five years, a great number of researches concentrated on the diverse applica-
tions of TENG. Among them, three major categories can be summarized: self-powered sensing,
power source and human-machine interfacing (HMI). This section will briefly review the recent

progress.

2.3.1 Self-powered sensing

By integrating with TENG, sensing systems can work without external power source.
Most current TENG-based self-powered sensing systems are working under the mechanism of
impedance matching effect. Essentially, the change of the environment will cause the change
of load impedance, further inducing the change of the output of the TENG. Numerous reported

publications have exhibited TENG-based self-powered sensing systems in various scenarios.

Applying one polytetrafluoroethylene (PTFE) layer functioning as both triboelectric layer
and sensing layer, Jie et al. [48] designed a vertical contact-separation mode TENG for dopamine
detection. This self-powered sensing system can detect the dopamine with the limit of 0.5 uM
in alkaline condition. By the coupling of triboelectric effect and chemresistive effect, Shen et
al. [44] designed a self-powered NO, gas sensing system for vehicle emission testing. The
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Figure 2.12: Self-powered sensing systems based on TENG. (Reprinted with permissions) (a)
A self-powered sensing system for dopamine detection in alkaline solution [48]. (b) A self-
powered vehicle emission testing system for NO, detection [44]. (c) A self-powered NHj
sensing system based on PANI-TENG [49]. (d) A self-powered weighing system to monitor
the qualified/unqualified weight product [45].

contact-separation mode TENG, seriesly connected with a WO3-based gas sensor, was fixed on
the automobile engine to harvest the vibration energy. Cui ef al. [49] constructed a contact-
separation mode TENG for ammonia sensing in the environment. In their system, the conduct-
ing polyaniline (PANI) nanofibers act as both triboelectric layer and electrode. The output of
the TENG varies with the ammonia concentration and the detection limit can reach ~500 ppm

at room temperature. Similar work is also reported for CO, sensing [50].

A variety of self-powered pressure/force senors were also proposed. Guo et al. [51]
proposed a single-electrode mode TENG for pressure sensing. Graphene oxide (GO) was used
for triboelectric material to enhance the output, where the sensitivity can achieve up to 388
uwA/Mpa. Xie et al. [45] reported a carbon nanotude (CNT) based piezoresistive pressure

sensor, integrated with a disc-shaped TENG working under the freestanding triboelectric-layer
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mode. The variation of the detected pressure can be directly reflected by the output of the

TENG.

2.3.2 Power source

Shaking a bracelet-like
LM-TENG

Figure 2.13: Power sources based on TENG. (Reprinted with permissions) (a) A hybrid energy
harvesting system to collect the solar energy and the kinetic energy of raindrops [52]. (b) Soft-
contact-mode spherical TENG to harvest the low frequency wave energy on ocean [53]. (c) A
wireless heart rate monitoring system based on the TENG [54]. (d) Liquid-metal-based TENG
for harvesting mechanical energy from arm shaking [55].

According to the different energy source (environmental mechanical source and bio-mechanical

source), the TENGs are generally developed toward two directions.

TENGs with various configurations have been designed to harvest the wind energy. Zhao
et al. [56] and zhang et al. [57] designed flag-structured and lawn-structured TENG respec-
tively, which can scavenge wind energy from arbitrary direction. Cheng et al. [58] proposed a
wind energy harvesting system with two different configurations. In their system, one is flutter-

driven TENG for low-speed airflow and the other one is a disc-shaped TENG for strong airflow,
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so that it can maximize the harvested energy for both low-speed and high-speed airflow. An-
other environmental mechanical energy is the low-frequency water wave energy in the ocean.
Cheng et al. [53] fabricated a soft liquid/silicone and sealed it inside an acrylic hollow sphere.
This sphere-structured TENG works under the combination of freestanding triboelectric-layer
mode and contact-separation mode and can output 45 mW power. By building the sphere-
structured TENG network in the ocean, large-scale blue energy harvesting may be realized to
alleviate energy crisis. Liang et al. [59] proposed a multilayered structure (glass-FTO-PTFE)
to harvest the electrostatic energy from the flowing water on the top surface. Then, Liu et al.
[52] put forward a hybrid system, where polydimethylsiloxane (PDMS) as triboelectric layer
combined with PEDOT:PSS layer as electrode was stacked on the silicon solar cell. This hybrid

system can harvest energy from environment in different weather conditions.

Additionally, a lot of TENGs targeting harvesting bio-mechanical energy are designed to
power wearable devices. Flexible materials are preferred to fit the wearable devices. They can
harness the human motions, such as bending of elbow and flexion of fingers, and charge super-
capacitors as power source. Yang et al. [55] fabricated a flexible TENG based on liquid metal
(Galinstan) to harvest the energy from human walking and arm shaking. In their design, liquid
metal acts as electrode and silicone rubber acts as triboelectric layer to make the whole system
system flexible. Sun et al. [60] designed an ultralight energy harvesting system, where both the
TENG and the supercapacitor were fabricated by electrospun paper. Among the TENGs scav-
enging bio-mechanical energy, a particular type of TENG was designed for implanted device.
Zheng et al. [54, 61, 62] used micro-/nano- patterned polymer (PDMS, PTFE) as triboelectric
materials to fabricated flexible TENGs. Attaching to the organs (such as heart), these contact-
separation mode TENGs can harvest the bio-mechanical energy inside human body and power

implanted devices.
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2.3.3 Human-machine interfacing
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Figure 2.14: HMI applications based on TENG. (Reprinted with permissions) (a) A self-
powered intelligent keyboard based on the single electrode mode TENG [63]. (b) A paper-
based TENG for acoustic energy harvesting and self-powered sound recording [64]. (c) An
organic thin-film-based TENG for active acoustic sensing [65]. (d) An ultrasensitive auditory

sensor based on TENG [66].

The human-machine interfacing (HMI) application is beneficial from the high output volt-
age of the TENG. Usually, TENGs function as sensing component and should be integrated

with a post signal processing component.

One typical example of HMI is record of keystroke dynamics for identification [63, 67, 68].

In this application, fluorinated ethylene propylene (FEP) is coated onto the ITO surface as an
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triboelectric layer and the TENG works under the single-electrode mode. By the construction
of an array, a keyboard cover can be fabricated and be used to record keystroke dynamics. Jie
et al. [69] designed a TENG, in which nitrocelluse membrane was used as triboelectric layer.
This freestanding triboelectric-layer mode TENG can work for a self-triggered alarm system
by fingerprint. Pu et al. [70] fabricated a flexible TENG working under contact-separation
mode and attached it to the glass. The micromotion of the skin around the corner of eyes can
be detected and taken as a trigger signal source. Ultrahigh sensitivity can be achieved because

of the high output voltage of TENG.

Yang et al. [65] and Fan et al. [64] firstly designed flexible TENG based on PTFE film
for acoustic sensing applications. Multilayered structures were constructed and the acoustic-
induced vibrations of PTFE generate electrical signals. Guo et al. [66] fabricated a TENG-
based auditory sensor for cochlea device. They used FEP and kaption as triboelectric pair and
the shape of membrane was comprehensively studied. In consequence, a broad bandwidth was
achieved (100 to 5000 Hz) and the output voltage can reach 1.2 V under 100 dB sound pressure

level.
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Chapter 3

Self-powered on-line ion concentration
monitor in water transportation driven by
triboelectric nanogenerator

Water is one of the most indispensable substances not only in daily life but also in in-
dustrial production. According to the various industrial usage, such as preparation of purified
reagent, manufacture of battery-related production and cleaning of electronics, different regu-
lations of water quality should be met [71, 72]. Excess ions, particles and bacteria may lead to
severe problem in industrial production. Although numerous water purification methods have
been applied into practice and extremely pure water can be realized [73—76], contamination can
still be introduced in the transportation of water. It is vitally meaningful to monitor the water
quality on-line and in real time during the transportation. In the multitudinous factors for eval-
uating water quality, ion concentration is a symbolic element. Currently, many advanced ion
concentration sensors are able to detect ions in water physically [77-79], chemically [80-82]
and biologically [83-85]. Despite high sensitivity, most existing sensors suffer from complex
sensing process and difficulty in real-time monitoring. Another prominent problem in common
is power consumption. External energy source is usually required to drive the ionic sensor
for an alarm system. When a large number of sensors implemented along the transportation

pipeline, it is an enormous engineering effort to provide external electricity.
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Among the external electric powers, battery is the most commonly-used way to power
sensors. However, the lifespan of battery limits the long-term usage of the sensing system [86—
88]. If the mechanical energy of water flow can be collected and utilized to drive sensors and
alarms, it will be a perfect solution. Nowadays, the emerging TENG has addressed an approach
to actuate multifarious electronic devices by harvesting energies from ambient [25, 32, 89].
Several efforts to achieve TENG-triggered self-powered sensing system have been made [27,
66, 70, 90, 91]. Among them, the most striking strategy is to develop appropriate TENGs
which can drive the existing sensors directly based on the impedance matching effect between
the TENG and sensor [44, 45, 92-94]. In a typical process, the specific output characteristics
of the TENG are tuned by the load of the sensor that is responded to the external stimuli. The
output voltage of TENG varies with the different working states of the sensor and can then

directly reflect on the on/off status of the alarm unit such as LEDs.

In this work, a TENG driven self-powered on-line monitoring system in the pipeline trans-
portation of water was proposed, introducing a new monitoring strategy. A turbo fan driven
disc-shaped TENG (RD-TENG) was proposed to convert the mechanical energy of the flowing
water in the pipeline to electrical energy. Both the RD-TENG and the ion concentration sensor
were designed and fabricated based on the standard printed circuit board (PCB) technology.
The sensor and the TENG were connected in series and connected a commercial LED with the
fixed resistor in parallel as alarm. This work will be a good example of the TENG harvesting

environmental energy.
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3.1 Fabrication of TENG and sensor

3.1.1 Fabrication of RD-TENG

-
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Figure 3.1: (a) The exploded view and (b) the photograph of a typical RD-TENG. (c) Fabrica-

tion process of the RD-TENG.
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With a multilayered structure, the RD-TENG mainly contains a disk-shaped stator and
a countered rotator, as shown in Fig. 3.1a and b. The fabrication of the RD-TENG is based
on the mature industrial PCB manufacturing technology, shown as Fig. 3.1c. Different from
handcrafted TENGs, TENG fabricated by PCB technology is more precise, more repeatable
and more reliable. The fabrication started from the base laminate made from epoxy resin and
pattern the electrode, a photolithography and copper etching process were conducted. For the
rotator, radial copper segments (70 um thick) with a central angle of 1.5° were patterned on
the PCB. The diameter of the radial copper segments is 176 mm. For the stator, two copper
segments with interdigitated structure were patterned on the PCB. Detailed electrode structures
of stator and rotator can be found in Appendix A and B. (iv) Lastly, the PCB was cut into pieces

with the desired shape (circle with diameter of 184 mm).

A PTFE thin film, treated by plasma reaction ion etching (RIE) process for enhancing the
surface charge density, was coated on the upper surface of stator (with copper electrodes). For
both stator and rotator, PCB was adhered to a stack of acrylic (Polymeric Methyl Methacrylate)
sheets to strengthen the structure. The acrylic sheets were cut by the laser cutter (Huitian Laser

4060).
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3.1.2 Fabrication of ion concentration sensor

I Copper
Bl Solder mask

Figure 3.2: (a) The PCB layout and (b) the photography of the ion concentration sensor. (c)

The scheme of the fabrication process for a typical sensor.

The self-powered sensing system is based on the concept of impedance matching effect
of TENG and a capacitance-type ion concentration sensor is fabricated for demonstration. The
design of the sensor is depicted as Fig. 3.2a. The fabrication, which was also based on the
PCB technology, started from a circuit board substrate cladded by copper. (i) The next step
was the drilling of holes in the substrate for Sub-Miniature-A (SMA) connector. (ii) Then, the
entire surface, including the inside of the holes, of the circuit board was metalized. Proper
photolithography process was carried out to pattern the circuit board. The conducting lines
and sensing pads were formed. (iii) Afterwards, the surface of the circuit board was covered
by solder mask lacquer for insulation. Only holes and sensing areas were exposed. (iv) The
last step was gold immersion to deposit a gold thin film on the surface of sensing pads. The

simplified fabrication flow is illustrated as Fig. 3.2c.
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3.2 Mechanism

3.2.1 Working mechanism of RD-TENG
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/ Copper electrode
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Figure 3.3: Illustration of working mechanism of the RD-TENG. One section of the disc is

selected to display the charge distribution during the spinning of the rotator.

