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Abstract

The direct conversion of mechanical energy into electricity by nanomaterial-based devices offers
potential for green energy harvesting. One of the main challenges for mechanical energy
harvesting technologies, such as piezoelectric or triboelectric generators, is to provide sufficient
current density for powering electronics, which is generally limited by the high impedance of
material systems. A conventional triboelectric nanogenerator converts frictional energy into
electricity by producing alternating current (a.c.) triboelectricity. However, this approach is
limited by low current density and the need for rectification. In this thesis, we show that
continuous direct-current (d.c.) with a maximum density of 10 A m 2 can be directly generated
by a sliding Schottky nanocontact without the application of an external voltage. We demonstrate
this by sliding a conductive-atomic force microscope tip on a thin film of molybdenum disulfide
(MoS>). Finite element simulation reveals that the anomalously high current density can be
attributed to the non-equilibrium carrier transport phenomenon enhanced by the strong local
electrical field (10°-10° V m™2) at the conductive nanoscale tip. We hypothesize that the charge
transport may be induced by electronic excitation under friction, and the nanoscale
current—voltage spectra analysis indicates that the rectifying Schottky barrier at the tip—sample

interface plays a critical role in efficient d.c. energy harvesting.

Furthermore, we have observed sustainable tunneling current generation at an unbiased,
triboelectrically charged metal-insulator-semiconductor (MIS) point contact consisting of p-type
silicon, silicon oxide and a metal tip. It is found that the native thin oxide (~1.6 nm) on the
silicon surface provides a natural pathway for the quantum mechanical tunneling of triboelectric

charges. The charges are then collected by the semiconducting substrate, thereby generating
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direct current (d.c.) with very high current density. The measured direct current (d.c.) shows an
exponential decay with the thickness of oxide layer deposited with atomic layer deposition
(ALD), confirming the quantum mechanical tunneling mechanism. It is proposed that the contact
potential difference enhanced by triboelectric charging provides the potential difference between
metal point contact and the substrate. With single metallic micro probe sliding on a moderately
doped p-type silicon, an open circuit voltage (Voc) of 300-400 mV and a short-circuit direct
current (Isc) of 3-5 A (a corresponding high current density, J, in the order of 1-10 A/m?) have
been observed. It is predicted by conductive-atomic force microscopy (C-AFM) experiment that
the theoretical J can be as high as 10* A/m?. It has been proved that the d.c. triboelectricity
generation by MIS frictional contact can be directly stored by charging capacitors. This concept
has the potential as a green energy harvesting technique where a broad range of material

candidates and device configurations could be used.
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Chapter 1 Introduction

1.1 The fundamentals of energy harvesting

In the past decades, energy harvesting materials, devices and systems have become emerging
research areas, motivated by the growing demand for energy consumption in all aspects of
human activities: from manufacturing and transportation tools, to electronics and
nano/microscale devices (e.g. implantable biomedical devices, miniaturized sensor networks,
microelectromechanical systems (MEMS)).!* Meanwhile, growing energy consumption is
driven by the increasing world population. According to the latest report released by U.S. Energy
Information Administration (EIA), the world energy consumption is projected to rise 28%
between 2015 and 2040.* It is predicted that substantial contribution for energy consumption
would come from developing countries (45-50% increase), as a sacrifice for pursuing economic
development (Fig.1-1).* Although fossil fuels (e.g. petroleum, coal, and natural gas) still
dominate the energy sources of human beings, they are generally considered to be not renewable
due to the much faster depletion rate compared to their millions of years’ formation.* Besides,
our heavy rely on fossil fuels has brought up many serious environmental issues such as
air/water pollution and global warming, which are severely threatening the human being’s living
as well as the ecological system on earth. Therefore, finding renewable energy alternatives is

extremely vital for the sustainable development of the human society.
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Figure 1-1 Projection of global energy consumption by energy source. Unit for y axis:

quadrillion Btu*

As a matter of fact, we are living in an ‘ocean’ of energy: a mole of air contains 6.23x10
molecules, which occupies ~24 dm® at room temperature and atmospheric pressure. The total
thermal energy of them can be calculated by nkg7, where n, kg and T is molecule number,
Boltzmann constant and temperature, respectively. Accordingly, 1 m? air surrounding us contains
~2560 J thermal energy, which is sufficient to light a 15 W incandescent bulb for more than 10
minutes! Another example can be found in Earth's oceanic tides. Tidal forces are periodic
variations in gravitational attraction exerted by celestial bodies, which contains a huge amount of
energy over 75 TW (1 terawatt = 10'2 W) around the world. Other examples are relatively well
known such as solar energy, wind energy, nuclear energy etc.

It is therefore apparent that many options are available for renewable energy harvesting from
nature, and then what would be the secret ‘recipe’ for an efficient harvesting? Generally, the
modern conception of energy harvesting is considered as a process that converts those natural
energy resources into electricity, i.e. the presence and motion of electric charges. Unfortunately,

most of the energy resources around us are randomly distributed. In contrast, a directional



electric charge motion is always associated with certain ‘field’ or ‘gradient’. Namely, one would
need a ‘source’ as well as a ‘drain’ of energy in order to induce a directional charge flow:
gravitational field makes water flow from higher places to lower ones, which drives
electromagnetic generator in a hydropower station and generate an alternative current (AC)
electricity’; in a photovoltaic device, built-in electrostatic field in a semiconductor p-n junction
can separate the photo-excited electron-hole pairs generating a direct current (DC)®; The ‘field’
in thermoelectric materials is originated from the temperature gradient in the materials, giving
rise to a chemical potential gradient of the electrons/holes’; Piezoelectric generator works based
on the electrical polarization from positive-negative ion center separation under external
mechanical stress 8. Accordingly, an important indication we can learn from the above examples
is that creating a physical ‘gradient’ is the key for harvesting electricity for practical applications.
This conception, as will be showing in this thesis, serves as the main methodology for exploring
new strategies for triboelectricity harvesting.

Basically, a complete energy harvesting system includes energy capture, transduction, power
conditioning, energy storage and electronic load, which covers a broad range of technologies and
relies on quite a broad range of fundamental science.’ Specifically, the electrical characteristics
of initial electric power harvested from environment will affect the design and optimization of
the following steps. For example, the open-circuit voltage output from a solar cell (0.5~0.7 V) is
determined by the relative Fermi-energy different between the p- and n-type silicon®. Parallel and
series connection of the single unit would be needed for increasing current and voltage output,
respectively. The most of electricity harvested from vibrational energy in environment is AC
with varying frequency, which needs to be rectified into DC and conditioned for practical

applications.” In this thesis, we would be comparing the fundamental differences of the



electricity characteristic between the power generated by conventional triboelectric

nanogenerators and the one generated by our new strategy.

1.2 Nano/micro mechanical energy harvesting technologies

Generally, the terminology ‘nano/micro energy’ in literatures often refers to different aspects of
the energy harvesting system. Firstly, ‘“nano/micro’ refers to dimension of the energy harvesting
system that can produce power at microwatts level. They are capable of collecting environmental
energy and drive miniaturized electronics such as sensors, actuators and implanted bio-devices.
This is largely driven by the growing demand on the proliferation of these devices. Fixed devices
where mains connection would be impractical or involve excessive installation costs would also
prefer small environmental energy harvesters. Generally, the fabrication of those small energy
harvesting units rely on highly parallel fabrication techniques common to the semiconductor and
MEMS industries. From a material point of view, a number of new energy harvesting
technologies with great performances are enabled by the newly-found novel physical/chemical
properties of nanomaterials. Nanotechnologies such as nano/microfabrication, quantum dot
synthesis, super lattice deposition, efc. have boosted the material performance in various energy
harvesting technologies. Last but not the least, modern nanoscale characterization tools such as
scanning probe microscopy (SPM) have helped researchers investigate the fundamental science
of energy harvesting materials, which in turn benefit the development of new concepts and

technologies. -3
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Figure 1-2 Magnitude of power and its corresponding applications.!’ (Reprinted with

permission from ACS publications)

As we mentioned in the last chapter, there are many new energy harvesting technologies that
have been developed to date, which can be basically classified in terms of their energy sources:
photovoltaic technology has been utilized to harvest electricity from solar energy®;
photocatalysis or photoelectrocatalysis have been developed for converting/ storing solar energy
into chemical energy'!!?; thermoelectric materials and pyroelectric materials are capable of
converting static thermal gradient and varying thermal gradient into electricity, respectively’!%;
bioenergy can be harvested from materials derived from biological sources'®, etc.

Among those emerging new energy technologies, mechanical energy harvesting is one of the
most intensively studied research area ever since the electromagnetic generators was discovered
in the years of 1831-1832 by Michael Faraday. It has been utilized in hydropower stations for

more than a century. Meanwhile, the same mechanism has been applied in wind turbine, with

which wind power can be harvested in various locations. Specifically, the past decade has
5



witnessed a fast growing of piezoelectric and triboelectric energy harvesting technologies, where
nanomaterials and nanotechnologies have play an important role on those fundamental
breakthrough. Accordingly, the following part would summarize some of the main progress that

has been made in nano/micro mechanical energy harvesting technologies.

1.2.1 Electromagnetic nano/micro energy harvesting

Electromagnetism-based power generation technology has been developed since the early 1930s,
which is still one of the main ways of generating electric power nowadays. The basic principle is
Faraday’s law of electromagnetic induction: a potential difference can be induced between the
ends of the conductor when is moved through a magnetic field. Technically, a coil of wire rotates
in a magnetic field produces an alternating current. The voltage V, or electromotive force (emf),
induced in a circuit is proportional to the time rate of change of the magnetic flux linkage of that
circuit':

_ 9 )
V=NZ, (1)

where N and @ is the number of coil turn and the average flux linkage per turn, respectively. The

instantaneous power P, extracted by the electromagnetic force Fem(t) is given by the product of

the force Fem(t) and the velocity dx/dt':
dx
P = Fm(0) qc’ (1-2)

which is dissipated in the coil and load as expressed by':

dx V2
P = Fen () - = RitRotjole’ (1-3)

where Ri, Rc and Lc is load resistance, coil resistance and coil inductance, respectively.



In some special applications where miniaturized devices are needed, the size of energy
harvesting unit has to be decreased such that vibrational energy can be harvested from
environment. To this end, micro-scale coil pattern prepared by photolithography techniques is
highly desirable. Such coil patterns can fabricated on various substrates such as such as silicon

and flexible substrates. For example, Williams et al.'®

developed a system containing a spring-
mass subsystem attached to a GaAs wafer and a planar integrated coil on a gold coated wafer
after a lift-off processing. It is estimated that a 50 um inertial mass displacement would produce
1 uW at 70 Hz and 100 uW at 330 Hz. Wang et.a/'® reported a micro-machined electromagnetic
generator combining an integrated coil with an electroplated copper planar spring. The
electroplated spring formed on a silicon substrate is prepared by KOH etching. A NeFeB
permanent magnet is manually glued to the centre of the spring with a maximum output around
60 mV generated from 14.7 m/s*> acceleration. In another attempt, microcantilever-based
electromagnetic generator has been developed: an array of microcantilevers comprising inertial
mass and integrated coil are placed close to a common fixed magnet.!” Electric power can be
harvested from cantilever vibrational movement. The theoretical power output and voltage
output of single cantilever is ~6 nW and 1.4 mV, respectively, at a resonant frequency of 58
kHz."7

Provided a generator is properly designed without constrain on size, the electromagnetic-based
method is a very efficient approach for the kinetic energy-electricity conversion. Since the
electricity power output relies only on relative velocity and change in magnetic flux, an
electromagnetic generator will not be limited in amplitude by the fatigue strength of, for instance,
piezoelectric materials. And also, they have the broadest frequency bandwidth over which energy

can be harvested compared with other methods, due to the high level of electromagnetic damping



achievable. However, the performance of micro-scale electromagnetic generators is largely
limited by the possible density of coil turns fabricated with integrated circuit technology. It is
also clear from the fundamental principles that the miniaturization of coil pattern reduces power
output level considerably (0.1 pW/ms? for a 1 cm® device vs.10000 pW/ms? for a 100 cm?
device). Therefore, the major challenge for electromagnetic nano/micro energy harvesting

technology is to overcome the negative dimension-effect. '

1.2.2 Piezoelectric nano/micro energy harvesting

The piezoelectric effect is understood as the linear electromechanical interaction between the
mechanical and the electrical state in non-central symmetric structured materials (e.g. ZnO, PZT
(lead zirconate titanate), BaTiOs, etc.).®!®!” For example, a hexagonal unit cell has no center of
symmetry. In the absence of an applied force the centers of mass for positive and negative ions
coincide with each other (Fig. 3, top-left). When a strain is applied to the materials, piezoelectric
polarization charges are induced at the two ends of the crystal along certain orientations: under
an applied force along y, the centers of mass for positive and negative ions are shifted which
results in a net dipole moment P along y (Fig. 1-3, top-right); when the force is along a different
direction, along x, there may not be a resulting net dipole moment in that direction though there

may be a net P along a different direction y (Fig. 1-3, bottom).



Figure 1-3 A hexagonal unit cell with non-symmetry crystal structure: in the absence of
strain (top- left); under an applied strain along y (top-right); under an applied strain along

y (bottom).

If Tj is the applied mechanical stress along j direction and P; is the induced polarization along the
i direction, then P; is determined by:

Py = d;;T;,

(1-4)

where djj is the piezoelectric coefficient. The typical d value for piezoelectric materials is on the
order of 10711-10""> mV-!. The presence of this stress-induced polarization in all unit cell results
in a macroscopic straining-oriented electric potential, which is known as piezopotential. To date,
piezoelectric materials have been used in various applications such as spark generators,
displacement transducers, accelerometers, and microphones. -

Piezoelectric material-based systems are good candidates for vibrational energy harvesting at

small-scale. The most typical examples are cantilever systems coated with functional

piezoelectric thin film. Piezoelectricity can be generated by the cantilever vibration excited by



environmental vibration, which provides varying strain to the piezoelectric thin film. Roundy, S.,

1.2 reported a PZT-coated cantilever generator with an 1 cm? volume, which can harvest 190

eta
uW power from acceleration of 2.5ms 2 at 120 Hz. However, the coupling strength decays fast at
micro-scale and relatively large load impedances are required for achieving the optimal working
condition. Meanwhile, aging issues such depolarization and brittleness are presented as
drawbacks of the piezoelectric materials. For low-frequency applications, such as those related to
wearable sensors, polymer-based materials (e.g., dielectric elastomers) are valid alternatives to
ceramics due to their flexibility, inexpensiveness, and durability.

An important breakthrough for piezoelectric energy harvesting is the concept of piezoelectric
nanogenerators proposed by ZL Wang’s group from Georgia Tech in 2006. It was initially
revealed by AFM techniques that ZnO nanowires show a strong piezoelectric response under the
AFM probe stress.?! A power output of 10 pW/um? has been reported. While piezoelectricity is
an integrated volume effect, the piezoelectric response found in ZnO nanowires is proved to be a
surface polarization-related phenomenon. They have also demonstrated DC piezoelectricity
output by a ZnO nanowire array nanogenerator system driven by ultrasonic wave, where a zigzag
electrode acts as an array of parallel integrated metal tips that can generate and collect output
electricity from the nanowires.?? To scale up the power output, various device configurations
such as vertical nanowire integrated nanogenerator (VING)?, lateral nanowire integrated
nanogenerator (LING)?* and nanocomposite electrical generators (NEG) (vertically grown
piezoelectric nanostructure with polymer matrix)**?> have been developed. Although
nanogeneratros are considered as potential candidates for powering portable electronics and
microsensors, the typical piezoelectric voltage output is the on the order of 10-100 mV with an

electrical load R on the order of 100 MQ, limited by the physical mechanism and large

10



impedance of the system. Thus, the current and power output is low, which still needs significant
enhancement for practical application. Generally, piezoelectric materials-based harvesters are
good choices for high-frequency, low-strain deformations. However, they lack the elasticity

needed for harvesting large strains.

1.2.3 Electrochemistry-based nano/micro mechanical energy harvesting

Electrochemistry-based harvesters have emerged as a new strategy for mechanical energy

1.26 reported a device consisting of two identical Li-

harvesting application. Sangtae Kim et a
alloyed Si as electrodes, separated by electrolyte-soaked polymer membranes. It works based on
stress—voltage coupling in electrochemically alloyed electrodes.It was demonstrated that lithium
ion (Li") migration can be driven by the chemical potential difference induced by the bending-
induced asymmetric stresses. The lithium ion migration results in electricity output from the
device. A Vo of 23 mV, I of 14.5 nA, and power density of 0.48 uW/cm? at 0.3 Hz has been
reported.

Another interesting design based on electrochemical system is modulating the capacitance of

electrode by external strain. Shi Hyeong Kim, et al. ¥’

reported a carbon nanotube yarn twist
harvester, of which the 3D spiral structure can response to the external tensile or torsional strain
and thus results in a capacitance modulation. Due to the existence of a chemical potential
between the harvester electrode (carbon nanotube yarn twist) and the surrounding electrolyte, an

equilibrium charge on the electrode can be generated by immersing the electrode into an

electrolyte, which can be used for energy harvesting. By testing the harvester in a simulated

11



ocean environment (0.6 M NaCl), they have reported a peak power output of ~94 W/kg under a
30 % stretch and deformation frequency above 6 Hz.
Using ionic polymer composite is another derivative is for mechanical energy harvesting. Ying

1.2 reported an ionic polymer-based p-n junction structure for low frequency

Hou, et a
vibrational energy harvesting. It features with very slow decaying of the induced potential as a
function of time, thus making it as an efficient way of harvesting mechanical energy at very low
frequency. It works based on non-equilibrium space charge transfer at the p-n junction interface
under compressive stress. The p—n junction structure can rectify the ion flow and thereby allows
a net direct current output. Upon a low-frequency mechanical compression (0.1 Hz), an open
circuit voltage of ~122 mV, a current density of ~1 pA/cm?, and a corresponding volumetric
power density ~2 pW/cm® have been reported. Similarly, Hao shao, et al. demonstrated the d.c.
power out using a metal-conducting polymer (PPy) Schottky diode structure, reporting a current
density as high as 62.4 pA/cm? and voltage of 0.7 V. It is concluded that one of the two metal
electrodes should form a Schottky contact with the polymer, while the one needs to have an

Ohmic contact with it.?°

1.2.4 Triboelectric nano/micro energy harvesting

The recent years have witnessed a fast growing technique called triboelectric nanogenerator
(TENG), which is able to covert frictional energy into electricity. As a pioneer of the technology,
ZL Wang’s group from Georgia Tech developed the concept by observing an ‘unexpected’
electricity output signal during a piezoelectricity experiment in 2012. Basically, TENGs work

based on contact electrification, coupled with electrostatic induction and capacitance modulation.

12



Contact electrification, which will be discussed with more details in Section 1.3.2, is a well-
known phenomenon that two materials can be electrically charged when rubbing against each
other. 1030

Given that an insulating material is involved in contact electrification, electrostatic charges
would be built up on the surface. If there is a metal electrode present on the back side of this
insulator, image charges would be developed (i.e. charge induction). The triboelectric potential

results from the separation of the two materials with an opposite sign of electrostatic charges. By

modulating the capacitor system, a dielectric displacement a.c. current can be generated!’:

,_do_cav vic
L= dt+dt’ (1-5)

As per the working mechanism of TENGs, there are four basic operation modes being developed:
vertical contact-separation mode, in-plane sliding mode, single-electrode mode, and freestanding
triboelectric layer mode.>! In vertical separation mode, the two charged materials coated with top
and bottom electrodes are charged with opposite charges upon contact. They are vibrated
vertically by external force such that a varying electric potential is generated. At the same time,
the capacitance of the systems also oscillates due to the changing capacitor distance. As a result,
electrons flow back and forth in the circuit in response to the varying potential, generating a.c.

electricity. Gunag Zhu, et al.*?

reported a vertical mode TENG consisting a polymer layer and a
gold nanoparticle-decorated metal layer, which is capable of generating an open-circuit voltage
of~200 V, a short-circuit current of ~2 mA, and a corresponding area power density of ~313
W/m?. It is found that the gold nanoparticle decoration can dramatically enhance the
performance, which they believe is mainly due to a higher effective contact area between the two

materials. They also developed a folded flexible TENG structure with multi-layered generator

units, which can be used as an insole and harvest mechanical pressure during walking.
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The TENGs based on lateral sliding mode shares the same device configuration as the ones
based on vertical mode. Instead of being vertically vibrated, the two dielectric materials slide
with respect to each other under an external force. The image charges on the top and bottom
electrodes flow back and forth in order to balance the varying potential difference. In this case,
the capacitance oscillates as a result of changing area of the capacitor systems.>*** It is noted that
the sliding mode is not only limited to the linear motion between the contact materials, but also
refers to cylindrical rotation or disc rotation friction mode. Peng Bai, et al®*> demonstrated a
cylindrical rotating TENG based on a core-shell structure. Polymer nanoparticles are made on
surface in order to strengthen the charge transfer. A power density of 36.9 W/m? (short-circuit
current of 90 pA and open-circuit voltage of 410 V) has been reported at a linear rotational
velocity of 1.33 m/s (a rotation rate of 1000 r/min). Ling Long et al.>® developed a segmentally
structured disk TENG and did a thorough investigation on the relationship between the rotation
speed and the electrical output. A significant improvement of the rotation disc-based TENG is
achieved by using radial arrays of micro-sized sectors on the contact surfaces, enabling a high
output power of 1.5 W (area power density of 19 mW/cm?) at an efficiency of 24%.%7 It is
reported that various ambient motions, including light wind, tap water flow and normal body

movement can be harvested by this type of generator.
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Figure 1-4 The four fundamental modes of triboelectric nanogenerators: (a) vertical
contactseparation mode; (b) in-plane contact-sliding mode; (c) single-electrode mode; and
(d) freestanding triboelectric-layer mode.*! (Reprinted with permission from RCS

publications)

In some cases, the devices cannot be directly connected to the load, such as a human walking on
a floor. In order to address this problem, single-electrode mode has been developed for TENGs.
Basically, the bottom material is grounded such that the potential change of the electrode can be

maintained. Ya Yang, et al.’®

reported a TENG based on sing-electrode mode that can produce
an open-circuit voltage up to 1100 V, a short-circuit current density of 6 mA/m?, and a maximum
power density of 350 mW/m? on a load of 100 MQ. It is utilized for making a self-powered

displacement vector sensor system. The single-electrode mode can also be used in the cases of

vertical motion under the same mechanism.
15



Freestanding triboelectric-layer mode is another derivative of TENG, where a dielectric layer
moves on a pair of bottom electrodes as shown in Fig. 1-4. When the moving dielectric layer
approach and depart from the electrodes, electrons in the circuit connecting the two bottom
electrodes oscillate back and forth in order to balance the varying triboelectric potential. Thus an

a.c. power is generated. Sihong Wang et al.®

reported such a freestanding triboelectric-layer
TENG using a fluorinated ethylene propylene (FEP) as the freestanding triboelectric layer, and
two acrylic-supported Al as bottom electrodes. An open-circuit voltage of 14 KV, a short-circuit
current density of 3.2 mA/m?, and a maximum power output density of 6.7 W/m? on a load of 1
GQ.

Recently, a new idea of applying TENG for ocean energy harvesting has been proposed.**** The
ocean energy is considered as an important renewable and clean energy source, featured with
low oscillation frequency (<2 Hz) and varying amplitude. At low frequency regime (<5 Hz),
experimental results show that the power output with TENG surpasses that with traditional
electromagnetic generator (EMG).*! Besides, TENG has much light weight density compared
with EMG. Fig.1-5 illustrates the working principle of a typical TENG for ocean energy
harvesting is similar to the freestanding triboelectric-layer mode as introduced above.*' Instead
of using planar structure, hollow spherical structure with two fixed dielectric layers being fixed
on the wall and a mobile dielectric ball are included.*® The enclosed hollow structure provides a
good isolation between water and electronic parts. Driven by water motion, the dielectric ball
inside can move around freely a full degree of freedom, resulting in varying triboelectric
potential and thus power output in the system as explained in the freestanding triboelectric —layer
mode. In addition to the rolling spherical structure (10 mW for single unit), various other device

configurations has been developed so far for water motion energy harvesting, such as wavy-
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electrode structure (0.64 MW/km?)*, duck-shaped structure (1.4 W/m?* and air-driven
membrane structure (13.2 W/m?)*. It is suggested that a hybrid energy harvesting system

consisting of wind turbine, solar panels and TENG networks (1.15 MW/km?) may be used in the

future.*!

© EMG output power P

TENG output power P

Frequency f

Figure 1-5 Classical electromagnetic generator (EMG) vs triboelectric nanogeneraotor
(TENG). Working mechanism of (a) EMG based on electromagnetic induction (b) TENG
by coupling of triboelectrificatioin effect and electrostatic induction. (¢) Output power of

EMG and TENG vs. operation frequency f. 4! (Reprinted with permission from Elsevier

Publishing Group)

To harvest energy from difference environmental sources, various hybrid systems have been
developed. Yunlong Zi, et al.*’ reported a triboelectric—pyroelectric—piezoelectric hybrid cell
composed of a sliding mode TENG and a pyroelectric—piezoelectric nanogenerator (PPENG).