A typical RD-TENG is usually employed as a high-efficiency energy harvester to collect
continuous flow or wind energy. The operation of the RD-TENG is based on the conjugation
of triboelectrification and electrostatic induction [95-97]. During the operation, the rotator and
stator are aligned coaxially to ensure the sufficient contacting. After sufficient triboelectrifica-
tion between the top electrode and the PTFE film, the top electrode is positively charged while
the PTFE is negatively charged due to the different capability of gaining/losing electrons. In
the initial state, the positively charged top electrode is coaxially lined up with the bottom left
electrode and induces the accumulation of electrons in the bottom left electrode. Since the law
of charge conversation, the bottom right electrode is positively charged (equal to the left one).
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Because of the unequal contact areas of top and bottom electrodes, the surface charge density
of the rotator is twice as that of the stator. As the rotation, top electrode slides from left to right.
In the intermediate state, the electrons on bottom electrodes redistribute with the top electrode,
leading to a current flow from bottom right to bottom left. In the final state, the top electrode
is aligned with the bottom right electrode and the electron distribution of bottom electrodes is
opposite to the initial state. In next working cycle, another current flow is generated in inverse

direction due to the interdigitated structure of bottom electrodes.

Fig. 3.3 demonstrates the charge distribution of the RD-TENG in short-circuit condition
for one section in a half cycle. Under continuous rotation, the current and the inverse current
are generated successively and periodically. Consequently, an AC power is generated, which

has a frequency (f) as

3
P

=5 (3.1

where vy is the rotation speed (rpm) of the disc and 9 is the center angle (°) of a single rotator

section. Herein, ¢, for the RD-TENG is 1.5°.
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3.2.2 Sensing mechanism
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Figure 3.4: Working mechanism of the sensor in water.

The sensing mechanism of the ion concentration sensor can be explained by the impedance
variation in the water between electrodes under different ion concentration. Since the real
situation is very complicated, a simplified equivalent circuit (shown in fig. 3.4) is built to
demonstrate the working mechanism. When the sensor is connected with an external source
and immersed into the water, an electrical double-layer capacitor is formed near the surface of
the electrode. Therefore, the total impedance (Z,,) between electrodes can be approximately

defined as:

Ziot = Ry + 2Xcdl (32)

where R, is the bulk resistance of the water and X, is the capacitive reactance contributed by
the electrical double-layer capacitance near the electrode surface. Here, each electrode has two
sensing pads connected in parallel for increasing the sensing area (Fig. 3.2b). Both Ry, and

X_.q1 are dependent on the ion concentration in the water. When the ion concentration changes
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in the water, the impedance of the sensor will change accordingly.

3.3 Results and discussions

3.3.1 Electrical characterizations of RD-TENG

e Open-circuit voltage (V¢) and short-circuit current (Ig¢)

The electrical output of the RD-TENG, driven by a programmable motor, was measured

by a source meter (Keithley 6514). The source meter was connected to a laptop through a data

acquisition card (National Instruments, BNC-2110) and a customized data acquisition system

based on Labview platform was used to collect the voltage and current signals.
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Figure 3.5: Open-circuit voltage (Voc) and short-circuit current (Is¢) of the RD-TENG at dif-

ferent rotation speeds.

Fig. 3.5 shows the rotation speed dependence of the electrical output performance. Under

the rotation speeds of 60, 80, 100, 120 and 160 rpm, the open-circuit voltage (Vo) of the
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RD-TENG almost keeps consistently same and the peak-to-peak value is ~210 V. However,
the short-circuit current (/g¢) shows a direct proportional dependence on the rotation speed.
At the rotation speed of 60 rpm, the Isc is ~62 pA. The value approaches the maximum (
~112 pA) at the rotation speed of 120 rpm and almost keeps constant even the rotation speed
further increases. This rotation speed dependence can be theoretically explained according to

the previous study [95, 98]. The peak V¢ can be defined as

4d'0’0

E0Er

Voc = 3.3)

where d is the thickness of the PTFE thin film, o7 is the surface charge density of PTFE, and

g, 1s the relative dielectric constant of PTFE.

The peak I is defined as

Isc = wNoo(r3 — 1) (3.4)

where w 1s the angular frequency of the rotator, N is the number of the sections, r; and r, are
the inner and outer radii of the RD-TENG. Obviously, the angular frequency is related to the
rotation speed. However, it is noticed that the peak I5¢ is not linear with the rotation speed
and almost saturates when the rotation speed larger than 100 rpm in Fig. 3.5. It is because we
assume the rotator and the stator always keep contacted tightly and perfectly for Eq. 3.4. In
reality, the flatness of the contact surfaces has a significant effect on the output current. Further,
the rotator starts to jitter and tends to separate at high rotation speed because the experimental
platform is not perfectly parallel to the ground. As a result, the /5 does not follow the Eq. 3.4

and tends to saturate at high speed.

e Output of the RD-TENG with load resistance and capacitance
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A load resistor and a load capacitor were connected with RD-TENG in series, respec-
tively. The output voltage of the RD-TENG with different load resistance and capacitance was

measured by the source meter.
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Figure 3.6: Relationship between the output voltage and (a) load resistance or (b) load capaci-
tance at different rotation speeds.Three working regions can be defined and marked as Zone I,

IT and I1I, respectively.

From Fig. 3.6, it is clearly seen that three typical working regions can be divided for both
figures, which can be marked as Zone I, II and III, respectively. As shown in Fig. 3.6a, when
the load resistance is less than 10 k€, the voltage loaded on the external resistor approaches
zero and a quasi-short-circuit condition is considered (Zone I). When the load resistance is
larger than 10 M, most open-circuit voltage is loaded on the external resistor and a quasi-
open-circuit condition is considered (Zone III). Within the range of 10 kQ~10 MQ, the output
voltage increases from minimum to maximum value rapidly (Zone II). Similarly, the output
voltage dependence on external capacitance can also be explained by this limit approximation
method, as shown in Fig. 3.6b. It drops dramatically when the load capacitance increases

from 20 pF to 100 nF. Therefore, the sensing range typically locates in the Zone II for better
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sensitivity. Furthermore, it can also be observed that the output voltage of the RD-TENG with
load resistance is dependent on the rotation speed, where higher rotation speed gives a faster
increase of output voltage. On the contrary, the output voltage of the RD-TENG with load
capacitance is almost independent on the rotation speed. This can be explained by the Ohm’s
law and the impedance matching effect. In theory, the RD-TENG can be considered as a serial
connection of a time-varying capacitor and an ideal voltage source (Voc) [41]. With the peak
output voltage, the instantaneous inherent impedance (Z;,) of the RD-TENG can be expressed

as

1
Zin =
2 fCT

(3.5)

where f is the frequency of the AC signal (corresponding to rotation speed) and C7 is the
instantaneous capacitance of the RD-TENG when the output voltage has the peak value. When

there is only load resistance (R) in the external circuit, the load impedance (Zy) is

Zr =R (3.6)

On the contrary, there is no resistance term in the circuit when only load capacitance (C)

is connected with the RD-TENG. The load impedance (Z¢) is defined as

1
- 2nfCy,

Zc (3.7)

Combining Eq. 3.5, 3.6 and 3.7, we can obtain the peak output voltage of the RD-TENG

with load resistance and load capacitance:
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Ve = Vo= —— .V, 3.8
K Zin +Zg oc _ZH;'CT +R oc (3.8)
Z =
C CL
V- = Vo = .V 39
C Zin +ZC ocC ClT C!L ocC ( )

Based on these two expressions, it is apparent that the peak output voltage of the RD-
TENG with load resistance is dependent on the frequency, or rotation speed. Higher frequency
results in a higher peak output voltage. However, the peak output voltage of the RD-TENG

with load capacitance is independent on the frequency.

3.3.2 Electrical characterizations of the sensor

The sensing mechanism of the ion concentration is based on the impedance matching be-
tween the sensor and TENG. To characterize the sensing performance, the sensor was immersed
into the aqueous solution with different ion concentrations and the impedance of the sensor was

measured by the impedance analyzer (WK, 6500B).

0.1 mol/L NaCl, Na,SO,, CaCl,, CuCl, and FeCl; solutions were prepared in advance.
Initially, the sensor was connected with the impedance analyzer with a coaxial cable. A beaker
filled with ultra-pure water (150 mL) was positioned on a magnetic stirrer for accelerating the
mixing and the sensing area of the sensor was immersed into the ultra-pure water. The prepared
ion solution was added into the ultra-pure water drop by drop (15 uL). A low-level AC driving
signal was applied to the sensor, resistance, capacitance and impedance were directly read from

the impedance analyzer in real time.
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Figure 3.7: (a) Frequency sweep of resistance and impedance for the sensor in the NaCl solution
with 2x 107> mol/L concentration. Ion concentration dependence of (b) the admittance, (c) the

conductance and (d) the capacitance under 200 Hz AC signal drive.

After adding two droplets of prepared NaCl solution in the ultra-pure water, correspond-
ingly 2x10~> mol/L, frequency sweep of resistance and impedance were performed from 20
Hz to 10 MHz, as depicted in Fig. 3.7a. The values of impedance and resistance are almost
consistent until the frequency reaches 500 Hz, corresponding rotation speed of 250 rpm for
the RD-TENG. Ideally, the impedance amplitude should approach infinitely large for f—0.
However, both the impedance and the resistance tend to be constant for low frequency in Fig.
3.7a. This may attribute to the experimental setup. Both the impedance and the resistance of

the sensor are highly dependent on the movement of the mobile ions (or charges) in the water
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[99, 100]. To simulate the real situation, a magnetic stirrer was used to keep the water stirred.
Therefore, the mobile ions in the water were initially moving between electrodes. At high
frequency, this effect on the impedance is insignificant. But, at low frequency, the measured
impedance is much lower than the ideal value due to the initial movement of ions. It is also
observed that the value of the impedance falls rapidly while the value of the resistance falls
much more slowly, because the capacitive reactance contributes very little to the impedance at
low frequency (lower than 500 Hz). Numerically, the impedance of the sensor is approximately
equal to the resistance. Additionally, the relatively flat impedance curve in this frequency range
also indicates the purely resistive property of the sensor. When the frequency is higher than
500 Hz but lower than 10 MHz, the capacitive reactance cannot be ignored and the impedance
and the resistance divaricate. When the frequency is higher than 10 MHz, the impedance nearly
approaches zero because the capacitive reactance dominates the impedance. In the case of this
RD-TENG, the generated AC power always has a frequency below 500 Hz. In consequence,
we can ignore the concept of impedance and use only resistance instead in the following dis-

cussions for simplification even though there are reactance components in the circuit.

For further verification, the admittance, conductance and capacitance of the sensor, im-
mersed in the water, were measured under the frequency of 200 Hz as the ion concentration
increases (depicted in Fig. 3.7b, ¢ and d, respectively). It is noticed that the admittance curves
are highly consistent to the conductance curves. The comparisons between the admittance and
the conductance under 200 Hz AC signal for NaCl, Na,SO,, CaCl,, CuCl, and FeCl; are shown
in Fig. 3.8b and c. Among these, the curves of admittance and conductance almost overlapped.
Linearity of the curves is also shown in Fig. 3.7b and c. This can be explained by the concen-
tration dependence of the compound’s conductivity in dilute solution. The conductance of the

water is determined by the total mobile ion (positive plus negative) concentration and valence.
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(It is assumed that all compounds completely dissolve in the water at these low concentra-
tions.) According to Kohlrausch’s law [101], the conductivity of the highly dilute solution
can be simply calculated as the compound’s molar conductivity multiply the concentration of
the compound. Table 3.1 gives the theoretical molar conductivity of different compounds in

infinitely dilute solution.

Table 3.1: Theoretical molar conductivity of different compounds in dilute solutions.

Compound Molar conductivity (S-cm?-mol~")

NaCl 126.45
Na,SO4 260.26
CaCl, 271.68
CuCl, 259.88
FeCl; 433.02

In our experiments, the measured value is the conductance of the sensor. So, the slope of
the conductance curve shows the relationship between the conductance of the sensor (not the
electrolyte solution) and the concentration of different compounds. Not only the solution, but
also the sensor itself contributes to the measured conductance. We cannot calculate the molar
conductivity of the compound in solution and cannot directly compare the molar conductivity
from Table 3.1 and the slopes of the curves in Fig. 3.7c either. However, the measured slopes of
different curves perfectly reflect the similar variation trend as the theoretical molar conductivity
for different compounds. Therefore, our measurements sufficiently prove the hypothesis that

we can only consider resistance when constructing alarming system in the following section.

The capacitance generally increases with the compound concentration. It is because the
dielectric constant of the water increases with the ion concentration [102]. Relative capaci-

tances for different compounds attribute to the different total mobile charge concentration. The
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higher the charge concentration is, the higher the dielectric constant will be, further resulting in

a higher capacitance.