Besides the triboelectricity output, thermal energy (friction-induced heat) and piezoelectricity
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can be harvested by a piece of 110 um-thick polarized polyvinylidene fluoride (PVDF) deposited
with Cu electrodes. The hybrid cell has been demonstrated to extend the illumination time of a
LED and charge a supercapacitor at a charging rate about twice of that charged by the TENG
along. A hybrid solar cell and TENG has been demonstrated by Yang et al.*!, where a flexible
transparent polydimethysiloxane (PDMS) nanowire-based TENG serves as the mechanical

1.# also reported a

energy harvesting unit as well as a protection layer for Si solar cell. Yang ef a
hybrid thermoelectric-TENG system consisting of a polyamide (PA)-perfluoroalkyoxy (PFA)
polymer film-based TENG, a Bi;Tes-based thermoelectric cell, and a silicon (Si)-based solar cell.
They also developed an integration system of an electrochemicall cell for converting chemical
energy into electricity and a top PDMS-based TENG layer for mechanical energy harvesting.* It
is found that embedding of BaTiO3 nanoparticles into PDMS matrix can dramatically enhance
the performance by increasing the relative permittivity of the composite and thus enhancing the
TENG voltage output. Such hybrid system has been used for driving biosensors and lighting up
to 30 green LED.

Since the first prototype being reported in 2012, the power out output of TENG has been
improved significantly reaching ~500 W/m?. A wide range of applications for energy harvesting
have been proposed, from small scale self-powered systems and processes, to large-scale ocean
energy scavenging. For the self-powered systems, it has been successfully demonstrated in
powering motion sensors such as displacement sensors®®, pressure sensors®’, acceleration
sensors®!, vibration sensors™, efc. A self-powered smart keyboard system is a very interesting
design based on TENG.> The application has also been extended for chemical detection®®, ,

transistor’>, and mass spectrum technologies®. Compared to other mechanical energy harvesting

methods, TENG has many unique advantages such its high power output, low weight, low coast
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and simple fabrication. However, some drawbacks also exist such as its pulsed output, high
impedance, and low durability. Beside the extensive study based on conventional polymer-based
TENGs, a new concept of TENG based on tunneling transport in metal-semiconductor contact
has recently been demonstrated. Instead of producing dielectric displacement a.c. current, we
found that a continuous d.c. current with high current density can be generated based on different

working principle. >’

1.3 Charge transfer in frictional contact system

Friction-related phenomenon is one of the earliest fundamental physics that human has paid
attention to. Even in the very early stage of human civilization, our ancestors have already
mastered the skills of making fire from drilling in wood, which is perhaps the earliest energy
harvesting technique we have ever developed. On another hand, the triboelectric phenomenon
that friction can result in electrostatic charges on contact materials has also been observed about
hundreds years ago. As a matter of fact, these observations imply two fundamental physical
processes occurring in friction: energy transfer and electronic charge transfer. Although it has
been discovered and investigated for a long history, the fundamental aspects of energy
dissipation process in friction are not fully understood, mainly due to the multiple and
complicated physical processes being involved. Since friction plays an important role in various
human activities, from mechanical manufacturing and geology, to bio-engineering and
nanogenerators, it has been an intensively studied area attracting tremendous research interest
from multi-disciplines such as physics, chemistry, mechanical engineering, etc. *%>°

The earliest scientific understanding of friction was summarized in the 18th century by

Amontons’ law: the force of friction is directly proportional to the applied load (the ratio is
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known as friction coefficient), and is independent of the apparent area of contact or the sliding
velocity. However, it is not necessarily true for single asperity contacts at nanoscale, which is
revealed by modern characterization tools such as atomic force microscopy (AFM).> At atomic
level, friction is the interaction between electron clouds of contact atoms from two materials. It
has been proposed that the interaction between periodic potential of lattice structures of the two
contact materials results in the so-called ‘stick-slip’ friction mode.>*%° However, if the elasticity
of the material is stiff and the potential corrugation is sufficiently enough, the displaced
interfaces may reach mechanical equilibrium at all points and slide without stick—slip (e.g.
smooth frictionless sliding).>’

For triboelectric energy harvesting application, the main challenge is to understand the
fundamental process of charge excitation, transfer and conduction in the frictional contact system,
which, unfortunately, is extremely challenging because of the complicated dynamic electronic
environment at the sliding interface. In this section, we are going to discuss some of our

understanding regarding the elementary process in friction from different angles.

1.3.1 Theories of contact electrification

Many people have the experience of being electrically shocked by charges in dry winter time.
The phenomenon that two materials get electrically charged by being touched or rubbed is
known as ‘contact electrification’. Specifically, it is also referred to ‘triboelectrification” when
the two materials are rubbed against each other. Contact electrification has been mostly
considered as a hazard in industry, such as explosion caused by sparks and destroying MOS

transistor by electrostatic charges carried by person. On another hand, contact electrification is
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useful in various situations, including spray-painting, particle separation, electrostatic printing,
and mechanical energy harvesting techniques. The latter, especially, is the one we are interested
in for energy harvesting purpose. The triboelectric charges generated from impact, sliding or
rotation serves as the resources for triboelectricity output.

Although triboelectric phenomenon has been observed and studied for hundreds of years, the
origin of triboelectrification is still controversial, even with opposite charging behavior being
reported for the same type of materials systems.>® In recent years, there is a growing research
interest in controlling/manipulating the triboelectric phenomenon, driven by the fast
development of triboelectric nanogenerator (TENG) technique for energy harvesting.!®>’ With
modern research tools such as electrostatic force microscopy (EFM), Kelvin probe force
microscopy (KPFM), conductive-AFM (C-AFM), people’s understanding towards fundamental
aspects of triboelectric process has been enhanced. Nevertheless, it is still a debating research
topic that fascinates many scientists nowadays.

As per the materials system involved in contact electrification, it can be classified as metal-metal
contact, metal-insulator contact, insulator-insulator contact, and metal-semiconductor contact.
Specifically, conventional TENGs have been utilizing insulator-insulator contact or metal-
insulator contact for dielectric displacement current generation. Recently, tunneling current-
based direct current generator has been developed by our research group, providing another
approach for harvesting triboelectricity. To further improve the performance of any kind of
mechanical energy harvesting techniques, it is vital to understand the fundamental process in

contact electrification.
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1.3.1.1 Metal-metal contact system

Although plenty of debates still exist, the theory of contact electrification of metal-metal
frictional contact is relatively mature, which is supported by many solid experimental evidences.
It is based on the premise that charge transfer is a result of surface potential (or fermi-level Er in
the case of metal-metal contact) alignment in order to reach a thermodynamic equilibrium at the

contact interface. %

(a) L (b)
V.L. b V.L.
o, s / eVepp

o,
EF)I

Metal 2 Metal 2

Figure 1-6 Energy band diagram of metal-metal system (a) before and (b) after contact.

As is shown in Fig. 1-6, metal 1 and metal 2 has work function (e.g. the minimum energy for an
electron in the metal to escape into the vacuum level) of ¢1 and @2, respectively. At ordinary
temperature (k7<<EF), it is considered that the energy states below Er are fully occupied by
electrons, while those above Er are empty. It is worth mentioning here that this premise becomes
tricky in the case of metal-insulator contact as will be discussed later, since the concept of EF is
not valid in describing electronic structure of insulators. Before contact, there is a contact
potential difference Vcpp between the two metals, which is determined by the work function
difference:
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Verp = (@1 — @2) /e, (1-6)
When the two metals are brought into intimate contact as shown in Fig. 1-6, the Vcpp would
drive the electrons to flow from metal 1 to metal 2 until the fermi-energy level of them becomes
identical. The amount of charge transferred in this process is given by the product of Vcpp and
the effective capacitance between them. When they are separated after contact, back tunneling of
electrons occurs in order to maintain thermodynamic equilibrium (i.e., to maintain the Vcep).
During the separation process, the capacitance C would slowly decrease while the resistance R
rises rapidly as quantum mechanical tunneling of electrons decays exponentially as a function of
distance (Fig. 1-7). As a result, the time constant RC for the redistribution of charges between the
two metals varies approximately as R. To simplify the analysis, it is assumed that the charge
tunneling ceases after the separation distance reaches a critical value zo. It is suggested by Harper

that zo~1 nm.°!

Cu-““b \

SEPARATION 7

Pl =2

Figure 1-7 Schematic indication of the variation of capacitance (C) and resistance (R)

between two metal surfaces as a function of their separation z. zo represents the critical
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value above which charge tunneling ceases. C, is its corresponding capacitance at zo.5

(Reprinted with permission from Taylor & Francis Group)

According to this assumption, the charge on metals after separation is approximated to be:
Q= CoVepp, (1-7)

where C, is its corresponding capacitance at zo. Figure 1-8 summarizes the experimental data of
charge on a Chromium (Cr) sphere after contact with a sphere of anther metal with varying work
potential.®! It is plotted against Vcpp the between the metal and Cr. It can be seen that Q shows a
proportional tendency with respect to Vcep, the slope however, deviates from the theoretical
value (Co) predicted from Eq. 1-7. This is due to the fact that the material surface has an average
roughness on the range of 100 nm, which is much higher than the theoretical zo (~1 nm).
Therefore, the effective C, is determined by the surface roughness of the contact materials in real

cascs.
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Figure 1-8 Charge on a Cr sphere after contact with a sphere of another metal, plotted
against the contact potential difference (Vcep) between the metal and Cr. The line marked
'theoretical' is the prediction of a theory based on tunnelling between closely separated

smooth metals.’® (Reprinted with permission from Taylor & Francis Group)

1.3.1.2 Metal-insulator contact system

Compared to the metal-metal contact systems, metal-insulator contact systems are much more
complicated because multiple processes may be involved. Except for evidences that work
function of metal and its correlation with the chemical properties of the insulator have a

significant influence on the charge transfer process, other mechanisms such as ion transfer, and
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materials transfer carrying charges have also been proposed. Here, we would first start our

discussion from an electron transfer point of view.

(a)
V.L V.L
) E, C.B.
Er
L 2
H
% V.B.
Insulator
(c) V.L.
V.L. V.L.
C.B
C.B.
L 2 EF
&
L
\/.B. V.B.
Insulator Insulator

Figure 1-9 Surface states and contact electrification. (a) The insulator is uncharged and the
surface states are filled at energies below the neutral level E, and empty above. (b) When
the insulator is brought into contact with metal, surface states below the Fermi level will fill,
but those above remain empty. If tile density of surface states is low (b), the number of
electrons which transfer to the insulator is equal to the number of surface states with
energy between E. and Er. The electric field between the metal and the insulator is too
small to shift the insulator energy levels appreciably. In the opposite limit of high surface
state density (c) the surface states need only be filled to a level very slightly above E. to

create a very strong electric field. This field raises the energy of all the insulator states;
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charge transfer ceases, in the first approximation, when the neutral level Ey is raised to the

Fermi level of the metal.

Suppose we have a metal with work function of ¢ and an insulator with surface neutral level Eo
(the surface state energy level below which are occupied with electrons, above which are empty),
and ¢< Eo. (Fig. 1-9a) Upon contact, electron transfer happens from the metal to the insulator
under a thermodynamic non-equilibrium condition. Unlike the electrons transfer from continuous
energy level to another, electrons are trapped on the surface states existing at the insulator
surface, resulting in an electric field £ between the metal and the insulator:
E=0d/g, (1-8)

where o is the surface charge density, and & is the vacuum permittivity. If the metal and the
insulator are separated by a small distance z (of the order of atomic dimension), the energy levels
in the insulator will be shifted by an amount of eza/ &o. When the surface state density is low, this
energy shift can be neglected, and all the surface states above Eo but below the metal Er will be
filled up electrons (Fig.1-9b). The number of electrons transferred from metal to insulator can be

expressed by>®:
N = fE'“’OFn(E) dE, (1-9)

where n(E) is the density of surface states. It can also be used to describe the case when ¢p>Eo by
simply changing the position of Er and Ep in the integral symbol. On the contrary, if the surface
state density is high, then the shift of energy level on the insulator cannot be neglected. (Fig. 1-9c)
This situation can be imagined as the unfilled energy levels on the insulator side are raised
immediately after the very first electrons enter into the insulator, such that the charge transfer
will cease when the highest filled level reaches the metal Er level. In this case, the surface charge

density can be expressed by*:
27



o =¢&y(Ex — Ey)/ze, (1-10)

which holds no matter what n(E) is, as along as it is high enough.