Moreover, the resistance of the sensor in ultra-pure water is ~3 M, so that the dynamic
sensing range of the ion sensor can be roughly considered as ~3 MQ. Apparently, it can be fully
overlapped by the Zone II of the RD-TENG (~10 MQ). By properly designing the structure
of TENG, the dynamic sensing range of the sensor can always be located in the Zone II (Fig.
3.6a). With tiny change of resistance, the output voltage of the RD-TENG will dramatically

change, inducing an extremely high sensitivity.

47



(a) (b)
gl —e— Conductance —o—Conductance
—a— Admittance 10} —a— Admittance
— 4l —_
E -l
5t
2.
0 ol
0 2 4 6 8 10 0 2 4 6 8 10
Concentration (10° mollL) Concentration (10* mol/L)
(c) (d)
—a— Conductance —a»— Conductance
10} —o— Admittance 10 —a— Admittance
2 7
5 = 5}
0 ) , 0t ,
0 2 4 6 8 10 0 2 4 6 8 10
Concentration (10”° mol/L) Concentration (10° mol/L)

—a— Conductance
3ol —*—Admittance

0 2 4 6 8 10
Concentration (10° mol/L)

Figure 3.8: The concentration dependence of conductance and admittance for (a) NaCl, (b)

Na,SOy, (c) CaCl,, (d) CuCl, and (e) FeClj solution under 200 Hz AC signal drive.
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3.3.3 Sensing performance

(b)

TENG Meter

Sensor Keithley 6514 Laptop

Figure 3.9: (a) Schematic illustration of the self-powered sensing system. (b) The equivalent
circuit and (c) the schematic diagram of the experimental setup for the electrical measurements

of the self-powered sensing system.

Based on the above results, we proposed a TENG driven self-powered on-line monitoring
system in the pipeline transportation of water, as illustrated in Fig. 3.9a. In this system, a
packaged RD-TENG is attached to a turbo fan, driven by flowing water in pipeline. Then the
ion concentration sensor, immersed in the water, and an alarm component are connected in
series with the RD-TENG to form a self-powered sensing system, which enables to convert
mechanical energy of the flowing water into electricity and power the ion concentration sensor
and alarm. When the ion concentration in the water pipeline has a tiny increase, the alarm will

respond immediately.

Fig. 3.9b and c illustrate the equivalent circuit and the schematic diagram of the experi-

mental setup for the electric measurements of the self-powered sensing system. A source meter

49



was connected in parallel with the sensor to measure the output voltage of the RD-TENG under

the rotation speed of 100 rpm.
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Figure 3.10: Real-time output voltage on the ion concentration sensor when the sensor im-
mersed in the water with different ion concentrations for (a) NaCl, (b) Na,SOy, (c) CaCl,, (d)

CuCl, and (e) FeCls;.
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Figure 3.11: Ion concentration dependence of the peak output voltage for different aqueous

solutions.

To study the ion concentration dependence of the peak output voltage for different com-
pounds, five different prepared solutions (NaCl, Na,SO,, CaCl,, CuCl, and FeCl;, 0.1 mol/L)
were respectively added into the ultra-pure water (150 mL) drop by drop (15 pL per drop), to
obtain different ion concentrations. Since the output of TENG is peak output, we only took
the positive peak output voltages in the calculation for convenience. For each measurement,
we started to collect data when the output signal was stabilized. The duration of each data
collection is usually 2~3 s so that we can actually get thousands of signals for each measure-
ment. Fig. 3.10 shows the real-time output voltage on the ion concentration sensor when the
sensor immersed in the water with different concentrations for NaCl, Na,SO,, CaCl,, CuCl,
and FeCl;. For further analysis, we extracted a period of 200 ms from each measurement and
calculated the root mean square of all positive peak voltages as the peak output voltage (V).
Then, we plotted peak output voltage vs. concentration for different compounds (shown in Fig.

3.11). The peak output voltage suggests an inversely proportional relation with the ion concen-
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tration. Among all these five curves, the output voltage starts from ~105 V, which corresponds
to the V¢ of the RD-TENG. The NaCl curve is most linear and falls most slowly while the
FeCl; curve is most non-linear and falls fastest. Na,SO,, CaCl, and CuCl, curves are between
the NaCl curve and the FeCl; curve. In addition, these three curves are highly overlapped,
which can be explained by the conductance curves in Fig. 3.7c. Back to Eq. 3.8, we assume

R = =, where k is a factor related to the total concentration of the mobile charges and c is the

1
ke’

concentration of the compound. Eq. 3.8 can be rewritten as

1

Vpz — .
Rz ke+1

Voc (3.10)

Obviously, factor k contributes to the shape of the output voltage curve. Based on Eq.
3.10, the smaller the & is, the more linear the curve will be. Here, the NaCl curve almost shows
a linear relationship between the peak output voltage and NaCl concentration in the measured

range (0~8x107> mol/L).

To determine the limit of detection (LOD) of NaCl, (Voc — V)/Voc vs. concentration
was plotted by extracting data from Fig. 3.11. After linear fitting, the relationship (shown in

Fig.3.12) between (Voc — V)/Voc and concentration (c) is

(Voc = V)/Voc = 6976.50891[L/mol] - ¢ — 0.0029 (3.11)

Refer to [103], LOD of (Voc — V)/Voc is defined as

LOD = YB + SSB (312)

where vyp is the blank signal and sp is the standard deviation of the blank signal.
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The peak output voltage without NaCl is converted to (Voc — V)/Voc as blank signal. A
period of 200 ms from the measurement, where there is no NaCl in water, is extracted from
Fig. 3.10a. The standard deviation of all positive peak voltages are calculated as sg. Here, the

standard deviation is defined as

1 N
55 = JNZ(VI-—#)Z (3.13)
i=1

where N is the number of peak voltages, V; is the peak voltage and u is the mean of peak
voltages. Based on the experimental data, yp and sp are 0 and 0.0353, respectively. Back to the

fitting Eq. 3.11, the calculated LOD of NaCl is 1.52x107> mol/L.

0.6 @ Experimental
0.5/ —Linear fitting

3 0.4t
2

0 2 4 6 8

Concentration (10'5 mol/L)

Figure 3.12: Linear relationship between (Voc — V)/Voc and NaCl concentration.

Fig. 3.13 shows the ion concentration dependence of the peak output voltage for NaCl
aqueous solution with different rotation speeds. It is observed that the peak output voltage
linearity improves with the increase of the rotation speed. From Eq. 3.8, the peak output
voltage of the RD-TENG is related to the rotation speed. As the rotation speed increases,
the peak output voltage will also increase. When the rotation speed exceeds 100 rpm, the
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rotator and the stator tend to separate and make the system unpredictable. Both the current
and the inherent impedance of the RD-TENG tends to saturate. As a result, the improvement
of the linearity of curves also tends to saturate. Although the rotation speed, correspondingly
flowing speed of the water in pipeline, has a significant effect on the output voltage of the RD-
TENG, the system can still achieve the sensing function. Furthermore, lower rotation speed

will improve the sensitivity of the sensing system.

——40 rpm

100} —a—80 rpm
—2—100 rpm
80t —2—120 rpm

—9—160 rpm

Peak voltage output (V)
H (2]
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N
o

o 2 4 6 8 10
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Figure 3.13: The ion concentration dependence of the peak output voltage for NaCl aqueous

solution with different rotation speeds.
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3.4 Demonstration of the self-powered ion concentration mon-

itoring system

Resistor |

Figure 3.14: (a) The equivalent circuit for demonstrating the application of monitoring the
water quality. Alarm LED is (b) OFF for the ultra-pure water, and (c) lighted(ON) with one

droplet of 0.1 mol/L NaCl solution.

To bring the self-powered sensing system into practical application, a proper circuit was
designed and a real self-powered sensing alarming system was built for demonstration, as
shown in Fig. 3.14a. Herein, a beaker filled with 150 mL ultra-pure water was positioned
on a magnetic stirrer. The stirrer was to accelerate the mixing of the ion solution. The sensing
areas of the sensor were immersed into the water. The NaCl solution of 0.1 mol/L had been
prepared in advance. A fixed resistor (150 k€2) was connected in series with the sensor to con-
trol the output voltage of the RD-TENG. A commercial LED (threshold voltage: 1.4 V), in
parallel connection with the fixed resistor, was used to realize the alarm function. To simulate
the scenario that the turbo fans drive the RD-TENG, a programmable motor was utilized to
actuate the rotator of the RD-TENG and control the rotation speed. The rotation speed was set
to 100 rpm, corresponding to an AC power with frequency of 200 Hz. Initially, the LED is in
the state of OFF, as shown in Fig. 3.14b. Then, one droplet of NaCl solution (15 nL) was added

into the ultra-pure water and the LED was turned on instantly (shown in Fig. 3.14c).
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Figure 3.15: Real-time voltage response between the alarm LED during the experiment. Insert:

response time of the sensing alarm system.

Fig. 3.15 shows the real-time voltage response of the LED during the experiment. We
can clearly see that the peak voltage response of the LED increases from 0.9 V to 2 V instan-
taneously after one droplet of NaCl solution. The inserted figure is the enlarged view of the
circled region. It is illustrated that the response time of the sensing system is in the scale of
millisecond. It is also noticed of the periodic fluctuation of the voltage signal. Several factors
may cause it. Both contact surfaces are not perfectly flat due to the patterned electrodes. So
tiny jitter cannot be avoided during rotation. In addition, the variation of the thickness of the
rotator/stator and experimental setups can also make the jitter worse. All these factors could
result in the fluctuation of output voltage signal. Since the period of the fluctuation is within

second, it will not affect the sensing function in reality.

As aforementioned, the capacitive reactance contributes very little to the variation of the
impedance of the sensor at this low working frequency. Hence, change of the capacitive reac-
tance with the ion concentration is not considered and all of the electrical components in the

circuit are considered as pure resistance for this alarm system. When the ion concentration in-
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creases in the water, the conductivity of the water increases, leading to a decrease of resistance

between electrodes of sensor. The output voltage (V gp) on the LED is defined as

Rfix
Viep = —————V, 3.14
LED Rfix + Rsensor 0 ( )

where Ry;, is the resistance of the fixed resistor, R, 1S the resistance of the sensor and Vj is
the output voltage of the RD-TENG with the load resistance of (Ryiy + Ryensor). Although the
output voltage of the RD-TENG decreases as the increase of the ion concentration in the water,
the value is still much higher than the threshold voltage of a commercial LED. Therefore, the
voltage on the LED still increases as the ion concentration increases in the water. Actually,
the threshold of the output voltage can be adjusted by changing the fixed resistor for different

requirements.

ON ON ON ON ON
OFF OFF OFF OFF OFF
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Figure 3.16: Reliability test of the sensing alarm system for 5 cycles.

To study the reliability of the self-powered sensing alarm system, we performed the alarm-
ing experiments for five times. After each cycle of experiment, we rinsed the ion concentration

sensor and replaced the water in the beaker with fresh ultra-pure water. Then, we repeated
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the experiment again. Every time, we measured the peak output voltage on the LED in real
time. The peak voltage vs. time was plotted, as depicted in Fig. 3.16. It shows that the peak
voltage on the LED is consistently lower than the threshold voltage (1.4 V) of the LED before
the addition of NaCl solution, while the peak voltage on LED is always higher than the thresh-
old voltage after the addition of NaCl solution. Hence, the self-powered sensing alarm system

exhibits excellent reliability.

Table 3.2: Published self-powered sensing systems based on TENG.

Reference Target Sensing mechanism Limit of detection Sensitivity Dynamic range
[48] Dopamine 0.5 uM N/A 10 uM to 1 mM
[104] Phenol N/A 0.01uM™! 10 uM to 100 uM
[105] Mercury change of surface charge density 30 nM N/A 100 nM to 5 mM
Cu; 0.005e-6 M~ ;
[106] Pb; N/A 0.003e-6 M1 0 to 200 uM
Cr 0.004¢-6 M~
[107, 108] Ethanol N/A N/A N/A

Published TENG-based self-powered sensing systems are listed in Table 3.2. It is observed
that all published sensing systems are working under same mechanism. Before the measure-
ment, triboelectric materials are immersed into the testing solutions. Targeting substances will
adsorb to the triboelectric surfaces when the triboelectric materials are pulled out and dried.
The adsorption of substances on the triboelectric surfaces changes the surface charge density
after contact. Therefore, the output voltage/current changes with the concentration of the sub-
stances. Based on the reported data, TENG-based sensing systems can reach high sensitivity.
However, the biggest issue is that the process is too complicated and this working mechanism
can not realize real-time sensing. On the contrary, our proposed monitoring system can per-
fectly achieve real-time sensing. None of the published sensing systems gave the efficiency
of TENG. A possible reason is that the output signal (typically voltage) is the most important

parameter for sensing application. Currently, the output voltage of TENG-based sensors is high
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enough for measurements. In terms of our RD-TENG, a very similar TENG structure has been
reported for harvesting mechanical energy and an efficiency of ~24% can be achieved [95]. We

can use this value as an estimation.