A more sophisticated description of metal-insulator contact electrification has been developed by
J. Lowell®? from a quantum mechanical point of view. As is shown in Fig.1-10a, a trap state at
insulator surface is represented by a square potential well with a width of 2a and a depth of V.
The distance between the trap state and metal surface is z. Figure 1-10b shows the wave function
distribution of the metal-insulator trap state contact. The transition between the metal electronic
states and the insulator surface states are concerned. Suppose ¢> Eo, and the initial wave function
of electrons in insulator trap state is y(0). At the instant of contact, the wave function of the

electrons in insulator trap will propagate into the empty sates in metal as a function of time®?:
w(t) = [*7 a(EYu(E) exp (- %) N(E)E, (1-11)

where a(E) = [*2W(Ou (E) dx (1-12)
where u(E) are eigenfunctions of the potential as shown in Fig. 1-10b, N(F) is the number of

these eigenfunctions in the energy range from E to (E+dE).
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Figure 1-10 (a) Potential energy of an electron as a function of the distance x from the
centre of a trap in the insulator, represented by a square well of depth V and width 2a. The
potential is assumed to be continuous across the vacuum/insulator interface (dotted line)
for the reasons given in the text. (b) Form of the eigenfunctions (near resonance) of the

potential shown in (a).5? (Reprinted with permission from IOP science)

It is summarized that®*:
P(t) = P(0) exp[—tt L exp(—2upz)], (1-13)
where T = A(1 + kga) /Ey, (1-14)

where Ej is the initial energy of the electron in the insulator trap, and ko>=2mEo/2. Therefore, the
probability of finding the electron in the trap decreases exponentially with time constant t.
Suppose the traps states are initially full and subsequently empty into the metal, the probability
of finding an electrons at a distance z from the metal surface is proportional to [¥(t)]* (or, the
number of electrons N per unit area of surface is proportional to |¥(t)|*). The total charge density
per unit area of the insulator at time t can be expressed by®*:
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o= ["ne[l—|¥[®)|*]dz, (1-15)
where n is the number of traps per unit volume in insulator assuming the traps are uniformly
distributed in space. Combining Eq. 1-15 and Eq. 1-13, and introducing 6 =2t/ exp(-2uo z)
gives®?:
_ me (2t/tl-ex

p(=6)
=), TR e, (1-16)

Since Ey is Eq. 1-14 is of the order of an electron volt, T is estimated of the order of 10-'°s, which
is much smaller than the ¢ we shall be interested in. Therefore, for > 7, Eq.1-16 can be

approximated to be®?:

o= () (5), a-17)
where T/ = 0.28 (1 + kya)h/E,, (1-18)

The numerical estimation of the term (1/2u0)In(#/7') is ~2 nm, which is equivalent to the tunneling
depth of electrons between the insulator and the metal. It is worth mentioned here that
thermodynamic equilibrium is not necessarily reached in a single contact. This is supported by
the experimental results that repeated contact increase the accumulated surface charge. It is
predicted that the charge transfer is fast in the very beginning upon contact, and will get slower
and saturated with time. It should also be pointed out that the surface states distribution at the
insulator surface may not be uniform>%2,

When an inorganic material such as polymer is involved, the ionic contribution may not be
neglected. Lieng-Huang Lee® proposed a dual mechanism for metal-polymer contact
electrification as a non-equilibrium two-step process consisting of instantaneous bond-forming

and bond-breaking. According to this theory, the interaction energy AEINT between the two

molecules can be expressed as®’:
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where AENT 1s the difference in energy of the molecules before and after the interaction; On, Or
are the total charges for the nucleophile N and electrophile E, respectively; Cn and Ck are the
coefficients of the atomic orbital N and E, respectively; £ is the resonance integral; ¢ is the
permittivity or dielectric constant of the medium, and R is the distance between N and E. The
first term in Eq. 1-19 represents the Coulombic or electrostatic contribution, which is long-range
and ionic. The second term is the frontier orbital or charge transfer contribution, which is short
range and electronic. It is proposed that a bidirectional charging may coexist, and a back-transfer
process can take place simultaneously in an entirely different manner than back-tunneling, when

the distance among molecular interaction is less than 4 angstrom. (Fig. 1-11)

Acceptor

Polymer A Polymer B

N(E) — <« N(E)

Figure 1-11 Two-way charge transfer between HOMO (donor) and LUMO (acceptor)%?

(Reprinted with permission from Elsevier Publishing Group)

1.3.1.3 Insulator-insulator contact system
For the insulator-insulator frictional contact system, it is proposed that the working principle is

similar to that of the metal-insulator system: the contact brings the Fermi levels of the metal and
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the insulator into coincidence. The sign of the triboelectric charges persisting at the insulator
surface is correlated with the contact potential difference.’® Although the fundamental
understanding of the phenomenon remains elusive, a vast amount of experimental results allow
us to summarize triboelectric series (Table 1-1), showing the inclination of triboelectric charge

polarity in different materials. !
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Table 1-1 Triboelectric series'’ (Reprinted with permission from ACS publications)

Pnl-,-fnrmaldehyne 1.3-1.4 (cantinued)
Etylcellulose Paolyester (Ciacron)
Polyamide 11 Palylsobutylens

Positive | Polyamide 6-6 Paolyuretane flexible sponge
Melanime formol Polyelhylene Terephthalate
‘Woal, knitted Palywinyl butyral
Silk, woven Palyehlorobutadiens
Alurminum Matural rubber
paper Palyacrilonitrile
Colton, woven Acrylonitrile-simd chicride
Steel Polybisphenal carbonate
Wiood Palychloroether
Hard rubber Palyvinylidine chioride (Saran)
Nickel, copper Palystyrense
Suifur Palyethylane
Erass, silver Polypropylene
Acetate, Rayon Palyimide {Kapton) Negative
Polymethy methacrylate (Lucite) | Polyviryl Chiaride (PVC)
Polyviryl alcohal Palydimethyisiloxane (POMS)
(continued) Palytetrafiucroethylene (Teflon)
Aniline-formol resin Polbyviryl alcohol
Folformaldetyde 1.3-1.4 Polyester (Dacron) (PET)
Etylcellulose Polyiscbhutylene

Fositive | Polyamide 11 Polyurstans flexible spange
Polyamide 6-5 Polyethylens terephthalate
Melanime formol Polyviryl butyral
Wool, knitted Formo-phenoligue, hardened
Silk, woven Folychiorabutadiens
Palyethylene glycol succinate Butadiene-acrylonitrile copalymer
Cellulose Mature rubber
Celulose acetale Polyacrilonitrile
Polyethylene glycol adipate Acrylanitrile-vinyl chioride
Polydiailyl phihalate Polytisphenol carbonate
Cellulose (regenerated) sponge | Polychloroether
Caotton, woven Pobyvinylidine chloride {Saran)
Polyurethane elastomer Poly(2 G-dimethyl

polyphenyleneaxide)
Styrene-acrylonitribe copolymer | Polystyrens
Styrene-butadiens copolymer Polyethylens
Wood Polypropylens
Hard rubber Polydiphenyl propane carbonate
Acetate, Rayon Polyimide (Kapton)
Fabmethyl methacnylate | Polyethylens terephtalate Negative
(Lucite)
Pabyviry alcobol Palywviryl Chiorde (PVC)
(continued) Polytrifluorechloroethylens
Polytetraflucroethylene (Teflon)
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1.3.1.4 Identical material contact system

Interestingly, it is evident that even the identical insulating materials brought into contact may
results in net charge transfer. This is apparently not plausible to be explained by the Fermi-level
alignment-based theory. It is supposed that a degree of asymmetry is often present when two

1.%* found that the contact between two

objects are rubbed together.’® Mario M. Apodaca et a
atomically flat pieces of identical insulators can result in charge separation, of which the amount
of charge increases as increasing contact time. Their experimental result suggests that the charge
amount Q, instead of being proportional to the contact area A, actually scales with its square root
A2, They assert that the contact electrification between identical materials is driven by the
inherent, molecular-scale fluctuations in the surface composition or structure of the material. The
concept that random, microscopic-level fluctuations may translate into macroscopic charge
accumulation may also be used to describe the famous Lord Kelvin’ thunderstorm experiment,
where electrostatic induction comes from the oppositely charged water drops from the same
bucket. In some cases, temperature difference can also cause the asymmetry, such as charge

transfer resulting from ice collision, which plays a crucial role in the development of the strong

electric fields and induce lightning in clouds.

1.3.2 AFM study of contact electrification

With the advances in nanotechnology, atomic force microscopy (AFM)-based techniques have
been developed and applied to investigate the fundamental aspects of friction. Especially, the
electrical-AFM techniques such as Kelvin probe force microscopy (KPFM), electrostatic force

microscopy (EFM), and conductive AFM (C-AFM) have shown their powerful capability in
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characterizing contact electrification phenomenon at nanoscale. KPFM works based on
ascertaining contact potential difference between the probe tip and the sample, which provides a
direct characterization of triboelectrification-induced surface potential variation. Mostly, KPFM
works based on a dual-pass mode, where the AFM probe records the surface topography in the
first scanning, followed by a topography retracing with a lift height.®> The surface potential
difference can be determined either by amplitude or frequency modulation of the AFM probe,
with a low frequency AC electrical signal (1~2 Hz) adding to the high frequency one (of the
order of KHz, for driving the cantilever oscillation).®

As we discussed in the last chapter, it is proposed that the contact electrification may not
necessarily follows a uniform charge transfer process with single direction. This is
experimentally proved by H. T. Baytekin et al.®® by observing a mosaic surface charge
distribution in contact electrification with KPFM technique. Fig. 1-12 A shows the comparison
between the traditional view of uniform charge transfer and the non-uniform mosaic charge
transfer. The KPFM surface potential mapping shows that whereas each contact-electrified piece
develops a net charge of either positive or negative polarity, each surface supports a random
“mosaic” of oppositely charged regions of nanoscopic dimensions (Fig. 1-12B). These mosaics
of surface charge have the same topological characteristics for different types of electrified

dielectrics and accommodate significantly more charge per unit area than previously thought.
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Figure 1-12 Possible scenarios of contact electrification and experimental KFM surface
potential maps. The traditional view (A, upper right) assumes that upon contact and
separation, one surface charges uniformly positively and the other, uniformly negatively. In
contrast, the mosaic picture (A, lower right) assumes that each surface is a union of regions
that have different propensities to accept or donate charge. The map in (B) corresponds to
PDMS before contact electrification. Contact-charged surfaces in (C) and (D) feature a
mosaic of (+) and (-) regions. (C) PDMS charged negatively against another PDMS piece.
(D) PC contact-charged positively against PDMS.% (Reprinted with permission from

AAAS Publishing Group)

Yu Sheng Zhou, et al.%” conducted an in-situ quantitative study of nanoscale triboelectrification
and patterning. They systematically characterized the triboelectric charge distribution,

multifriction effect on charge transfer, as well as subsequent charge diffusion on the dielectric
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surface. By knowing the surface potential difference AV, the surface charge density can be

calculated by (suppose a SiO: dielectric layer is the substrate):

o = AV&OESiOZ ’ (1_20)

tsio,
Where where ¢ is the vacuum dielectric constant and esio2 and tsio2 are the relative dielectric
constant and thickness of SiO, respectively. It is found that the triboelectric charges
accumulated from multifriction and eventually reached to saturated concentrations of (—150 + 8)
nC/m? and (105 + 6) pnC/m?2, respectively. The charge diffusion coefficients on SiO» surface were
measured to be (1.10 = 0.03) x 107'3 m%/s for the positive charge and (0.19 + 0.01) x 107" m?/s

for the negative charges.

(a) Contact mode (b) SKPM mode

Fubbed
area '..__ o

¥ Scan
(c)

10 nm

5 um

-10 nm

Figure 1-13 (a) triboelectric charge generation by friction between AFM probe and SiO2
and (b) subsequent surface potential characterization in the KPFM mode. (¢) AFM
topography the sample and its corresponding (d) KPFM surface potential mapping.%’
(Reprinted with permission from ACS publications)

37



They also demonstrated using triboelectrification between the AFM probe and sample for
nanopatterning of surface charges without assistance of external electric field, which is
considered to a promising potential application for directed self-assembly of charged

nanostructures for nanoelectronic devices. (Fig. 1-14)

Figure 1-14 Patterning of the surface triboelectric charges on an insulator surface.
Patterning of negative charges: (a) surface topography image and (b) 2D and (c) 3D images
of charge density after patterning. Patterning of positive charges: (d) surface topography
image and (e) top and (f) side views of 3D images of charge density after patterning ¢’

(Reprinted with permission from ACS publications)

Y. Zhou et al.®® also introduced an approach to purposely manipulate the contact electrification
process both in polarity and magnitude of the charge transfer through an applied electric field
between two materials. A theoretical model was derived to elaborate the dependence of

transferred charge density on different parameters such as externally applied bias and the
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thickness of dielectric layer at the equilibrium status. It is found that the modulation effect is

stronger on a thinner dielectric layer.

Figure 1-15(a) Surface potential distributions of the Parylene film including the areas that

were rubbed by Pt coated AFM tip at different bias from —2 to 5 V %8 (Reprinted with

permission from ACS publications)

S. Li et al.% suggested that the contact electrification during the scanning process itself may
introduce an additional contribution in the overall signal, which may causes misinterpretation of
the characterization result. It happens when the probe enters into the repulsive force regime of a
tip—sample interaction, and this can be detected by the phase shift of the probe vibration. It is
suggested that decreasing the free amplitude, increasing the set-point amplitude, and using
probes with a lower spring constant may suppress the interference.