3.5 Chapter conclusion

In this chapter, the RD-TENG driven self-powered sensing system for on-line monitoring
of ion concentration in water was proposed. This new sensing strategy can convert the mechani-
cal energy from flowing water in pipeline to electrical energy and power a sensing alarm system,
realizing high sensitivity, high reliability and low cost. Both RD-TENG and ion concentration
sensor were designed and manufactured based on the industrial PCB technology. This fab-
rication method not only improves the output but also provides the possibility for TENG of
mass production in industry. The output voltage of the RD-TENG shows an independence on
rotation speed, where the open-circuit is 210 Vp_p. At the working rotation speed (100 rpm),
the impedance of the sensor in the water could be simply considered as a pure resistance so
that the sensing mechanism was much simplified. The real-time ion concentration sensing was
based on the impedance matching between the RD-TENG and the ion concentration sensor. A
demonstration of self-powered sensing alarm system was successfully presented and exhibited

an excellent sensitivity (1.52x107> mol/L LOD for NaCl).

Improvements can still be taken to enhance the performance of the self-powered system,
such as the interdigitated-electrode structure for higher sensitivity and proper coating of the
electrodes for better selectivity. Furthermore, the study on the relationship between the output
voltage and the load capacitance (Fig. 3.6b) reveals a new strategy for sensing application in

the future. It is more practical and reliable to design self-powered sensing system based on the
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capacitive impedance matching of TENG because the output is independent on the frequency

of the mechanical movement. Less additional factors will affect the sensing output signal.
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Chapter 4

Development of micro- triboelectric
energy harvester

In the previous chapter, an example of TENG functioning as a power source for self-
powered environmental monitoring is exhibited. Other than environmental monitoring, health
monitoring is also an important application of energy harvesters. So far, a few studies have been
conducted to harvest biomechanical energy for powering implanted devices based on flexible
TENG [54, 61, 62]. All these reported TENGs are working under the vertical contact-separation
mode, functioning as passive energy harvesters. Although they can directly harness the me-
chanical energy of organs inside the human body and have high output power (power density
up to 0.84 uW/cm?), they suffer from the limitation of implanted site, uncertain output power
and poor IC integration. Compare to the passive energy harvesting approaches, active energy
harvesting technologies can provide a controllable and reliable energy to implanted energy har-
vester inside the human body. Besides, the signal can even be modulated from the transmitting

end, giving more flexibility in practical applications.

El is currently the most mature technology to actively transfer energy and has been widely
applied in wireless charging of cellphone and electric toothbrush. However, EI’s output power
is significantly affected by the metal coil, including the diameter and turns, resulting in a com-

plex system structure. Other than the coil itself, the efficiency is extremely sensitive to the
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alignment of two coils. Differently, AET has exhibited advantages of long-distance transmis-
sion, no interference with other electronics and flexible packaging material choices. Up till
now, most reported AET systems are based on the bulk PZT transducers with sizes ranging
from millimeters to centimeters [17, 109, 110]. Chip-sized integration is an important issue to

be solved and it is limiting their further development.

Inspired by the high output of TENG, it is proposed to apply the TENG for the application
of AET. Currently, most reported TENGs are handcrafted, leading to a critical issue that huge
variations may occur between device to device. Even for two devices with the exactly same
structure, the output of them may vary a lot due to some uncertainties during the fabrication.
Moreover, the environment, such as humidity, could also have a significant effect on the output
of a TENG. Typically, an increased humidity will lead to a dramatic decrease of the TENG’s
output. Another issue of the existing TENGs is the device size. Though "nano” in the name,
the sizes of the reported TENGs never reach nanoscale, not even microscale. The vast majority
of them are in the scale of centimeters. Some researchers mentioned their TENGs were based
on MEMS technology [33-35, 111]. With micro-/nano- structures patterned on the surface of

the triboelectric layers, the sizes of their actual devices are still large.

Aiming at solving the problems hereinbefore, a novel micro- triboelectric energy harvester
(WTEH) was developed, which was designed and fabricated entirely based on MEMS technolo-
gies. The WTEH brings the size of TENG into the microscale for the very first time. This
miniaturized TENG tremendously improves integration level. Furthermore, vacuum cavities
were built between the triboelectric pair. The negative effect of the ambient environment is
eliminated to the most extent. The features of accuracy, stability and repeatability will greatly

promote the application of TENG into 10T in the future.
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4.1 Working frequency of acoustic energy harvesting

In this work, the WTEH is potentially applied for biological applications. The selection of

the working frequency is based on both the physical limitations and safety concerns.
e Acoustic attenuation

Ultrasonic wave encounters energy losses when traveling through media, which is so-
called acoustic attenuation. Essentially, the combination of absorption and scattering is the
main reason for acoustic attenuation. In real applications, it plays a non-negligible role. It
acts as a measurement of how the ultrasonic intensity decays in the medium. Minimization of
the acoustic attenuation is an important concern when selecting the working frequency. In the

medium, acoustic attenuation can be modeled as

I, = e V" 4.1)

where I is the intensity of the ultrasonic wave at certain distance z, [ is the original inten-
sity and a(f) is the attenuation coefficient of the acoustic wave in medium. a(f) = « -
f™ 1s a frequency-dependent factor of ultrasonic wave in biological tissues. Herein, @=0.15
dBcm™'MHz™! is an average value of attenuation coeflicient and n is assumed as unity in bio-
logical media [112]. From Eq. 4.1, the intensity of ultrasonic wave will exponentially decay
when increasing the working frequency and the separation between the transmitter and the re-

ceiver.
e FDA standards

Inevitably, some side-effects may occur when the ultrasonic wave travels through human
tissues. Thermal effect and cavitation are the two most prevailing ones. Nowadays, ultrasound

63



has been widely applied to diagnostic and therapeutic applications [113, 114] and regulations
are set to minimize the side effects. Food and Drug Administration (FDA) has provided stan-
dards to limit the output power of ultrasound devices in diagnostic applications [115], which can
be a reference. The spatial-peak temporal-average intensity (Ispr4) for continuous-wave appli-
cations should be less than 720 mW /cm? and the spatial-peak pulse-average intensity (Isppa)
for pulsed-wave applications should be less than 190 mW /cm?. They correspond to the thermal
damage and mechanical damage, respectively. To estimate the mechanical damage, mechanical

index (M) is often specified, which is defined as [116]

TMH
M= LN (4.2)
o 1MPa

where p is the peak negative ultrasound pressure in MPa derated by 0.3 dBcm™'MHz™! and
Jo 1s the center frequency of ultrasonic wave in MHz. Recommended by FDA, the MI for the
diagnostic systems should be less than 1.9. In other words, a higher center frequency is desired

to decrease the mechanical damage.

According to the literature review [17, 18, 109, 117-120], frequencies between 500 kHz
and 2 MHz should be suitable as a compromise between the attenuation and safety. Therefore,

we choose 1 MHz as the working frequency in this work.

4.2 Working mechanism of the yTEH

Fig. 4.1 illustrates the basic structure and working mechanism of the uTEH, which has a
diaphragm structure. It is working under the vertical contact-separation mode. Essentially, a
fully clamped silicon membrane is suspended atop a vacuum cavity. The highly-doped silicon
layer underneath the silicon oxide (triboelectric & insulating layer) acts as the bottom electrode.
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Figure 4.1: Basic structure and working mechanism of the uTEH.

Under the excitation of the incident acoustic wave, the suspended silicon membrane vibrates
and hits the silicon oxide substrate. Then, the contact between the silicon and the silicon oxide
causes charges redistributed because of the triboelectrification. Due to the opposite triboelectric
properties, the silicon membrane is negatively charged while the top surface of the silicon
oxide layer is positively charged. According to the conservation of charge and electrostatic
induction, free electrons flow through the external circuit back and forth with the vibration of
the membrane. Fig. 4.2 demonstrates the detailed working mechanism under the short-circuit
condition in one working period. When this working period repeats, AC power is generated in

the external circuit.
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Figure 4.2: Illustration of detailed working mechanism of one single uTEH cell in one working

cycle.

4.3 Design of the nTEH

For the diaphragm-structured pTEH, the maximum output should be achieved at the 1st
mode resonance and the resonant frequency mainly depends on the membrane, including the
structure, the material properties and the boundary conditions. In addition, the static displace-
ment of the membrane induced by the atmospheric pressure should also be taken into consider-

ation.
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4.3.1 Resonant frequency

Atmospheric pressure

Figure 4.3: 3D structures of the yTEH.

A WTEH with the circular membrane was designed in this work. The 3D structure of
the uTEH i1s depicted in Fig. 4.3. A portion is cut to show the inner structure more clearly.
An analytical model was built to calculate the resonant frequency of the uTEH. Since de-
gassed/deionized water has the similar acoustic properties to tissues (see Appendix C), the
resonant frequency of the pWTEH in water was analyzed. In the analytical calculation, an as-
sumption was made that the effect of the top electrode was eliminated. It is because the thick-
ness of the top electrode is much smaller (10 times smaller) than that of the silicon membrane.
At the same time, the intrinsic stress of the membrane was also neglected because the intrinsic

stress in the device layer of silicon-on-insulator (SOI) wafer is almost zero.

The 1st mode resonant frequency of the wyTEH with a circular membrane in water is [121]

0.474% .
(1+0.672:8172 @2
672
where
E 1/2
el (4.4)
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R is the radius of the membrane, # is the thickness of the membrane, p is the volumetric den-
sity of the membrane material, E is the Young’s modulus of the membrane material, v is the

Poisson’s ratio of the membrane material and p,, is the density of water.

Particularly, the dynamics of the triboelectric effect may also be a concern when deter-
mining the working frequency. The question is if there is a frequency that the contact time is
too short for charge transfer between two materials. So far, there has been no published paper
talking about the charge transfer speed. Actually, quantitative study of triboelectrification is
still an important research direction and there is no a conclusive model to fully explain this
phenomenon now. Refer to a state-of-the-art study [122], the charge transfer process can be
explained by electron-cloud-potential-well model. Electron clouds overlap when two materials
contact with each other and electrons hop from one to another. Based on their explanations, this
process should happen in the scale of light speed. Therefore, we assume working frequency of

MHz is enough for the charge transfer process.

4.3.2 Static displacement under the atmospheric pressure

Other than the working frequency, cavity depth is another key point to design the uTEH. In
reality, the membrane is naturally curved down to the substrate due to the atmospheric pressure
outside the vacuum cavity. In the extreme case, the membrane will initially collapse if the cavity
depth is too small. Then, the vibration of the membrane will be non-linear and be difficult
to predict. In another extreme case, the membrane will not touch the substrate if the cavity
depth is too large. Therefore, the cavity depth should be conscientiously chosen to avoid the
abovementioned situations. To determine the cavity depth of the WTEH, the static displacement

of the membranes under the atmospheric pressure should be calculated.

In the calculation, the load pressure is uniformly loaded on the entire top surface of the

68



Fully Clamped

N

Figure 4.4: 3D model of circular membrane for analytical calculation.

membrane. Since the circular membrane is symmetrical about the z axis, the deflection surface
is also axisymmetrical. Thus, Cylindrical coordinate system is more convenient for calculation.

For clear expression, the positive direction of the z axis is downward, as shown in Fig. 4.4.
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Figure 4.5: (a) The topview of one section of the circular membrane. (b) The cross-sectional
view of the circular membrane. B is the center point of the membrane.

The circular membrane can be divided into an infinite number of small elements and the
deflection surface of the membrane is the integration of all the elements. Taking one single

element (the blue part in Fig. 4.5a), the moments along four edges are summed up and the
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equation of equilibrium is obtained as

M,
_dr)(r -+ dr)d§ — M,rd§ — M,drdé + Q,d6dr = 0 “.5)

r

(M, +

where M, is the bending moment per unit length along circumferential sections of the mem-
brane, M, the bending moment per unit length along the diametral section rz of the membrane

and Q, the shearing force per unit length of the cylindrical section of radius r.

Derived from Kirchhoff-Love plate theory,

d*w  vdw de v
M,=-D(—+-—)=D(— + - 4.
v (dr2+rdr) (dr+rs0) (4.6)
ldw  d*w ¢ dp
M, = —D(;E + Vﬁ) = D(; + VE) (47)

where ¢ is the small angle between the normal to the small element at point A (corresponding

to the blue part in Fig. 4.5a) and the axis OB, which is shown in Fig. 4.5b.

By eliminating small quantities of higher order, Eq. 4.5 can be simplified as

M, +er
" d

r—=M,+0Q,=0 (4.8)
.