K.Y. Lee et al.”” reported a controllable charge transfer by ferroelectric polarization mediated

triboelectricity. They found that both the amount and direction of charge transfer in triboelectric
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materials can be controlled by ferroelectric polarization state, which is achieved by poling the
ferroelectric co-polymer sample with the scanning of biased AFM tip. The results show that the
surface potential of the positively (negatively) poled area becomes smaller (larger) after rubbing

the film surface with the AFM tip. (Fig. 1-16).

As-poled

S00mv T Tl -10omv -s00mv T T 100 mV
Figure 1-16 Polarization switching and surface potential distribution of the P(VDF-TrFE)
thin film: a) PFM phase image after the poling process and b) KPFM images after the
poling process, c¢) after 12 h of the poling process, and d) after friction over an area
indicated with white dotted line of the P(VDF-TrFE) thin fi Im. The left (right) yellow
dotted square indicates the positively (negatively) poled area by applying +20 V (=20 V) to
the conductive probe during the poling process. 7 (Reprinted with permission from Wiley

Publishing Group)
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Recently, a new phenomenon of tribo-tunneling direct current generation has been discovered by
our group. C-AFM techniques, which are able to collect topography and current distribution
simultaneously, have been used to characterize the phenomenon.”’ It is found that the
phenomenon has a different working principle comparing to the traditional dielectric
displacement a.c. triboelectricity generation. Instead, it is related to the direct charge transfer at
the frictional interface under a thermodynamically non-equilibrium condition. This will be

detailed presented in Chapter 3 and 4.

1.4 Energy dissipation in friction

To understand the fundamental aspects of energy dissipation in friction is to understand how
mechanical kinetic energy (1/2 mv?) of the moving parts is converted into various excitations of
the surrounding media. Upon frictional contact, the fluctuating electric fields emanating from
charges in the two materials would interact with each other, dissipating the frictional energy in
multiple ways, including phonon excitation, electronic excitation, and chemical reaction. More
often than not, those elementary dissipation processes may happen simultaneously, which brings
the difficulty of quantitative study of each individual contribution. Nevertheless, a lot of effort
has been dedicated to understand those dissipation pathways by nimbly designed experiments
with a strict control of experimental conditions.”’

The atomic-scale mechanism of friction is summarized by ‘Prandtl-Tomlinson’ model, which has
been successfully used as the basis for many mechanism studies of friction.”! According to this
model, the friction process for a single asperity is simplified as the one dimensional movement of
a point mass in a periodic atomic interface potential with wave number k. An external force F is

applied to the point mass. It is assumed that the movement is damped proportional to velocity v'!:
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mi =F —nx— Nsinkx, (1-21)
where x is the coordinate of the body, m its mass, F' the external force acting upon it, # the

damping coefficient, N the amplitude of the periodic force, and k the wave number.

Figure 1-17 Prandtl-Tomlinson model: A point mass in a periodic potential.

Equation 1-21 indicates that, every macroscopic movement of the body, from a microscopic
point of view, is a superposition of a constant speed and a periodic oscillation. The interface
atoms undergo an elastic displacement, resulting in a collective vibration of surface crystal
structure. The vibrational energy of the interface atoms is transferred to the bulk material in the
form of propagating phonons. It can also be damped by electron—hole pair excitations in metals.
Under a sufficiently high external force, the friction can also lead to rupture of surface chemical
bonds.

Generally, phonon contribution is considered to dominate the frictional energy dissipation
process, as we all have the experience of warming our hands by rubbing them against each other.
Given a metal or semiconductor is involved however, electronic excitation may also plays an
important role manifesting itself in different ways. It is proposed that the moving atoms may
drag the electrons dissipating frictional energy into the excitation of electrons to unoccupied
levels (electron—hole pair excitation).”*’?> A variety of phenomena are related to the coupling
between atomic motion and electrons, such as resistivity variation of thin films due to

75-77

adsorption’’*, the appearance of infrared anti-absorption peaks’>’’, and the broadening of

vibrational peaks’®”’. Experimental results suggest that a noncontact friction may result from the
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electric field fluctuations between two materials sliding close to each other without real contact.

8 It is also found by AFM studies on semiconductor that electronic effects can contribute

appreciably in the friction between contacting solids. 832
® Electron
O Hole
Photon

(tribophotoluminescence)

— Exo-electron
@

Figure 1-18 Different energy dissipation in friction as mediated by phonon emission and

electron—hole excitation, exo-electron emission, and triboluminescence

Frictional electronic excitation may decay via various routes as well. Heat can be generated by e-
h pair recombination. High-energy electron excitations may give rise to electron emission
(exoelectron emission) in surfaces with low work function, which is due to the relaxation of non-
equilibrium electronic states. It is believed that the electrons are excited by the remaining energy
being stored in the defects of materials. Tagawa et al.®® reported that, the larger friction

coefficient is, the higher exo-electron emission intensity can be observed. Exoelectron emission
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has shown broad application, including disruptions in coatings, rupture of oxide films, and
detection of cracks.

Triboluminescence is another phenomenon that is related to electronic excitation. It is an optical
phenomenon in which light is generated through the breaking of chemical bonds in a material
when it is pulled apart, ripped, scratched, crushed, or rubbed. It is a well-known phenomenon
that people can observe in daily life by wrinkling their cloth or peeling adhesive tape. Prof. Seth
Putterman group from UCLA has been working on triboluminescence for years. In their research,
X-ray signal has been detected by high speed data collection equipment when tape is peeled

apart.3

The experimental results suggest that the flash contain nanosecond X-ray pulses whose
emissions are correlated with radio frequency pulses and with slips in the force required to peel

the pressure-sensitive adhesive tape. They have developed and commercialized the idea of

peeling the adhesive tape as triboelectric x-ray sources.
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Chapter 2 Methodology and experimental section

The phenomenon of tribo-tunneling direct current generation was first discovered in MoS;
material system, where pulsed laser deposition (PLD) method has been used for sample
preparation. To reveal the basic features and working mechanism of the fundamental process, a
series of systematic C-AFM based studies, combined with material characterization and finite
element method (FEM) simulation, have been conducted. To further reveal the charge transfer
process, insulator thickness dependent experiments have been conducted in metal-Si frictional
materials system, where SiO; layer with different thickness were finely prepared and controlled
by atomic layer deposition (ALD) method. For the proof of concept, a microprobe-based
generator prototype has been developed. Electrical measurement has been performed to evaluate

the power generation performance of the prototype.

2.1 Material synthesis

2.1.1 Synthesis of MoS: thin film by pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) technique where a high-
power pulsed laser beam is focused inside a vacuum chamber to strike a target of the material
that is to be deposited. This material is vaporized from the target (in a plasma plume) which
deposits it as a thin film on a substrate (such as a silicon wafer facing the target). This process
can occur in ultrahigh vacuum or in the presence of a background gas, such as oxygen which is

commonly used when depositing oxides to fully oxygenate the deposited films.

45



MoS:; thin films were synthesized via PLD. Cleaned substrates were placed onto a sample stage
and loaded into a PLD chamber (Excel Instruments, Mumbai, India) which also contained a
stoichiometric MoS; target. The chamber was evacuated to a pressure in the order of ~107 Torr
prior to deposition in order to ensure the quality of the film by preventing oxidation of the
substrate and the deposited film. The chamber was subsequently pressurized by Ar gas to 11
mTorr and the substrate was heated to 500 °C prior to deposition. Ultrashort (20 ns width) pulses
from an excimer laser (KrF, A=248 nm, Coherent, GmbH) were directed to the target with a
fluence of 1.2 J/cm? energy density at a 5 Hz repetition rate. Deposition time was 300 seconds,

and the substrate was allowed to cool down to room temperature in Ar atmosphere.

Pulsed laser beam

Focusing lens
Chamber window
Vacuum chamber

Figure 2-1 Pulsed laser deposition system (left); Working principle of PLD (right).

2.1.2 Synthesis of SiOx by Atomic layer deposition (ALD)

Samples with different SiOx thicknesses were prepared by plasma-enhanced atomic layer

deposition (PEALD) in an ALD-150LX reactor (Kurt J. Lesker, USA).
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Tris(dimethylamino)silane (3DMASI, Sigma-Aldrich), oxygen gas (Praxair), and argon gas
(99.999%, Preaxir) were used as precursor, reactant and carrier gas, respectively.®®> Temperature
settings for 3DMASi ampoule, ALD valve, reactant line, chamber wall, and substrate is room
temperature, 95 °C, 110 °C, 50 °C, and 50 °C, respectively. Each ALD cycle includes: 3DMASI
dose (0.04 s), Ar purge (8 s), oxygen plasma dose (8 s) and Ar purge (5 s). The ALD film growth
was in situ monitored by spectroscopic ellipsometry (SE, M2000DI from J. A. Woollam). The

growth rate of SiOx was about 0.92 A/cycle, characterized with a Cauchy model.

a) Precursor Dose b) First Ar Purge
Q ® (¥
*® qp o %, 0
‘9 é gy
olo 2 S ¢ olo 02 2o ¢
d) Second Ar Purge Each ALD Cycle ¢) Oxygen Plasma Dose
o o
o ° Qo ° o ©
QP QpPp QP o» QAP QP QP ao»
- - - - [} - - -
.-‘.. Tris(dimethylamino)silane @ Oxygen Plasma Species

Figure 2-2 Schematics of the PEALD SiOx deposition process. Each ALD cycle includes
four steps: a) 3DMASI dose (0.04 s), b) Ar purge (8 s) to remove reacted precursor
molecules and byproducts, ¢) Oxygen plasma dose (8 s), and d) Ar purge (5 s) to remove

reacted plasma species and byproducts.
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2.1.3 Preparation of electrical contact by magnetron sputtering

In order to achieve a complete circuit of the nanogenerator system, a bottom ohmic contact is
needed. It has been reported that Ag forms a good ohmic contact with MoS», and also facilitates
the MoS> growth by PLD. An electron beam evaporation system (Kurt J. Lesker) has been used
to deposit Ag on the Si wafers. The thickness of Ag film is 30 nm, with a 5 nm Cr adhesion layer

deposited in advance.

Direction of
Sublimated

o

Water Cooled Holder

Path of the
electron beam

Heated
Region

Filament I

Figure 2-3 Electron beam evaporation system (left); Working principle of electron beam

evaporation system (right).

As for the doped Si system, Al is used for achieving the ohmic contact due to its low work
function. The magnetron sputtering system (Kurt J. Lesker) has been used to deposit 100 nm

bottom contact.
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Figure 2-4 Magnetron sputtering system (left); Working principle of magnetron sputtering

system (right).

2.2 Material Characterization

2.2.1 Scanning electron microscopy (SEM) characterization

SEM characterization was conducted with a Zeiss Sigma 300 VP-FESEM. It has been reported
that MoS; can be successfully deposited on Ag using PLD, while other metallic materials such
Al, Ni, Cu show poor capabilities as substrates.®® From Fig. 2-5, MoS: grains with good crystal
quality are discernible. Hexagonal shape of MoS; is evident in the magnified image, which is in
line with the AFM results in main text. Molybdenum disulfide is an inorganic compound
composed of molybdenum and sulfur, which is classified as a transition metal dichalcogenide.
All forms of MoS; have a layered structure, in which a plane of molybdenum atoms is

sandwiched by planes of sulfide ions. These three strata form a monolayer of MoS». Bulk MoS»
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consists of stacked monolayers, which are held together by weak van der Waals interactions.

Figure 2-7 shows the Wulff construction for a MoS» nanocluster exposing the (0001) basal plane.

Figure 2-6 3D layer structure of MoS:2
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Figure 2-7 Wulff construction for a MoS2 nanocluster exposing the (0001) basal plane®’

(Reprinted with permission from Wiley Publishing Group)

2.2.2 Raman spectra characterization

Raman spectroscopy characterization was conducted with a Thermo Nicolet Almega XR Raman
Microscope. The observed peaks correspond to the E and Aj; mode oscillation of Mo-S

bonding %
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Figure 2-8 Raman spectra of MoS: thin film deposited by PLD

2.2.3 X-ray photoelectron spectroscopy (XPS) characterization

XPS characterization was conducted with a Kratos AXIS 165. The collected spectra were
analyzed by using the CasaXPS software package. As shown in Fig. 2-9, the doublet Mo** 3ds
and Mo** 3ds» peak located at 229.6 eV and 237.8 eV are attributed to the Mo*" state in MoS,
(marked as orange).3%¥ Doublet peaks at 232.7 eV and 235.9 eV are attributed to the Mo®" state
of MoOs (marked as blue).®¥¥ S 2s core level peak at 226.7 eV and 228.4 eV corresponds to the
S* state in MoS; (marked as purple) and other surface S species such as oxysulfide compounds

and SH species (marked as green), respectively.®® When exposed to air, S vacancies on the PLD-
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synthesized MoS> thin film surface may react with atmospheric oxygen, which give rise to the
formation of M00O;3.* The observed non-uniform current distribution for the single grain may be
due to stoichiometry fluctuation on MoS; surface as revealed by the XPS result. The existing

surface Mo oxide species would degrade the electrical conductivity of those regions.