Substituting Eq. 4.6 and 4.7 into 4.8, we obtain

d{1d dw] Q
1] 8 "

dr

When the circular membrane is uniformly loaded by the atmospheric pressure (p), the

shearing force (Q) at a distance (r) from the center of the membrane is defined as
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27rQ = nr’py (4.10)

Substituting into Eq. 4.9, we obtain

d|1d, dw por

== = £ 4.11

dr[rdr(rdr)] 2D 11

The integration of Eq. 4.11 gives
4 2

por”  Cir r
=——+—+ Cilog—+C 4.12
T eap T Tq TS T 12

where a is the radius of the membrane. For the circular membrane with fully clamped edge, the

boundary conditions are

W)y=a = 0
(4.13)

dw
(%)rzo,a - O

Applying these boundary conditions to Eq. 4.12, we obtain the values of coefficients

2
Poa
C,=—
: 8D
C,=0 (4.14)
4
a
=5

Substituting these coefficients into Eq. 4.12, we find the deflection surface of the circular

membrane under atmospheric pressure

Po

w= 64—D(a2 —r?)? (4.15)
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4.4 Fabrication of the yTEH

4.4.1 Wafer bonding techniques

The most crucial structure of the WTEH is the vacuum cavity because the damping of the
membrane on the backside can be dramatically decreased. In addition, the opposite surfaces
of the triboelectric pair will not be affected by the ambient environment, resulting in a reliable
output of the uTEH. However, building the vacuum cavity is a challenging work in the fabrica-
tion. In the field of MEMS, it is mainly realized by various wafer-to-wafer bonding techniques,
such as fusion bonding, anodic bonding and adhesive bonding [123—125]. The anodic bonding
technique is particularly for the bonding between Pyrex glass and silicon wafer [126—128]. It is
not suitable for W TEH because it is difficult to control the etching of glass and the thickness of
the dielectric layer. In terms of adhesive bonding, polymer adhesives should be involved, such
as Benzocyclobutene (BCB) [129, 130], epoxies [131, 132] and polyimides [133, 134]. The ad-
dition of the adhesive layer makes the mechanical and the electrical behaviors of the membrane
much more complicated and unpredictable. Contrarily, the fusion bonding technique is a more
direct process to bond a pair of wafer together without the intermediate layer, where the most
common bonding pairs are Si-Si and Si-SiOx [135-137]. The mechanism behind the fusion
bonding is the formation of covalent bonds between the two surfaces of wafers. Compared to

anodic bonding, more flexibility is given for the thickness of the dielectric layer.

To ensure the success of fusion bonding, both the wafer surfaces should be sufficiently
cleaned and have a surface roughness (R,,,) less than 10 A [125, 138-140]. Pristine SOI wafer
and prime wafer from manufacturers are usually polished and precleaned, having a typical
surface roughness (R,,,) less than 7 A, which is fully satisfies the requirement of fusion bond-

ing. Based on the triboelectric series, silicon and silicon oxide have the opposite capability
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of gaining/losing electrons, which will be verified in the following section. The pTEH can be
fabricated based on the silicon-silicon oxide fusion bonding technique. Taking advantage of
the device layer of a commercial SOI wafer, the thickness of the membrane can be accurately
controlled. The thickness of the device layer is requested to the manufacturer. Importantly,
the intrinsic stress in the device layer of the SOI wafer is almost zero, making the mechanical

behavior of the membrane much more predictable.

4.4.2 Fabrication process

Prime wafer Releasing

(i)
(v)

Wet thermal oxide

(ii)

Bottom exposure

Cavity etching (vi)

(iii)

Metal deposition

Fusion bonding (vii)

. I silicon
(iv)

Figure 4.6: Fabrication flow of the pyTEH.

The fabrication process of the uTHE started from a 100-mm P-doped 0.01 ohm-cm (100)
silicon prime wafer (500 um thick). (i-ii) 300-nm-thick wet thermal silicon oxide was grown
on the surface of the wafer. (iii) Next, the photolithography and RIE process was performed to
pattern the cavities. Before fusion bonding, a standard clean process (Piranha cleaning + RCA
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cleaning) was conducted for the patterned wafer and the pristine SOI wafer (2 um of P-doped
0.001 ohm-cm device layer, 1 um of boxing layer, 350 um of handling layer; purchased from
Ultrasil, Hayward, California). (iv) Then, fusion bonding was performed with the pressure of
3 kg/cm? and the temperature of 480°C in vacuum (1073 Pa), followed by 1100°C annealing.
Through this step, vacuum cavities were formed. (v) A combination of RIE and tetramethy-
lammonium hydroxide(TMAH) etching was used to etch the handling layer of the SOI wafer.
The boxing layer was then removed by a 5:1 buffered oxide etch (BOE) solution. (vi) Another
photolithography and RIE process was conducted to expose the bottom silicon (as the bottom
electrode). (vii) Lastly, an electron-beam deposition, followed by a lift-off process, was done

to create Ni (5 nm)/Au (150 nm) contact pads for wire-bonding.

The fabrication process of the WTEH is almost same as the fabrication process of capacitive
miceomachined ultrasounic transducer (CMUT) except the cavity depth. CMUT is working
under a DC bias (~80% of the collapse voltage) and the membrane should never touch the
substrate. For CMUT, the cavity depth is determined by the maximum displacement at collapse
voltage. For uWTEH, the cavity depth is highly dependent on the static displacement of the

membrane.

4.5 Results and discussions

4.5.1 Surface potential characterizations

Up to now, the exact mechanism of the triboelectrification is still ambiguous. In the area
of TENG, a widely-accepted viewpoint to explain the mechanism is that the mobile charges
can transfer from the surface with higher energy level to the surface with lower energy level
[141, 142]. To experimentally quantify the energy level, a commonly-used measurement is
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surface potential. The surface potential difference between two materials suggests how easily
the mobile charges can transfer between the two materials. Among all reported TENGs, silicon
and silicon oxide are never utilized as the triboelectric pair. To unveil the mechanism of the tri-
boelectrification between silicon and silicon oxide, scanning Kelvin probe microscopy (SKPM)

measurements were performed to determine the surface potentials [143—-146].

SKPM characterizes the contact potential difference (CPD) between the sample and a ref-
erence conductive AFM tip. The representative experimental setup of the SKPM characteri-
zation is demonstrated in Fig. 4.7a. Initially, the Fermi energy levels of the sample and the
tip are different. During the SKPM characterization, the sample is attached on a conductive
and grounded substrate via silver paste and a conductive tip is approaching the sample surface
with a tiny separation. When they are close enough, free charges (typically electrons) on the
surfaces will transfer from one to the other through tunneling effect. At the steady state, the
Fermi energy levels are lined up and a CPD is formed. As shown in Fig. 4.7b, an external DC
bias voltage is applied to nullify the CPD. This nullifying voltage is taken as contact potential

difference (Vcpp), which is defined as

¢tip - ¢sample
e

(4.16)

Verp =

where ¢, and ¢4mpi. are the work functions of the conductive tip and the sample. According to
Eq. 4.16, the material with a higher V¢pp has a lower surface energy level. When two materials
come into contact, free electrons tend to transfer from the material with higher energy level to

the other.

In our experiments, SKPM measurements were performed by the scanning probe mi-

croscopy (Cypher S, Asylum Research) with the Ti/Pt (5/20)-coated silicon tip (tip radius of
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Figure 4.7: (a) The experimental setup and (b) the working principle of the SKPM. E, is the
vacuum energy level. E¢, and E, are the Fermi energy levels of the sample and tip.

28 + 10 nm, force constant of 2 N-m~!, and the resonant frequency of 70 kHz). 2x2 um? size
images were scanned at a scanning frequency of 0.3 Hz, with a separation of 50 nm between the
tip and sample in atmospheric pressure at room temperature. To precisely evaluate the Vepp of
the triboelectric pair in the W' TEH, we used the wafer, with the exactly same parameters as that
in the fabrication, for measurements. Bare silicon wafer (P-doped 0.001 ohm-cm (100)) and
silicon oxide wafer (P-doped 0.01 ohm-cm (100) silicon wafer with 300-nm wet thermal oxide)
were prepared and diced into small piece (1x1 cm?) to fit the sample substrate. After ultrasonic
cleaning in acetone, isopropanol and deionized water, we performed the SKPM measurements

for silicon and silicon oxide pieces, respectively. Then, silicon and silicon oxide pieces were
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forced to tap with each other for 100 times and SKPM measurements were conducted again.

The measured mappings of the V¢pp are illustrated in Fig. 4.8.

As shown in Fig. 4.8, the average Vpp in the tested area are initially 885.5 mV and 449.5
mV for silicon and silicon oxide, respectively. Apparently, silicon oxide has a higher surface
energy level so that electrons will transfer from the silicon oxide surface to the silicon surface
through triboelectrification. Thus, the surface of silicon oxide is positively charged while the
silicon is negatively charged. Due to the accumulation of charges, the V¢pp of the silicon

increases and the Vpp of the silicon oxide decreases after tapping.

To further verify the mechanism of the triboelectrification, another SKPM measurements
were performed. The accumulated charges on the surface of dielectric material dissipate very
slowly so that the surface potential will be kept for a long time. In addition, the distribution
of the surface potential on the sample’s surface is assumed uniform. It is because the surfaces
of both silicon and silicon oxide are flat enough and the whole surface has the same contact
condition during measurements. Under these assumptions, the Vcpp mappings were also per-
formed for silicon oxide after it was tapped with silicon for 100, 200, 300 and 400 times. The

measured results are shown in Fig. 4.9.
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Figure 4.8: The SKPM mappings of(a) the silicon and (b) the silicon oxide before and after

contacting.

It is seen that the average Vcpp of the silicon oxide keeps decreasing from 257 mV to
-156.5 mV. It is because that positive charges keep accumulating on the surface of silicon oxide
as tapping number increases. As a result, the surface energy level keeps increasing, inducing a
smaller (or more negative) Vcpp. It is also noticed that the change of the Vpp becomes slower
from the first 100 times tapping to the last 100 times tapping. It is because the accumulated
charges on the surface approach saturation after repetitive contacting. The experimental re-
sults are in accordance with the tendency of the triboelectric property and further verify the

mechanism of the triboelectrification.
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Figure 4.9: The SKPM mappings of the silicon oxide after (a) 100, (b) 200, (c) 300 and (d) 400
times tapping with silicon.

4.5.2 Results of theoretical analysis
Table 4.1 gives the required parameters for the analytical calculation. The radius of the
circular membrane is 50 wm. Based on the analytical calculation, the resonant frequency and

the static displacement surface of the membrane were calculated. The calculated static dis-

placement surface is shown in Fig. 4.10.
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Table 4.1: Parameters for the theoretical analysis.

Parameter

Quantity
Thickness of Si layer 2 um
Thickness of SiO, layer 230 nm
Thickness of top electrode 150 nm
Young’s modulus of Si 170 GPa
Poisson ratio of Si 0.28

Density of Si 2329 kg/m?
Sound speed m/s
Radius of medium 500 pm
Radius of the circular membrane 50 um
Unit: nm

Displacement (nm)

Figure 4.10: The calculated displacement surface of the circular membrane based on the ana-

lytical calculation.

For further verification, the finite element method (FEM) was also utilized to simulate the
resonant frequencies and the static displacement surface of the circular membrane via the soft-
ware COMSOL Multiphysics. Two physics (pressure acoustics and solid mechanics) were built

in the COMSOL. On top of the membrane, the medium was set as water in agreement with the
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analytical calculation. The top surface of the membrane was defined as the acoustic-structure
boundary for coupling of two physics. Proper boundary conditions were applied and the me-
chanical behaviors were simulated. Limited to the computational capacity of the computer, only
one-quarter geometry was built and symmetric conditions were applied in COMSOL. Atmo-
spheric pressure was applied by setting a boundary load on the top surface of the membrane in
the COMSOL 3D model (shown in Fig. 4.11). Then, an incident acoustic wave was induced in
the medium, which propagated in perpendicular to the top surface of the membrane. Frequency
sweep of the incident acoustic wave was performed and the displacement of the center point
of the membrane was plotted along the frequency spectrum. The parameters for simulation
also refer to Table 4.1 and the results are shown in Fig. 4.12a. The resonant frequency of the
membrane in water corresponds to the frequency where the maximum displacement happens.

The static displacement surface of the membrane was also obtained, shown as Fig. 4.12b.

Au N
Si layer

Figure 4.11: 3D model of the u'TEH built in COMSOL for FEM simulation.
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Figure 4.12: (a) The displacement dependence of the frequency of the incident acoustic wave

and (b) the simulated displacement surface of the circular membrane in COMSOL.

In both Fig. 4.10 and 4.12b, a vertical plane passing through the center point of the mem-
brane cuts the static displacement surface and profiles of the static displacement were obtained.
Fig. 4.13 compares the the static displacement curves from the analytical calculation and the

FEM simulation, respectively.
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Figure 4.13: The static displacement profiles across the center point of the membrane.

The results from the analytical calculation and FEM simulation are listed in Table 4.2. The
resonant frequency of the membrane from the analytical calculation and FEM simulationis 1.18
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MHz and 1.17 MHz, respectively. It should be noticed that the resonant frequency from the
analytical calculation is slightly smaller than that from the FEM simulation. The discrepancy is
because the analytical calculation only considers the silicon membrane and eliminates the effect
of the top electrode (Au). On the contrary, everything is taken into consideration in the FEM
simulation. Because Young’s modulus of silicon is higher than that of Au, the addition of the
top electrode decreases the effective Young’s modulus of the membrane and lowers the resonant
frequency. In addition, the maximum static displacement under the atmospheric pressure is
located at the center point of the membrane. Based on the analytical calculation and the FEM
simulation, the maximum displacements are 79.4 nm and 74.5 nm, respectively. Though a
slight difference, these results still show high consistency. This small distinction can also be

explained by the consideration of the top electrode.

In practice, the cavity depth should be larger than the maximum static displacement to
avoid collapse. Meantime, a smaller cavity depth is desired to achieve a larger contact area.
Therefore, the cavity depth is targeted to 90 nm, which is a little larger than the theoretical
maximum membrane displacement. Since RIE is not a scrupulously precise technique and the
etching rate varies with the machine conditions, we should take the fabrication deviation into

the consideration and give some room for error in the fabrication.

Table 4.2: Results of the analytical calculation and FEM simulation.

Radius Max Static Displacement Resonant Frequency
(Analytical) 79.4 nm 1.18 MHz
50 um
(FEM) 74.5 nm 1.17 MHz
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4.5.3 Structural dimensions

Membrane

Insulator with cavities

Bottom electrode B Silicon

B Silicon oxide

Figure 4.14: The exploded view of the uTEH.

Figure 4.15: The photograph of the real device of the uTEH.

Fig. 4.15 and 4.14 give the photograph and the exploded view of the uTEH. Microscope

images were taken to show the structural dimensions of the uTEH from top view (shown as
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Fig. 4.16a). The aperture of the WTEH is around 7x7 mm?. In terms of cells, the radius of the

circular membrane is 50 um and the interspace between two cells is 20 um.

Figure 4.16: (a) The optical microscope images of the uyTEH. (b) SEM images of the cross-

sectional view of the uTEH.

In consideration of the fabrication deviation, the cavity depth was targeted to 90 nm to
satisfy the geometric requirements of the W\TEH. SEM images illustrate the cross-sectional view
of the uTEH, which clearly show the cavity structure (as shown in Fig. 4.16b). It is seen that

the actual cavity depth is exactly 90+10 nm.
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4.5.4 An indirect method to verify resonant frequency

Essentially, different methods can be adopted to measure the resonant frequency of the
uwTEH, such as impedance analysis and vibrometer test. However, neither of them are effective
for the fabricated p'TEH due to the small separation between the membrane and the substrate.
During the tests, the signals are too weak to be detected. An alternative is to perform the pitch-
catch experiment. A frequency sweep is performed to the ultrasound source and the open-circuit
voltage of the uTEH is measured. The resonant frequency is where the open-circuit voltage has
the maximum value. However, it is difficult to find out a perfect ultrasound source that can

generate constant acoustic pressure over the whole range of frequency at a specific position.

In this work, we proposed an indirect method to experimentally verify the resonant fre-
quency of the uTEH. We used a pre-fabricated CMUT, which is for another project, to charac-

terize the resonant frequency. The detailed fabrication process is shown in Appendix D.

Fig. 4.17a shows the whole structure of the fabricated CMUT 2D array. From the point of
the single cell, the membrane structure of the CMUT are exactly same as that of the yTEH. For
both the WTEH and the CMUT, they have the cell radii of 50 wm and the membrane thickness of
2 um. Fig. 4.17b and c illustrate the structure at the corner of the cavity for the CMUT and the

uTEH, respectively. The difference of the cavity depth is clearly shown from the SEM images.
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Figure 4.17: (a) The representative diagram of the CMUT. The SEM images of (b) the CMUT

and (c) the uTEH.

Typically, the CMUT can be considered as a diaphragm-structured resonator working un-
der a DC bias. The DC bias will dramatically improve the response of the CMUT but cause a
red-shift of resonant frequency due to the so-called spring-softening effect. Experimentally, the
resonant frequency of the pre-fabricated CMUT in the air was measured by a vector network
analyzer (VNA, TTR503a, Tektronix). Fig. 4.18 shows the electrical schematic of the circuit

for the VNA test.
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CMUT

Figure 4.18: The electrical schematic of circuit used to characterize the CMUT.
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Figure 4.19: The impedance analysis results of the pre-fabricated CMUT.

The measured s-parameter was converted to impedance results by following equation

Sll+1
S —-1

Z = Z( ) 4.17)



where Z is the complex impedance of the tested device and Z; is the system impedance (50
Q). S, is the reflection coeflicient of the input port of the VNA. Fig. 4.19 is the converted
impedance results of the pre-fabricated CMUT under 10 V bias. From the impedance analysis,
the resonant frequency of the 10 V biased CMUT is 3.12 MHz in air. Back to the analytical
calculation, the 1st mode resonant frequency of the uTEH with a circular membrane in air

1s[121]

he,
f= 0.469? (4.18)

Substituting the parameters from Table 4.2, the calculated resonant frequency is 3.34 MHz.
Taking the DC bias into consideration, the measured resonant frequency and calculated one
are consistent with each other. Due to the damping of the water, the in-immersion resonant
frequency of the diaphragm-structured resonator is typically ~3 times lower than the in-air

resonant frequency. Therefore, the resonant frequency of the circular uyTEH can be reasonably

) _§

Figure 4.20: The schematic of the experimental setup.

considered close to 1 MHz in immersion.

4.5.5 Response to ultrasound

Signal
Generator

Piezo
Transducer
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Figure 4.21: The photograph of the ultrasound link.

To characterize the electrical output performance of the uyTEH, an ultrasound link was
designed and established. The schematic of the experimental setup is illustrated as Fig 4.20. A
commercial piezo transducer (ABLL, China) was used to generate ultrasound, whose resonant
frequency was 1.0105 MHz (impedance analysis is shown in Fig. 4.22). As shown in Fig.
4.21, both the u'TEH and the piezo transducer were immersed into vegetable oil with a distance
of ~25 mm. In the experiment, vegetable oil was used as the medium because it had similar
acoustic properties as water but can prevent shorting (see Appendix C). Fig. 4.22 illustrates the
impedance analysis of the commercial piezo transducer, whose fundamental resonant frequency
is 1.0105 MHz. During the experiment, the piezo transducer was actuated by a continuous
sinusoidal wave with the amplitude of 10 V and the frequency of 1 MHz. From Fig. 4.22, the
piezo transducer has the impedance of 57.4 Q at the frequency of 1 MHz and this impedance is
close to the output impedance of the signal generator (50 Q). The actual driving signal applied
to the piezo transducer has the amplitude of ~5 V. The open-circuit voltage (Vo) of the u'TEH
is ~15.5 mVp_p (illustrated in Fig. 4.23). It is also noticed that the positive peak voltage is
~6.6 mV while the negative peak voltage is ~7.7 mV. This attributes to the asymmetry of the
operating mode, where silicon and silicon oxide contact in half cycle and do not contact in the
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other half cycle. Since the displacement of the membrane is quite small, the responses of these

two half cycles only have tiny difference.

Furthermore, a linear relationship between the peak open-circuit voltage and the incident
acoustic pressure for the WTEH was found ( shown in Fig. 4.24). This linear property of the
output voltage are attributed to the change of the contact area. As the incident acoustic pressure
increases, the contact area between the silicon membrane and the silicon oxide substrate also
increases. This induces a more sufficient triboelectrification (higher surface charge density)
and a higher output voltage. It is noted that the plot is fairly noisy. It is because the separation
between the piezo transducer and the pTEH is ~25 mm, which is within the near field of the

piezo transducer. The generated acoustic pressure within near field is relatively perturbative.
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Figure 4.22: The impedance analysis of the commercial piezo transducer.
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Figure 4.23: The open-circuit voltage (Vo) of the uTEH.
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Figure 4.24: The relationship between the amplitude of the open-circuit voltage and the incident

acoustic pressure for the uTEH (1 MHz).
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4.6 Chapter conclusion

In this chapter, a novel u”TEH was successfully developed by MEMS technologies. It is
the very first MEMS TENG in the world. The combination of TENG and MEMS technology
significantly promotes the miniaturization and the integration of TENG. Taking advantage of
the wafer bonding technique, vacuum cavities were built to improve the output and the perfor-
mance reliability of the TENG. With the incident acoustic wave (1 MHz, 63 kPa), the yTEH
could achieve the open-circuit voltage of 15.5 mVp_p. A linear relationship between the peak

open-circuit voltage and the acoustic pressure was also observed.
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Chapter 5

Potential applications and optimization
methodologies of the micro- triboelectric
energy harvester

In the previous chapter, a novel triboelectric energy harvester was successfully developed.
This chapter will demonstrate two potential applications of the WTEH. Further optimization

methodologies are also proposed to improve the performance of the wTEH.

5.1 Demonstration of potential applications

In this section, potential applications of the yTEH were explored and demonstrated in
vitro. As aforementioned in the previous chapter, we proposed to use the WTEH for acoustic

energy transfer and wireless communication via ultrasound link, demonstrated in Fig. 5.1.
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Figure 5.1: Representative diagram of acoustic energy transfer and wireless communication via
ultrasound link.

5.1.1 Acoustic energy transfer

Signal
Generator

Piezo
Transducer

)

. Energy . Energy .
Transmit end ————) Medium =-———— Receive end

Figure 5.2: The schematic of the experimental setup for wireless energy transfer.

To demonstrate the application of the WTEH for AET, an ultrasound link was established
(schematically shown as Fig. 5.2). A commercial piezo transducer, actuated by a signal gener-
ator, was used as an external acoustic source. The uyTEH, mounted on a customized PCB, acted
as a receiver to harvest the acoustic energy. A load resistor was connected in series with the
uTEH for calculating the output electrical power. The piezo transducer and the yTEH (with a

distance of ~25 mm) were well aligned and immersed into vegetable oil, which simulates the
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human tissues and prevents shorting (depicted as Fig. 4.21). A continuous sinusoidal wave
(20 Vp_p, 1 MHz), produced by a signal generator (Tektronix, AFG 1022), was input into the
piezo transducer and the output voltage on the load resistor was measured by an oscilloscope

(Tektronix, MDO 3024).
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Figure 5.3: (a) The relationship between the output voltage of the uTEH and the load resistor.
(b) The relationship between the output power of the uTEH and the load resistor.

The relationship between the output voltage of the yTEH and the load resistor is illustrated
in 5.3a. Itis clearly seen that three regions (marked as region I, I and III) can be defined though
the output voltage keeps increasing along all three regions. The output voltage increases gently
in the region I and III but rapidly in region II. It can be explained that the inherent impedance
of the pTEH is dominant compared to the external load resistor in the region I and the circuit
can be considered as a short circuit. In region III, the resistance of the external load resistor
is much greater than the inherent impedance of the WTEH, such that the open-circuit voltage
almost applies on the load resistor. However, the impedance of the pyTEH and load resistor is

comparable in region II and the output voltage changes with the load resistance dramatically.

Meanwhile, the dependence of the output power on the load resistor was plotted in Fig.

5.3b. With the load resistor of around 360 €2, the WTEH reaches the peak output power, 50 nW.
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In the medium, the ultrasound intensity (/) of continuous wave is defined as

P2
I =

= ﬂ S.D

where P is the amplitude of the ultrasound pressure, p is the density of the medium and c is the

sound speed in the medium.

With the same experimental setups and settings, the WTEH was replaced by a hydrophone
(Precision Acoustics, 46 mV/MPa sensitivity @1 MHz) to measure the acoustic pressure at the
location of TEH. The measured acoustic pressure amplitude (P) is 63 kPa and the calculated
ultrasound intensity is 132 mW/cm?. From chapter 4, the open-circuit voltage of the wTEH
shows an approximately linear relationship with the incident acoustic pressure. Therefore, the
relationship between the output power on the load resistor and the incident acoustic pressure
is also considered in linearity. The maximum output on the load resistor can reach up to 273
nW if we give the incident acoustic pressure to 720 mW/cm?, which is the limit set by FDA
regulations. To power electronics, a high-frequency rectifier is required to convert the AC
power to DC power. Several researchers have reported the rectification circuit design and the
efficiency can approach up to 89% [147]. Thus, the theoretically maximum output DC power

should be more than 243 nW.