Intensity (a.u.)

—— —
240 238 236 234 232 230 228 226 224
Binding Energy (eV)

Figure 2-9 Decomposition of Mo 3d and S 2s XPS peaks of MoS: thin film deposited by

PLD. Black hollow circles are raw data points. Red solid curve is the fitted result.
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2.3 Conductive-atomic force microscopy (C-AFM) characterization

2.3.1 AFM operation

Developed in 1986 by Binning, Quate, and Gerber as a collaboration between IBM and Stanford
University, the atomic force microscope (AFM) grew out of the STM and today is by far the
more prevalent of the two. Unlike STMs, AFMs can be used to study insulators, as well as
semiconductors and conductors. The probe used in an AFM is a sharp tip, typically less than 5
pum tall and often less than 10 nm in diameter at the apex. The tip is located at the free end of a

cantilever that is usually 100-500 um long.

Cantilever [ Substrate |
- < b 7

r ,/
}'/

Tip

Figure 2-10 Illustration of an AFM cantilever system. The AFM cantilever may have
different shape such as rectangular or triangular as shown in the illustration. They are
connected with a base, which can be mounted on a tip holder, and excited by a piezoelectric

actuator

Forces between the tip and the sample surface cause the cantilever to bend, or deflect. A
photodiode detector measures the cantilever deflections as the tip is scanned over the sample, or
the sample is scanned under the tip. The measured cantilever deflections allow a computer to

generate a map of surface topography. Several forces typically contribute to the deflection of an
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AFM cantilever. To a large extent, the distance regime (i.e., the tip-sample spacing) determines

the type of force that will be sensed:

Repulsive
Force
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Figure 2-11 The effect of tip-to-sample distance on the force interaction between tip and

sample

The forces between the tip and sample change as the separation distance changes. As the tip
and the sample are gradually brought together, their atoms begin to weakly attract each other.
This attraction increases until the atoms are so close together that their electron clouds begin to
repel each other. This electrostatic repulsion progressively weakens the attractive force as the
separation continues to decrease. The total force goes through zero and finally becomes positive

(repulsive).
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Most AFMs use optical techniques to detect the position of the cantilever. In the most common
scheme, a light beam from a laser diode bounces off the back of the cantilever and onto a
position-sensitive photo-detector (PSPD). As the cantilever bends, the position of the laser beam
on the detector changes. The ratio of the path length between the cantilever and the detector to
the length of the cantilever itself produces amplification. As a result, the system can detect sub-

Angstrom vertical movement at the free end of the cantilever, where the tip is located.
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Figure 2-12 Illustration of a basic AFM system

Variations on this basic scheme are used to measure topography as well as other surface
features. There are numerous AFM Modes. Each is defined primarily in terms of the type of
force being measured and how it is measured. In this thesis, conductive-AFM based on contact

scanning mode is the main mode being used for the study of tribo-tunneling phenomenon.

In contact AFM, the tip is in perpetual contact with the sample. The tip is attached to the end
of a cantilever with a low spring constant—lower than the effective spring constant of the force

holding the atoms of most solids together. As the scanner gently traces the tip across the sample
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(or the sample under the tip), the contact force causes the cantilever to bend to accommodate
changes in topography. The Contact Mode feedback loop maintains a constant deflection
between the cantilever and the sample by vertically moving the scanner at each (x,y) data point
to maintain a “setpoint” deflection. By maintaining a constant cantilever deflection, the force

between the tip and the sample remains constant.

The force is calculated from Hooke's Law: F' = —kx, where F), k, x is the force, cantilever spring
constant, and cantilever deflection, respectively. Force constants usually range from 0.01 to 1.0
N/m, resulting in forces ranging from nN to uN in an ambient atmosphere. The distance the
scanner moves vertically at each (x,y) data point is stored by the computer to form the
topographic image of the sample surface. Operation can take place in ambient and liquid

environments.

2.3.2 Determine Cantilever Spring Constant by Thermal Tune

The thermal tune method, based on measuring thermal noise, provides an automated and quick
determination of cantilever spring constant. Often, users prefer to determine cantilever spring
constant by thermal tune is often preferred over The added mass method (which is more
demanding and time-consuming) or estimation from cantilever geometry (which has a large
uncertainty factor). The measurement data consists of a time interval of the deflection signal in
contact Mode (i.e., with no driving oscillation applied electronically) at thermal equilibrium,
while the cantilever is suspended away from any solid surface. Brownian motion of surrounding
(air) molecules imparts random impulses to the cantilever during the sampling. The resulting

function of time is Fourier transformed to obtain its Power Spectral Density (PSD) in the
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frequency domain. Integrating the area under the resonant peak in the spectrum yields the power

associated with the resonance.

Expressing the dynamics of the cantilever as a harmonic oscillator by the total system energy
(the Hamiltonian), the average value of the kinetic and potential energy terms are both 1/2kgT
according to the Equipartition Theorem, where 7 is temperature in Kelvin, and kg is

Boltzmann’s constant (1.3805x107% J/K)

In particular, for the potential energy,
1 2 2 1
(Ema)oz )= SksT, (2-1)

Where wo = (k/m)'"? is the resonant angular frequency, m is the effective mass, and z is the
displacement of the free end of the cantilever. The “angle” brackets indicate average value over
time. Simplifying, the temperature and average displacement determine the cantilever spring

constant:
k = (kgT)/(z?) = kgT/P, (2-2)

The original displacement time-series is Fourier transformed to segregate other broadband noise
contributions from the narrowband thermal noise around resonance. By integrating the area
under the resonance in the PSD, while excluding both the noise floor and the “shoulders” to
either side of the resonance peak, only the power, P, of the thermal cantilever fluctuations is
included. The latter is equal to the mean square of the time-series data. Fig. 2-13 shows the
power P vs. cantilever frequency f of the AFM cantilever ACCESS-EFM (AppNano, US). A

spring constant k of ~5 N/m is determined by the thermal tune method.
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Figure 2-13 Thermal tune of the AFM cantilever

2.3.3 C-AFM measurement

Tunneling Atomic Force Microscopy (TUNA) extends to high resistance sample surfaces the
original SPM implementation, scanning tunneling microscopy of conductive samples. TUNA
measures sub-picoampere tip/sample currents through highly resistive samples.

The geometry of the tip determines the lateral resolution, which is roughly equal to the end
radius of the tip. With the tip at virtual ground, a selectable bias voltage is applied between the
conductive tip and sample (see Figure 2-14). While scanning in Contact Mode, a linear amplifier

with a range of 80fA to 120pA senses the current passing through the sample. By maintaining a
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constant force between tip and sample, simultaneous topographic and current images are
generated, enabling the direct correlation of local topography with electrical properties.

TUNA is especially useful for evaluating dielectric films subject to breakdown, such as silicon
dioxide, SiO», and transistor gate oxide. Tip/sample tunneling current depends on film thickness,
leakage paths, possibly caused by defects, charge traps and tip geometry. TUNA is also used to
test the integrity of tribological films, such as Diamond-Like-Carbon (DLC) as used in magnetic
recording head/disk interfaces, and conductivity in small structures, such as light-emitting

polymers and carbon nanotubes.
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Figure 2-14 Tunneling AFM (and Conductive AFM) Block Diagram
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In this thesis, C-AFM measurement was performed with a Dimension Icon (Bruker, USA) AFM
and Pt/Ir coated conductive-AFM probes (ACCESS-EFM, AppNano, USA). The bottom
electrode of the sample was electrically connected to the AFM sample stage with conductive tape.
During the measurement, the topographic image and current signal were simultaneously
collected by contact-mode scanning and a current amplifier, respectively. The contact force was
determined by calibrating cantilever deflection sensitivity and spring constant. For the I-V
spectra, C-AFM mapping was scanned first, followed by moving the AFM probe to the
designated spots on the scanned region and recording the current output as a function of sample

bias.

Figure 2-15 Bruker Icon C-AFM system with TUNA module
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Figure 2-16 Bruker DTRCH-AM tip holder for TUNA module

Figure 2-17 SEM image of ACCESS-EFM Pt/Ir-coated conductive AFM tip from AppNano,

US.
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Platinum-Iridium (Pt-Ir) coated probes offer excellent conductivity and good mechanical stability
are optimal for contact as well as non-contact EFM techniques. Fig. 2-17 shows the SEM image
of ACCESS-EFM Pt/Ir-coated conductive AFM tip from AppNano, US. Table 2-1 summarized

its major parameters.

Table 2-1 Parameters of ACCESS-EFM probes

Parameter ACCESS-EFM
k (N/m) 2.7
J/ (kHz) 60
Length 245
Width (um) 52
Thickness (um) 2.8
Tip ROC (nm) 30
Ptlr thickness (nm) 2545
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2.3.4 Probe-sample contact area estimation

To model the contact geometry of asperities, a simplified model consisting of a sphere with
radius R and a planar substrate can be used. If adhesion interaction is not considered, the well-
known Hertz model based on classical continuum mechanics describes the elastic deformation of

the contact bodies as’>:

A=n (%)2/3 . (2-3)

where R is AFM tip radius, L is the load (contact force F) K is the reduced Young’s modulus

. 3 (1-vi
givenas K = - (—S

1-v?
_|__t

- = ), where E; and Es are Young’s moduli and v and vs are the Poisson
s t

ratios of the tip and the sample, respectively.

Figure 2-18 Schematic of Hertz model
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A more sophisticated model is the JKR (Johnson—Kendall-Roberts) model, which neglects
long-range forces outside the contact area but considers short-range forces inside the contact

region that manifest in the surface energy or work of adhesion, y°’:

A=mn{Z[L+3nRy + (6mRL + (311Ry)2)1/2]}2/3, (2-4)
The term 2Ry can be considered as an ‘additional load’ Lad, which is determined by the “pull-oft”
force. The “pull-off” force is defined as that where the contact is unstable against thermal
fluctuations, which causes a transition to zero area. It can be measured from force—distance

curves. JKR is applicable when contact between the tip has a large radius and the materials are

highly adhesive and compliant.

Figure 2-19 Schematic of JKR model
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A third model is the DMT (Derjaguin—Muller—Toporov) model considering only long-range
adhesion forces from inside and outside the contact area. Since the PLD deposited MoS»
materials or the silicon material in this study are considered as hard and weakly adhesive
materials, the contact area in our AFM experiments is approximated by the DMT model.*

According to the DMT model, 4 is given by*”:

A=mlEL+ 2nRy)]2/3, (2-5)

Adhesion measurement was conducted with PeakForce QNM mode (Bruker, USA). The average

adhesive force can be used for tip-sample contact area estimation.

Attraction Attraction

Surface
forces

Figure 2-20 Schematic of DMT model

Briefly, the PeakForce QNM mode works based on force-distance curves obtained for each
image pixel. The z-piezo in PeakForce QNM mode is driven with a sinusoidal waveform (rather
than a triangular waveform in conventional modes) at a low frequency (2 KHz), which allows

direct force control of damaging lateral forces. Fig. 2-21 shows the schematic force-distance
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curves of a typical PeakForce QNM-AFM measurement during approach and retraction of the tip.
The peak force value of the force-distance curves is used as the imaging feedback parameter, and
the maximum pull-off force during the retraction of the tip is designated as adhesion force.”

The source of the adhesion force can be any attractive force between the tip and sample. In air,
van der Waals, electrostatics, and forces due to the formation of a capillary meniscus can all
contribute with the relative strengths of the contributions depending on such parameters as
Hamaker constants, surface charges, and hydrophilicity. For example, if either sample or the
probe surface is hydrophilic, a capillary meniscus will typically form, leading to higher adhesion
that extends nanometers beyond the surface. For polymers in which the long molecules serve as a
meniscus, the adhesion can extend tens of nanometers beyond the surface. The adhesion
typically increases with increasing probe end radius. Simple models based on surface energy
arguments predict the adhesion to be proportional to the tip end radius. The area below the zero
force reference (the horizontal line in the force curve) and above the withdrawing curve is
referred to as “the work of adhesion.” The energy dissipation is dominated by work of adhesion
if the peak force set point is chosen such that the non-elastic deformation area (the hysteresis

above the zero force reference) in the loading/unloading curve is negligible compared to the

work of adhesion. *°
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Figure 2-21 Force curves and information that can be obtained from them: (i) Plot of force
and piezo Z position as a function of time, including (B) jump-to-contact, (C) peak force, (D)
adhesion; (ii) Plot of force vs. time with small peak force. (iii) A traditional force curve
eliminates the time variable, plotting Force vs. Z piezo position; (iv) For fitting purposes it
is more useful to plot force vs. separation where the separation is calculated from the Z

piezo position and the cantilever deflection.
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2.4 Finite Element Method (FEM) simulation

The FEM simulation of electric field distribution at tip-sample interface was carried out utilizing
the 2D electrostatic module in COMSOL Multiphysics software. The MoS; thin film was
modeled by a 500 nm % 40 nm slab with a dielectric constant ¢=11. The tip had a conical shape
with a spherical apex with a radius of 30 nm. A 1500 x 1500 nm slab was applied as air
atmosphere. The tip-sample contact was modeled by an indentation distance determined by DMT
model. While the initial electric potential V=8 mV was set at the tip-sample interface, the rest of
tip surface was assigned to be “Zero charge” and the tip end was set to be “Ground” boundary

condition.