In the experiments, the variation of the output power along the axial direction was also
observed (shown in Fig. 5.4). This phenomenon can be explained by the standing wave effect.
Standing wave is a stationary wave, where each point on the axis of the wave has constant
amplitude. The location, with minimum amplitude, is node while the location, with maximum
amplitude, is antinode (shown in Fig. 5.5). Energy fluctuates along the axis: nodes have the

maximum acoustic energy and antinodes have the minimum one. When the receiver is located
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Figure 5.4: The standing wave effect on the acoustic energy transfer.

at the point where the acoustic energy is maximum, it will receive more acoustic energy and
convert to more electric energy. Since piezo transducer and the WTEH are well aligned, the
standing wave may be generated between the transmitter and receiver. Considering the acoustic
impedance mismatch between transducers and medium, acoustic wave reflects every time it hits
the transducer. These reflections make the acoustic energy persistent in the form of the standing
wave. Therefore, the efficiency of the ultrasonic link is sensitive to the separation between
transmitter and receiver. Only when the separation is integer multiples of one-half wavelength,

the efficiency of the ultrasound link will be maximized.

In practice, the separation between transmitter and receiver is almost impossible to be
precisely controlled. A so-called frequency tuning method is often used to solve this problem
[148, 149]. By changing the frequency of the acoustic wave from the transmit end, the wave-
length will also be changed, making the separation meets the abovementioned requirements.
From the point of the receiver, it is highly desired that the energy harvester has a broad op-
erating bandwidth. Otherwise, the output power will dramatically decrease when the acoustic

wave’s frequency deviates from the resonant frequency of the receiver. Because of the damping
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outside the membrane, the diaphragm-structured transducer inherently has a wider operating
bandwidth in immersion [149—151]. This inherent characteristic makes this type of transducer

advantageous as a receiver in this particular application.
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Figure 5.5: A simplified graphic representation of standing wave effect.

So far, very few MEMS acoustic energy harvesters are reported. Table 5.1 lists the pub-
lished data of MEMS acoustic energy harvesters for implanted devices. For all references, the
incident acoustic power density is normalized to 720 mW/cm?. It is noticed that the efficiencies
of reported MEMS acoustic energy harvesters are overall low (generally lower than 1%). Given
the available reports, the power consumption of the implanted device can be lower than 100 nW
[152]. Even though the efficiency of this work is still low, the output power can be stored or
directly used for implanted devices. More importantly, the wWTEH in this work is the very first
MEMS TENG and has not been optimized yet. The output power can still be dramatically

improved in the future.

Table 5.1: Published data of MEMS acosutic energy harvesters.

Reference Frequency Transducer type ~ Medium  Range Power density Efficiency
Fowler et al. [153] 25 kHz Electrostatic Air 50mm  N/A (max 24.7 nW) 0.42%-1.58%
Horowitz et al. [154] 5.2 & 13.6 kHz PZT thin film Air N/A 3.06 uW/cm2 4%1074%-0.012%
Shi et al. [149] 300 kHz PZT film Water 10 mm 2.9 mW/cm? 0.375%

This work 1 MHz Triboelectric Water 25 mm 0.50 uW/cm? 4x107*%
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5.1.2 Wireless communication

Figure 5.6: The schematic diagram of the experimental setup.

Another potential application of the uTEH is signal communication. With the similar
experimental setups (shown in Fig. 5.6), burst-mode sinusoidal signal (20 Vp_p, 1 MHz) was
input into the piezo transducer instead of the continuous wave. In this experiment, a tee adapter
was adopted to split the output signal from the signal generator so that both the signal from the
signal generator and the recovered signal from the WTEH can be monitored at the same time.
In the oscilloscope, CH1 and CH2 give the signal from the tee adapter and the signal recovered

from the uTEH, respectively. Both signals are averaged for 64 times to stabilize the reading.
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Figure 5.7: The input signal to piezo transducer and the output signal from the uTEH under (a)

1-cyc, (b) 5-cyc, (¢) 10-cyc and (d) 15-cyc sine wave driven (1 MHz, around 25 mm separation).

The amplitude of the recovered signals from the uTEH is dependent on the cyclic number

of the pulse. Fig. 5.7 shows the relationship between the amplitude of the recovered signals and

the cyclic number of the pulse. It is observed that the amplitude of the recovered signal keeps

increasing from 1 cycle to 15 cycles. The amplitude shows negligible change when further

increasing the cyclic number. Among all four figures, echo signals can be seen for both the

piezo transducer and the wTEH, indicating the separation of ~25 mm.
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Figure 5.8: The input signal to piezo transduer and the output signal from the wTEH under

20-cyc (left) and 50-cyc (right) sine wave driven (1 MHz, around 85 mm separation).

Fig. 5.8 illustrates the CH1 and CH2 signals when 20-cyc (left) and 50-cyc (right) sinu-
soidal pulse signals input. To clearly distinguish the recovered signal and the echo signals, the
piezo transducer and the W'TEH were separated by ~85 mm, presenting ~56 us traveling time
of the ultrasound in the figure. Based on the recovered signal, the signal-to-noise ratio (SNR)
of the uTEH can be calculated as 20.54 dB. If the transmitted control signal is modulated by
digits”0” and 17, so-called amplitude shift keying (ASK) modulation, digital information can

be transmitted via the ultrasound link [109, 155].

5.2 Optimization methodologies

Currently, the power consumption of most implanted devices is typically in the range of
uW [156, 157]. Our reported AET system can only generate 243 nW power with 720 mW/cm?
incident acoustic power, which is not a useful amount of power currently. It needs much more

acoustic power than is currently allow under FDA limits if we actually apply it for powering
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implanted devices. Refer to [65, 158], triboelectric acoustic energy harvesters can achieve
energy conversion efficiency of 60% and 13.1% in water and in air, respectively. Therefore,
further optimizations are still needed to improve the output power on the load in the future.
Even if the efficiency of the W TEH can be improved to ~1%, the generated power will be useful.
Most existing researches on the optimization of TENG are based on the trial-and-error method
experimentally due to the lack of related theories. This section will qualitatively propose some

optimization methods to improve the output of the WTEH according to the existing theories.

From the point of view of acoustic receiver, acoustic impedance can also affect the trans-
mission efficiency. However, the structure of the wWTEH is inspired by CMUT, which has
the diaphragm structure. One of the advantages of this type of transducer is low mechanical
impedance. For example, the acoustic impedance of CMUT is generally less than 10 MRayl.
We usually consider that the acoustic impedances between the membrane and the medium are
already matched. So, we will not put too much focus on the acoustic impedance matching at

this stage.

5.2.1 Performance figure-of-merits of TENG

To compare the maximum output of TENGs (even with different configurations) in a fair
manner, an important term is introduced: performance figure-of-merit (FOMp) [159, 160].
FOMp; is a nondimensional parameter, which is independent of the working mode and the
structural dimensions of the TENG, to evaluate the maximum output power of a TENG. Ideally,
the output power of a TENG reaches the maximum in a particular condition, which is called

cycles for maximum energy output (CMEQO).

Fundamentally, FOMp is expressed as
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FOMp, = FOMg - FOM), (5.2)

where FOMj is the stucture figure-of-merit and FOM,, is the material figure-of-merit.

e Material figure-of-merit

It is obvious that the evaluation of the TENG’s output is from two aspects: triboelectric
material and structure of the TENG. For a TENG with a certain structure, the only determinant

of the output power is the FOM,,, which is defined as

FOM,, = o (5.3)

where o is the surface charge density.

e Structure figure-of-merit

When the triboelectric pair is determined, the FOMy is the only determinant and is defined

as

(5.4)

where g, is the vacuum dielectric constant, A is the contact area and x,,,, is the maximum
separation between the triboelectric pair. For a certain TENG and external mechanical load
(assuming the surface charges on a triboelectric material have already been saturated), the ideal

maximum output power (E,,) in one cycle is defined as

1 ,
Em = EQSC,max(VOC,max + Vmax) (55)
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where Qs ¢ max 1S the maximum short-circuit transferred charges, Vo max 1s the maximum open-

circuit voltage and V! is the maximum output voltage for the TENG.

max

5.3 Optimization methods of the n”TEH

o

#1
i |
o |#2

#3

(o]

Figure 5.9: The basic structure of the uTEH and the corresponding equivalent circuit.

Based on the abovementioned figure-of-merit, optimization methods are proposed partic-
ularly for the WTEH in this section. In the case of the WTEH, the vertical contact-separation
working mode and the corresponding equivalent circuit are illustrated in Fig. 5.9. The yTEH
can be modeled as a series of two capacitors in the equivalent circuit. Based on the theories in

Chapter 2, the relevant parameters are expressed as follows

Ao
Ve = ——m0 56
oc Cl(xmax) ( )

C,
A2 57
Oscmar = CA G ST G S

A

v 7. (5.8)

max = Cl(xmax) + C2

In terms of the uy'TEH, the membrane size is much larger than the cavity depth. Thus, both

C, and C; can be calculated based on the theory of parallel-plate capacitor.

105



A

C, = (5.9)
E0Xmax
A
C, = (5.10)
€1 tnxide

where € and ¢,,;4, are the dielectric constant and the thickness of the silicon oxide layer.

5.3.1 Geometry

The geometry of the uTEH can affect the mechanical loading, further affecting the output
performance of the uTEH. Hence, it deserves to comprehensively explore the effect of WTEH’s
geometry. In this theoretical analysis, we are still targeting the bio-applications so that the
working frequency is still set as 1 MHz. The triboelectric pair and fabrication method are also

same as that in chapter 4.

When the triboelectric materials are determined, the key parameters affecting the resonant
frequency and the mechanical behaviors are the size and the thickness of the membrane. Since
the fusion bonding technique is based on the SOI wafer, the thickness of the membrane is highly
dependent on the availability of the commercial SOI wafer. Currently, SOI manufacturers have
abandoned the production line of the 4-inch wafer with sub-micrometer device layer. The
thinnest device layer of the SOI wafer we can purchase is 2 um thick. Therefore, the range of
the thickness starts from 2 um. According to Eq. 4.3 and 4.15, the resonant frequencies and
the maximum static displacement under the atmospheric pressure of the membrane are shown

in Fig. 5.10.

To keep the consistent resonant frequency (1 MHz), a thinner membrane corresponds to a
smaller size and a larger maximum static displacement. Table 5.2 gives calculated maximum
static displacement for nine combinations of thickness and size.
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Figure 5.10: The dependence of the (a) resonant frequency and (b) the maximum displacement
on the size of the membrane.

Table 5.2: The requirements for water in the electronics and semiconductor industries.

Thickness (wm) Radius (wm) Max static displacement (nm)

2 53 100.2555
3 68 80.4946
4 80 65.0541
5 92 58.2554
6 102 50.938

7 112 46.6308
8 121 42.5565
9 129 38.6123
10 138 36.8647

Based on the 3D COMSOL model in chapter 4, the dynamic behaviors of different com-
binations were simulated (shown in Fig. 5.11). It is seen that a thinner membrane results in
a larger dynamic displacement at resonance. For a given gap depth, the contact between the
membrane and the substrate will be more sufficient (larger contact area) for a thinner membrane.
Much literature has concluded that sufficient contact will give a higher output power because
of higher surface charge density [64, 65, 161, 162]. Thus, thinner membrane can potentially

contribute to higher output power.
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Figure 5.11: The dynamic behavior of the membrane for different thickness.

Then, the FOMj is calculated to evaluate the effect of the geometry on the output. From
Fig. 5.11 and Table 5.2, the dynamic displacement of the membrane is comparable to the static
displacement, so that the Xx,,,, is reasonably approximated as the cavity depth of the cavity.

Other required parameters in the calculation are listed in Table 5.3.

Table 5.3: The required parameters for analysis

Parameter Quantity
Radius of membrane 50 um
Surface charge density 10e-6 C/m?
Relative permittivity of silicon oxide 3.8

Based on the Eq. 5.4, the relationship between the FOM; and the x,,,, for the pyTEH is
illustrated in Fig. 5.12. Generally, the FOMg increases as the x,,,, increases, indicating that
large cavity depth is beneficial to improving the output power. Moreover, Fig. 5.12 reports that

a thinner dielectric layer will also improve the FOM;.
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Figure 5.12: The relationship between the FOM; and the x,,,, for the WTEH with different

thickness of silicon oxide layer.