2.5 Electrical measurement of the generator performance

2.5.1 V,Iand P output as a function of load resistance R

The V and I data were collected by a Keithley 2450 SourceMeter SMU (Tektronix, USA).
Unlike the high impedance in polymer-based TENGs (high resistance and capacitance), the
equivalent circuit components in our case is relatively simpler, which can be approximated as a
DC voltage source, an internal resistance and an external resistance connected in series.
Therefore, V, I and P can be modeled as:

V="VeR/(R+T1), (2-6)

I'=Voe/(R+T), (2-7)
P =V,.’R/(R+1)2, (2-8)
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2.5.2 Charging capacitor with DC triboelectricity
The V-t data was collected by a Keithley 2450 SourceMeter SMU (Tektronix, USA).
Theoretically, the V-¢ curve can be fitted by:

V=T (1-e®), (29)

where v= Voc and R= 7.

Figure 2-22 Electrical testing platform
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Chapter 3 Direct-current triboelectricity generation by sliding-

Schottky nanocontact on MoS: multilayers

J. Liu, A. Goswami, K. Jiang, F. Khan, S. Kim, R. McGee, Z. Li, Z. Hu, J. Lee and T. Thundat,
"Direct-current triboelectricity generation by a sliding Schottky nanocontact on MoS 2

multilayers." Nature nanotechnology (2018): 13, pages112-116

(Reprinted with permission from Nature Publishing Group)
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3.1 Introduction

Although it is known that frictional contact between two materials results in heat and charge
carrier generation and many experimental demonstrations show energy harvesting using
triboelectric nanogenerators (TENGs), the fundamental understanding of the charge transfer
process during friction is still lacking.!®*>> In conventional TENGs, dielectric displacement
current, in AC form, is generated by vertical/horizontal movement of the contact materials with
opposite electrostatic charges (Fig. 3-la; i=V-0C/0t+C-0V/ot, where i, V, and C represent
displacement current, voltage and electrode-sample capacitance, respectively).!® Those
electrostatic charges are built up by the contact electrification process. However, the current
density is largely limited due to the high impedance of the polymer-based system, with the best J

in the order of 0.1-1 A/m? achieved so far.*®> Additionally, rectifying approaches such as

t32 1

switching circuit®?, rotating-disk configuration®® or double-wheel design®> have to be used to
convert AC into DC. Meanwhile, other efforts have been dedicated to harvesting DC directly
from mechanical energy. Piezoelectric DC excited by ultrasonic waves has been harvested by
ZnO nanowire array but with low output power (/=0.5 nA and J=2.5x10* A/m?).* Recently,
semiconducting polymer-metal Schottky contacts have been used for generating periodically
changed DC (J=0.1-1 A/m?), indicating that the sliding metal-semiconductor system may convert

mechanical energy directly into DC electricity based on different mechanism.?
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Figure 3-1 (a) Working principle of conventional TENGs considering a metal-insulator
system. A demonstration of the contact electrification results in electrostatic charge
distribution at the material interface (Top). By moving the two materials vertically (bottom
left) or horizontally (bottom right), dielectric displacement AC can be harvested. (b)
Schematic of nanoscale DC harvesting. MoS: thin film is deposited on Ag by PLD method.
Pt/Ir-coated AFM tip slides in contact mode on the sample surface, which induces

electronic excitation and carrier conduction.
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3.2 Characteristics of C-AFM current output

Here, we demonstrate triboelectric DC generation by sliding a platinum-coated silicon AFM tip
over a molybdenum disulfide (MoS>) thin film synthesized by pulsed laser deposition (PLD) on a
silver coated SiO./Si substrate (Fig. 3-1b)’*. Apart from its novel electrical,”* optical®> and
catalytic’® properties, MoS> has long been used as a dry lubricant in industries because of its

excellent wear resistance originating from its layered structure.””*®

Figure 3-2a shows a typical topographic AFM image of the synthesized MoS, sample with its
characteristic hexagonal crystal morphology®. Its corresponding C-AFM current map scanned
with 5 nN contact force and zero bias is shown in Fig. 3-2b, where the DC signal with magnitude
of 0.1-1 nA is observed. Cross-sectional line analysis of the image in Fig. 3-2d shows a

continuous DC output on the single grain as shown in Fig. 3-2e.
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Figure 3-2 (a) and (c) are AFM topographic images of MoS: thin films at different scales
and their corresponding C-AFM current mapping in (b) and (d). Sample bias of 0 V and
contact force of 5 nN are used. The hexagonal single crystal morphology of MoS: is clearly
visible and marked by orange dashed lines. Note: current direction in the C-AFM image is
from tip to sample, e.g. electrons flow from sample to tip. (e) Cross-sectional line analysis of
the tribo-excited current on (d (marked by white dashed line). A continuous DC output can

be seen on the single crystal upon scanning.
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3.3 Artifact exclusion

Here, possible artifacts caused by environmental noise and laser irradiation have been excluded.

3.3.1 Current amplifier calibration

The conductive AFM module has been calibrated by using a standard 100 MQ resistor provided
by the manufacturer. In a typical procedure, the AFM probe was false engaged and a ramping
test bias was applied to the C-AFM module. It can be seen from Fig. 3-3 that the slope of I-V

curve matches perfectly with the standard resistor, indicating no data magnification from

analysis.
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Figure 3-3 I-V characterization with a 100 MQ standard calibration resistor.
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3.3.2 False engagement

Upon false engagement, AFM probe scans above the sample surface without actual contact, in
which case the system noise level can be investigated. It can be seen from Fig. 3-4 that the noise
level in our experiment is around several pA, three orders smaller than the nA current signal

upon contact scanning.

1.5 pA

Figure 3-4 C-AFM current signal under false engagement

3.3.3 Laser spot position

To exclude to the effect of AFM laser irradiation on the observed C-AFM current, we
investigated the laser position—dependent current signal. As shown in Fig. 3-5, the C-AFM
current signal is not sensitive to the laser spot position. As a matter of fact, the AFM laser spot is
blocked by the AFM cantilever body, and reflected by the Pt/Ir coating on the top surface of

cantilever.
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Figure 3-5 Laser position-dependent C-AFM signal on MoS:. (a) and (b) are optical images
of the AFM cantilever with different laser position. (b) and (d) are the corresponding C-

AFM current mapping. Contact force =5 nN.

3.4 C-AFM measurement on other materials

In comparison, the C-AFM current signal cannot be detected on Ag, p-Si, SiO2 and traditional
TENG polymer samples. The tribo-excited DC occurs spontaneously without any electrical bias
or external rectifying circuit, indicating the fundamental difference in the charge transport

mechanism.
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3.4.1 Ag and SiO:

We have conducted C-AFM experiments on Ag and SiO2 sample for comparison. As shown in
Fig. 3-6, no current signal has been found on these samples. The electron-hole pairs excited in
metal-metal frictional contact has much shorter life time and may just quickly decay into heat.
As for insulator SiO, charge mobility is very low on the surface and the series resistance is very

high that inhibit the DC current flow.

Figure 3-6 C-AFM current measured on (a) Ag sample and (b) SiO2 sample.

3.4.2 p-type Si

The current signal was not observed mainly because of the naturally grown insulating silica on Si
surface, and the localized pressure applied by AFM tip may not be able to penetrate and affect

the electronic structure at the Si0,/S1 interface.
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Figure 3-7 C-AFM measurement on p-type Si. (a) Topography and (b) current map.

3.43 PEG polymer

For comparison, we have also conducted C-AFM measurement on a spin-coated PEG polymer
thin film on Au substrate. As shown in Fig. 3-8, no current signal can be observed. This is

mainly because of the poor mobility of tribo-induced charges on the insulating surface.
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Figure 3-8 C-AFM current measured on spin-coated PEG polymer thin film on Au

substrate. (a) Topography and (b) current map.
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3.5 In-situ C-AFM I-V characterization

It should be noted that the C-AFM current generation in our system (sliding metal-
semiconductor contact) differs from the surface charge accumulation effect observed on the
polymer surface by Kelvin Probe Force Microscopy (KPFM).*”%° In the latter case, electrostatic
charges are deposited on the polymer surface by the AFM tip via triboelectrification, i.e. contact
electrification under friction, which have negligible electrical communication with the insulating
bulk. In those AFM studies, no displacement current flows in the system as the tip-sample
capacitor is neither vibrated in contact-separation mode, nor mismatched in sliding mode
(0C/0t=0).'° In contrast, the carrier flow in our case is more likely due to the direct electronic
excitation at the metal-semiconductor interface followed by diffusion-drift conduction
throughout the material system. It has been reported that the electronic excitation in friction
manifests itself in various physical phenomena such as electron-hole pair generation, tribo-
luminescence, exo-electrons, etc.’® Surface states may also play a role here indicating by the

cyclic I-V measurement.

The existence of surface S vacancies and other defects facilitate the surface energy states
formation, which may store charges as revealed by the observed hysteresis in the cyclic
voltammetry measurement (Fig. 3-9). It is found that the hysteresis loop is much more
conspicuous in the case of Cu probe in direct contact with the MoS> sample compared with that

with a thin Pt/Cr top electrode deposited in advance.
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Figure 3-9 Cyclic I-V measurement on the PLD-synthesized MoS2/Ag sample using probe
station. (a) Sample surface in direct contact with Cu probe. (b) Pt/Cr top electrode was

deposited in advance and in contact with the Cu probe.

Specifically, it is found that the Schottky contact between the tip and MoS; plays a significant
role in the tribo-excited charge transport. As a typical example, Fig. 3-10a shows three adjacent
MoS:; crystal grains with different tribo-excited current responses (Fig. 3-10b and (c), /grain 2>
Igrain 3> Igrain 1). Multiple /-V data points of grains 1, 2, and 3 and their equivalent circuits are
shown in Figs. 3-11, 3-12, 3-13, respectively. From the C-AFM [-V spectra, it is evident that
both grains 1 and 2 exhibit diode features but with different rectifying directions. Noting the bias
is applied from the sample to the AFM tip, one would expect the tribo-excited electrons transport
from MoS; to Pt/Ir to be facilitated on grain 2 and suppressed on grain 1. Showing the same
diode direction of grain 1 but much more Ohmic nature, grain 3 exhibits a moderate current
output. This discrepancy may result from the surface potential fluctuation on different MoS:

grain surface and the MoS;-bottom electrode contact as is easily oxidized.
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Figure 3-10 (a) AFM topographic image of three adjacent MoS: crystal grains marked as 1,

2, and 3. Their corresponding C-AFM current map is shown in (b).
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Figure 3-11 Cross-sectional line analysis of the current as marked on 3-10(b)

84



—
Q
S
-
o

Qo
1

D
1

C-AFM current (nA)
N EoN

o
1

|

-2 L s e s e B B I
100 -80 60 -40 20 O 20 40 60 80 100
Sample bias (mV)

(b) n
11

X !
o Pl—A——0
D R

S

Figure 3-12 C-AFM I-V spectra on grains 1 is depicted in (a). Inset: nine data points
marked on the topographic image (collected from left to right, top to bottom). Inset
(bottom) in (a) is the magnified I-V spectra of points #1-9. (b) illustrates the equivalent
circuits of tip-grain system 1. C, D, and Rs represent the capacitance of semiconductor
depletion region, Schottky diode, and series resistance, respectively. The current flow from

metal to MoS: is suppressed this case.
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Figure 3-13 C-AFM I-V spectra on grains 2 is depicted in (a). Inset: nine data points
marked on the topographic image (collected from left to right, top to bottom). Inset
(bottom) in (a) is the magnified I-V spectra of points #10-18. (b) illustrates the equivalent
circuits of tip-grain system 1. C, D, and Rs represent the capacitance of semiconductor
depletion region, Schottky diode, and series resistance, respectively. The current flow from

metal to MoS: is facilitated in this case.
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Figure 3-14 C-AFM I-V spectra on grains 3 is depicted in (a). Inset: nine data points
marked on the topographic image (collected from left to right, top to bottom). Inset
(bottom) in (a) is the magnified I-V spectra of points #19-27. (b) illustrates the equivalent
circuits of tip-grain system 1. C, D, and Rs represent the capacitance of semiconductor
depletion region, Schottky diode, and series resistance, respectively. In this case, the circuit
of tip-grain 3 shows the same diode direction as grain 1 but with a more Ohmic nature.
This is expressed by an additional Rs in parallel with D, which exhibits less rectifying

properties and thus moderate current output.
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Fig. 3-15 shows another example of the in-situ I-V characterization. A single MoS; grain is
scanned (Fig. 3-15a), with its corresponding current distribution shown in Fi. 3-15b. It can be
seen that the top-left region of the grain shows less current output compared to that of the
bottom-right region. Fig. 3-15c¢ and 3-15d shows the I-V spectrum collected from data point 1-6
and 7-14, respectively. The relationship between the I-V spectrum features and C-AFM current

output is in line with the previous example with three individual grains.