5.3.2 Materials

According to Eq. 5.3, surface charge density is the only factor determining the material
figure-of-merit. Additionally, the quadratic relationship indicates that the surface charge den-
sity has a significant effect on the performance of the TENG. In some degree, the surface charge
density plays the most important role in the output of the TENG. To enhance the surface charge
density, the triboelectric pair is usually select as far as possible in the triboelectric series. In the
current design of the WTEH, the selection of silicon and silicon oxide is more because of the
fabrication concerns. To meet the requirements of the fusion bonding, the output performance

of the uTEH is partly sacrificed.

Until now, choosing the triboelectric pair is highly dependent on the experience and spe-
cific applications. Trial-and-error method is currently the most prevailing and effective way

to determine the triboelectric pair. The vast majority of the reported TENGs use polymers
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as triboelectric materials, such as PTFE and PDMS and nylon, because these polymers are
located at the most negative end of the triboelectric series. Previous studies have already exhib-
ited the excellent potential of polymer-based TENG for acoustic energy harvesting and sensing
[66, 161-163]. The introduction of the polymer layer is expected to dramatically increase the

surface charge density and improve the output power of the uTEH.

However, an important point to note is that polymers are not compatible with the fusion
bonding technique. Adhesive wafer bonding technique is a good alternative to the fusion bond-
ing technique. Therefore, the fabrication process based on adhesive wafer bonding should be

in investigated in the future [130, 164].

5.4 Chapter conclusion

This chapter demonstrated a prototyped AET system based on the yTEH. Under 1 MHZ,
132 mW/cm? incident acoustic power, the output power on the load resistor can reach up to 50
nW. Up till now, very few reported AET systems were based on the MEMS energy harvester,
especially for bio-applications. Overall, the output of the MEMS energy harvester is low (tens
of nW to several uW). The development of the TENG is still in the very early stage at present.
Although the current output of the uTEH is low, there is a huge space for the improvement.
Optimization methodologies, in the aspects of structure design and material selection, were
proposed in this chapter to improve the output of the uTEH and adhesive wafer bonding is
expected as a promising way to fabricate the uTEH in the future. In addition, pulse experiments

demonstrated the W.TEH’s potential of wireless communication via the ultrasound link.
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Chapter 6

Summary and future work

6.1 Summary

As an emerging technology, TENG gives us another new method to collect mechanical
energy and convert to electrical energy. Novel strategies for self-powered sensing and energy

harvesting based on TENG were proposed in this thesis.

A self-powered on-line ion concentration monitoring system based on TENG was devel-
oped for the first time. Ion concentration is an important criterion to evaluate the water quality in
the industry. Based on TENG, a self-powered ion concentration sensing system was proposed
to realize water quality monitoring in real time. An RD-TENG was designed and manufac-
tured, based on industrial PCB technology. Different from handcrafted TENG, sophisticated
and dense electrode structures can be patterned by PCB technology. Therefore, a higher and
more reliable output signal can be achieved, leading to a higher sensitivity. By converting the
mechanical energy of flowing water in the pipeline to electrical energy, the RD-TENG worked
as an energy source to power the ion concentration sensor, which was also fabricated by PCB
technology. Working under the freestanding triboelectric-layer mode, copper and PTFE were
adopted as a triboelectric pair to maximize the output signal. The open-circuit voltage and
short-circuit current of the RD-TENG can reach up to 210 Vp_p and 112 pA, respectively. The
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sensing mechanism of the self-powered sensing system is based on the impedance matching
between the RD-TENG and the ion concentration sensor. When the rotation speed is less than
250 rpm, the ion concentration sensor shows a pure resistance property in the water, which
makes the construction of the sensing system much easier. By connecting the RD-TENG, ion
concentration sensor and a fixed resistor (150 kQ) in series, an alarming circuit was designed
for real-time ion concentration monitoring. The monitoring system can achieve the LOD of

NaCl 1.52x1073 mol/L and the response time in the scale of milliseconds.

A theoretical basis was also proposed for the frequency-independent sensing based on the
capacitive impedance matching between TENG and capacitance-type sensor. Currently, most
reported self-powered sensing systems are based on the resistive impedance matching between
TENG and resistance-type sensor. By experimentally and theoretically studying the output
of the RD-TENG with load impedance, it is revealed that the relationship between the output
voltage and the load resistance has a frequency dependence while the relationship between
the output voltage and the load capacitance has no frequency dependence. Hence, the sensing

performance of a capacitance-type sensor will not be affected by the mechanical load.

A micro- triboelectric energy harvester (WTEH) was successfully fabricated based on MEMS
technologies for the first time. The vast majority of the reported TENGs are fabricated by hand
at present. This fabrication method has a lot of drawbacks, such as bulky size, huge perfor-
mance variation among devices, poor reliability and etc. The utilization of PCB technology
makes the fabrication of the TENG more standard and more reliable. It is crucial for TENG’s
commercialization in the future. However, further miniaturization and higher integration are
desired in bio-applications, such as energy harvesting for implanted devices. A uWTEH was
developed by virtue of the MEMS technologies. Targeting acoustic energy transferring for im-

planted devices, | MHz was selected as the working frequency as a compromise of the acoustic
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attenuation and mechanical damage. The WTEH works under the vertical contact-separation
mode, where silicon and wet thermal oxide function as a triboelectric pair. SKPM measure-
ments were performed to the silicon and the wet thermal oxide to unveil the mechanism of the
triboelectrification between them. Taking advantage of the SOI’s device layer and fusion bond-
ing technique, vacuum cavities were formed underneath the silicon membrane (2 wm thick).
Based on the analytical calculation and FEM simulation, the maximum static displacement of
the silicon membrane induced by the atmospheric pressure was approximately 74.5 nm. Then,

the actual depth of the cavity was 90 = 10 nm to ensure the triboelectrification.

Potential applications of the pyTEH were demonstrated. In the vegetable oil, the yTEH
can achieve the open-circuit voltage of ~15.5 Vp_p under 63 kPa acoustic pressure (1 MHz).
A linear relationship between the peak open-circuit voltage and the incident acoustic pressure
was also observed. When connecting a load resistor with the uTEH, it can output maximally 50
nW power under IMHz, 132 mW/cm? incident acoustic power. Although the value is fairly low
compared to piezo transducer-based energy harvesters, it can be argued that the performance
of this uTEH is sacrificed to compromise with the fusion bonding technique. According to
chapter 5, the selection of the triboelectric pair has the most significant effect on the output of
the TENG. Yet, silicon and wet thermal oxide is not perfect selection. In the future, introducing
a polymer thin film with adhesive wafer bonding technique is expected to dramatically increase
the output power of the W TEH. Additionally, standing wave effect was also observed during the
experiments. Pulse experiments were performed and the SNR of the uyTEH can reach 20.54 dB.
The results indicate that the uTEH has the promising potential for wireless data communication

by ASK modulation.

Lastly, optimization methodologies were proposed to improve the output of the pWTEH in

the future. By introducing the figure-of-merit (FOM) to the WTEH, it was concluded that thinner
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membrane and thinner dielectric layer can result in a higher output. More importantly, it is
revealed that the change of the triboelectric pair is the most effective way to improve the output
of the uTEH. In particular, this research opened up a new field and laid a good groundwork for

designing the MEMS TENG devices.

6.2 Contributions

The first contribution is that a self-powered ion concentration monitoring system, where
both the sensor and the TENG were fabricated by mature printed circuit board (PCB) technol-
ogy, was developed based on the impedance matching effect of TENG. A comprehensive study
of the impedance matching effect of the TENG was performed. This work further promotes
the understanding of the working principles of TENG, particularly the frequency dependence

of impedance matching effect in aqueous solution.

The second contribution is the development of a novel triboelectric energy harvester based
on MEMS technologies. This is the very first MEMS TENG in the world. The working mech-
anism, structure design and fabrication process were explored. Particularly, a novel wafer-
bonding-based fabrication method of TENG was proposed. MEMS technologies dramatically

miniaturize the size of TENG and greatly improves its compatibility with other electronics.

The third contribution is that TENG is firstly adopted in the ultrasound-related applica-
tions. Compared to acoustic energy harvesting in the audible frequency range [64—66], this

work broadened the application of TENG, especially in the in-immersion applications.

The last contribution is that the optimization methodologies of the MEMS TENG were

proposed to improve the output in the future. This work can guide not only the geometry

design but also the material choices of the MEMS TENG.
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6.3 Future work

Currently, the study of TENG is still at the primary stage and a lot of work can be done
to explore new territories or improve the performance of existing TENGs. From the view of
engineering, several directions to extend the related research are proposed here based on the

work in this thesis.

e Self-powered ion concentration sensing

Selectivity is also an important criterion of a sensing system. In the practical application
of ion concentration sensing, the aqueous environment is complicated. Proper coating materi-
als can be developed and coated on the surface of electrodes to selectively monitor the water

quality.

Reliable packaging techniques are highly required, especially in the aqueous environment.
Since most TENGs contain moving parts inside, it is challenging to isolate the TENG from the

outer environment for a stable output. A lot of effort needs to be done in this respect.

A new configuration of TENG based on liquid—solid contact electrification [165, 166] will
be explored in the future to overcome the wearing issue of triboelectric materials, as well as
the packaging problem. When water slides the inner surface of the pipe, water and the pipe
will be oppositely charged by the contact electrification. According to this mechanism, single-
electrode mode and freestanding mode TENGs can be constructed for energy generation. Other
than the wearing issue, this new structure may also dramatically miniaturize the sensing system

because of the elimination of mechanical moving parts.

In this thesis, is has been proved that the capacitive impedance matching of TENG is

independent on the frequency of the mechanical load, which is a good point for frequency-
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independent sensing applications. In the future, the integration between TENG and capacitance-

type sensors will be a good direction to pursue.

e Micro- triboelectric energy harvester

In chapter 5, several optimization methods are proposed in the respects of structure and
materials. Among the optimization methods, improvement of the surface charge density is the
most key point to improve the efficiency. Therefore, increasing the contact area and change of
the triboelectric pair are expected as the most effective way to improve the output of the yTEH.
Hence, u'TEH based on adhesive bonding technology is a valuable research direction in the

future.

Packaging is also an issue for the uTEH. Since silicon is not a bio-compatible material,
proper packaging material is needed if we want to apply the WTEH for powering implanted

devices.

This thesis only focused on the development of the WTEH and did not consider too much
the electric circuit. In reality, energy loss in the circuit is also an important concern, especially
for the high-frequency circuit. Impedance matching circuit should also be designed to minimize
this loss. Indeed, circuit design and the post data process are also important particularly for the
application of wireless communication. Therefore, a lot of work on the circuit can be done in

the future.
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Appendix B

Electrode structures of the stator
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Appendix C

Acoustic properties of tissues/materials

Table C.1: Acoustic properties of tissues/materials.

Tissue/material Sound speed Density Acoustic Impedance
(m/s) (g/cm?) (MRayls)

Water 1480 1 1.48
Vegetable oil  ~1500 (measured) 1.070 1.60
Blood 1575 1.055 1.66
Fat 1450 0.95 1.38
Muscle 1575 1.065 1.68
Skin 1730 1.15 1.99

B. Zeqiri, “Reference liquid for ultrasonic attenuation,” Ultrasonics, vol. 27, no. 5, pp. 314-315, 1989.
F. A. Duck, Physical properties of tissues: a comprehensive reference book. Academic press, 2013.
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Appendix D

Fabrication process of CMUT

The pre-fabricated CMUT is a row-column-structured 2D array. (step 1) Firstly, 500-
nm-thick wet thermal silicon oxide was grown on the surface of SOI wafer (2 wm of P-doped
0.001 ohm-cm device layer, 1 um of boxing layer, 500 um of handling layer). (step 2) Next,
photolithography and RIE process were performed to etch trenches down to the boxing layer,
forming row structures. (step 3) Another photolithography and RIE process was done to build
cavities on the wet thermal oxide layer (50 um radius and 250 nm depth). Then, a standard
clean process was conducted for the patterned SOI wafer and an unpatterned SOI wafer (2 pm
of P-doped 0.001 ohm-cm device layer, 1 um of boxing layer, 500 um of handling layer) before
fusion bonding. (step 4) Fusion bonding was performed under the pressure of 3 kg/cm? and
the temperature of 480°C in vacuum, followed by 1100°C annealing. After this step, vacuum
cavities of 10~ Pa were formed. (step 5) A combination of RIE and TMAH etching was used to
release the handling layer of the top SOI wafer. The boxing layer was then removed by 5:1 BOE
solution. (step 6) Photolithography and RIE process were conducted to etch column structures.
(step 7) In next step, the bottom electrodes were exposed by another photolithography and RIE
process. (step 8) Lastly, an electron-beam deposition, followed by lift-off process, was done to

create Ni (5 nm)/Au (150 nm) contact pads for wire-bonding.
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Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Figure D.1: The fabrication flow of the CMUT.
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