C-AFM current (nA)
C-AFM current (nA)

-100 ' -50 ' 0 ' 50 ' 100 -100 ' -50 0 50 ' 100
Sample bias (mV) Sample bias (mV)

Figure 3-15 (a) AFM topographic image of one MoS: grain and its (b) corresponding C-

AFM current map. (c) and (d) shows the I-V spectra of the location #1-14 as marked in (b).
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3.6 C-AFM I-V data analysis

C-AFM [-V data of the example show in Fig. 3-10 has been analyzed by thermionic emission
theory. According to the thermionic emission (TE) model for a Schottky contact, current / as a

function of bias voltage V' can be expressed by!%%!10!:

ev ev ev
=l (G5)[1-ew (=)~ bew(57) 6D
The saturation current /o at reverse bias is given by:
lo = AA'T? exp (- 32), A" = dmqm’k/h®  (3-2)

where 4 is the metal-semiconductor contact area, A* is the Richardson constant, g is elementary
charge, m* is effective mass, k is the Boltzmann constant, 4 is the Plank constant, 7 is
temperature, n is ideality factor and @g is the Schottky barrier height. When # is close to 1, an
ideal Schottky contact can be expected. Tunneling conditions may exist depending on the local
electric field at the interface. TE model fitting reveals that ideality factor n for data points #14-18
(grain 2) deviates from 1, indicating an imperfect prediction by the TE theory and the existence
of electron tunneling at the tip-sample interface (Fig. 3-10)!% Specifically, the arising of electron
tunneling to the overall charge transport characteristics in the C-AFM system has been ascribed
to the local electric field effect at nanoscale Schottky contact: the ultrahigh electric field Eioc
under the AFM tip, as we showed in the finite element method (FEM) simulation, would break

the space charge density-limited requirement and trigger charge tunneling transport.!%%:102

The I-V data fitting with thermionic emission model is shown in Fig.3-16, and the predicted

parameters are summarized in Table 3-1. For region 1 and 2, contact is formed in the order of

89



metal-semiconductor and semiconductor-metal, so that the “forward” direction of Schottky
contact, where electron flows from n-type MoS» to metal, is opposite in these two cases.
Accordingly, fitting was conducted in the positive and negative sample bias part of data acquired
in region 1 and region 2, respectively. For region 2, data point #17 has not been considered for
fitting since it exhibits an Ohmic feature. Specifically, imperfect fitting of data points #16 and

#18 is in line with the existence of tunneling component in the overall charge transport
characteristics as discussed in main text.

For the TE model used in our experiment, metal-semiconductor contact area 4=6 nm?;
elementary charge g=1.6x10""" C, effective mass m*=0.5me=4.56x1073! kg, Boltzmann constant

k=1.38x1072 J/K, Plank constant /=6.6 x 10* m?*kgs™!, temperature 7=298 K.
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Figure 3-16 (a) Forward I-V spectrum (#1-9) fitted with thermionic emission model (Eq. 3-
1). (b) Reverse I-V spectrum (#10-18) fitted with thermionic emission model. (c) Estimated

ideality factor n and energy barrier @s from fitting result in (b).
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Table 3-1 Summary of fitting results

Ideality factor Energy barrier
Region Data point #
n @5 (eV)
1 1.21 0.89
2 1.18 0.88
3 1.18 0.89
4 1.20 0.89
1 5 1.18 0.89
6 1.19 0.89
7 1.19 0.88
8 1.21 0.89
9 1.19 0.89
10 1.30 0.83
11 1.16 0.84
12 1.43 0.85
13 1.21 0.83
2
14 1.52 0.89
15 1.87 0.92
16 1.92 0.90
18 1.88 0.92
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3.7 Voltage output and electric field characteristics

Figures. 3-17a-f show that the current signal can be suppressed with a positive sample bias,
nullified when V=7-8 mV, and inversed afterwards. In contrast, the current signal is enhanced
with a negative bias. Theoretically, this nullified voltage is equivalent to the open circuit voltage
Voc of this nanogenerator system, which may be related to the variation of energy distribution of
surface charges. By knowing the Vo of our nanogenerator system, we are able to simulate the
electric field distribution using FEM. It is well-known that the special electrode geometry in the
C-AFM system (nano tip-plane) can induce a strongly intensified local electric field Ei. and
hence yield ultrahigh current density J.!9%1% It was found that the AFM tip produced a
significant electric field enhancement as expected (Fig. 3-18a) with an even distribution of the
potential assumed at the tip-sample interface (Fig. 3-18b). The highest enhancement occurs at the
edge of the tip-sample interface with the value of 7x10° V/m, penetrating inside the contact

interface and remaining in the order of 10° V/m.
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Figure 3-17 C-AFM current map on the single crystal grain in Fig. 1¢ with the sample bias
V of (a) -2 mV, (b) 0mV, (d) 7 mV, (¢) 8 mV, and (f) 10 mV. Tribo-excited current is
nullified with the sample bias of 7-8 mV, of which the value is the open circuit voltage of

the nanogenerator system.
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Figure 3-18 (a) Simulated electric field distribution at the tip-sample interface. An
intensified local electric field (Eioc=105-10° V/m) is found. (b) 2D Model for finite element
modeling. (¢) Line analysis of electric field E vs. distance to tip d at the tip-sample interface
simulated by FEM. Here, d=0 is defined as the center tip front. It can be seen that E

intensifies at tip-sample contact fringe and decays by 10 times at d=2.6r, which can be



considered as the radius of effective electrical contact area (r: the radius of actual contact

area).

Since the non-uniform electric field generates an effective region from which the excited
charges can drift to the AFM tip, an effective electrical contact area should be considered when
calculating the current density J. Figure 3-17c shows that E intensifies at the tip-sample contact
fringe and decays by 10 times at d=2.6r, where r is the radius of actual contact area. The
simulated result is in good agreement with the prediction from the numerical method (d=3r).!%
Typically, this distance can be considered as the radius (rerr) of an “effective area” (Aefr) for
excited carriers to drift from the sample to the top electrode (AFM tip).'” Accordingly, the
estimation of current density in our case may utilize Aesr (<6.84) instead of the actual contact
area A for a more accurate prediction, which is in the order of 10° A/m? depending on the

criterion of selecting threshold E for charge transport.

3.8 The proposed charge transfer mechanism

As is shown in Fig. 3-19, the electrons with sufficient energy may be excited from the surface
states or valence band into the conduction band, overcome the energy barrier from
semiconductor side (¢ V%) and transmit into the metal side. This scenario is very likely to happen
since the band gap of layered-MoS; is very narrow (1.2-1.4 V) while the direct electronic
excitation from friction can result in highly energetic electron-hole pairs. For the excited
electrons with lower energy, they may, if not recombined with the holes, fall into the unoccupied

surface states and transmit into the metal side assisted by the intensive electric field and
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frictional heat. The possible excitations from the metal side, in contrast, would be expected to
decay much faster into lattice vibration considering the short lifetime of electron-hole pairs in
metal and the higher energy barrier (@) the excited electrons would meet from the metal side.
As a result, a rectification of charge flow can be achieved. It is noteworthy that the surface
energy states would inevitably exist in the metal-MoS> Schottky contact, due to the surface
defects as well as the unusual interface dipole formation'® (the formation of gap energy states

with Mo d-orbital characters).
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Figure 3-19 Energy band diagram of the tip-sample interfaces and the proposed charge

transfer mechanism: Schottky contact is formed between the Pt/Ir coated AFM tip and

MoS:. While the electrons from surface states/valence band may be excited by frictional
energy and transmit into the metal side, the excited electron-hole pairs from the metal side

have shorter life time and encounter higher energy barrier.
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3.9 Contact force-dependent C-AFM current output

Furthermore, we investigated the effect of contact force on the C-AFM current output. Here, we
have used the Derjaguin-Muller-Toporov (DMT) model for estimating /' dependent-A4 of the tip-
MoS; contact. In an AFM system, hard and poorly adhesive materials are best approximated by

the DMT model.** According to the DMT model, 4 is given by*”:

2/3
A= [5 (L + 21TR)/)] (3-3)
K
where R is AFM tip radius, L is the load (contact force F), and y is the work of adhesion. The
term 2Ry can be considered as an ‘additional load’ La4, which is determined by the “pull-off”

force in the force curve (see Fig. 3-20c). K is the reduced Young’s modulus given as K =

3(1-v¢  1-vf . . .
" (E—S + E—t), where Et and Es are Young’s moduli and vt and vs are the Poisson ratios of the
s t

tip and the sample, respectively. Adhesion measurement was conducted with PeakForce QNM
mode (Bruker, USA). The average adhesive force can be used for tip-sample contact area

estimation.
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Figure 3-20 (a) Tip-sample adhesion mapping of MoS:z. (b) Histogram of the adhesion

distribution. (c) Typical force curve in PeakForce QNM measurement.

As shown in Figs. 3-21a and 3-21b, by increasing the applied force during the scan, there is an
enhanced DC response throughout the entire surface. Analytically, it can be seen from Fig. 3-21c
that average current /uve increases from ~0.08 nA to 0.15 nA when the applied force is increased
from 5 nN to 30 nN, while the peak current /,cak remains relatively less sensitive to F’ with the
value around 1.1 nA. The enhanced current distribution and the increasing /la. may be
understood, since the tip-sample contact area is enlarged with a higher force applied. By
normalizing / with estimated A4, current density can be calculated as shown in Fig. 3-21d. While
the Jave of M0S> remains relatively stable, the Jpeak €xhibits a decreasing trend with increasing F,
indicating the Jpeax is optimum when the single asperity for electrification has small but sharp
feature. This can be understood by considering that a larger surface curvature results in an
ultrahigh electric field as shown in the simulated result, which gives rise to the largest current

density value.
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Figure 3-21 C-AFM current mapping of MoS: with contact force of (a) S nN and (b) 30 nN.
(c) is the F-dependent average current Jave and peak current Ipeak of MoS2. Inset: estimated
F-dependent tip-sample contact area A from the DMT model (Eq. 3-3). (d) shows the F-
dependent average current density Jave and peak current density Jpeak of MoS2. Note that
the value of Jin (d) is obtained by normalizing the current with actual contact area. By
considering the effective electrical contact area in the point—plane system, all values

of J would be one order lower.

The C-AFM current signal has also been observed in the force curve characterization (Fig. 3-
22). Typical approach (black) and retract (red) curves are shown in Fig. 3-22. Different stages
are depicted in Fig. 3-22 (a): when the AFM tip approaches the sample, it would snap onto the

sample surface due to van der Waals forces.!%® Thereafter, the tip presses on the sample leading
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to cantilever deflection (elastic deformation). Accordingly, normal force applied on the sample
surface can be calculated by the product of cantilever deflection error and spring constant k.
When retracted again, the tip would stick to the sample surface due to adhesion forces before
finally snapping free. The hysteresis between the approach and retract curves is called contact
hysteresis caused by friction effects between the tip and the sample.!®® As revealed by the C-
AFM current signal in the time domain, charge flow occurs immediately after the tip engagement,
enhanced with increasing force and eventually tends to saturate. It should be noted that the
current signal (in the order of 10 pA) detected in force curve measurements is much less than
that observed during scanning (in the order of 1 nA) under the same applied force (in the order of
10 nN). Interestingly, two different stages of current signal with response to normal force can be
found (Fig. 3-22 (b) and (d)), which may be related to the existence of less conductive surface

depletion regions.
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Figure 3-22 (a) and (b) are AFM cantilever force F vs. Piezo-scanner position Z and C-
AFM current I vs. Z, respectively. (¢) and (d) are their corresponding graphs in time

domain.

Although the power output in the single AFM probe system is on the order of pW, the
maximum surface and volume power densities are estimated to be in the order of 1 kW/m? and 1
MW/m? (device thickness ~1 mm), respectively, indicating that the scaling up of the concept is
theoretically feasible and promising.?! It’s worth mentioning that the open-circuit voltage Voc
generated with the technique (in the order of mV) is relatively low compared to that obtained

with the conventional TENGs, which can be improved in an engineering way such as using a tip
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array connected in series. In order to apply the idea to the scaling-up energy harvesting, we
would need to reveal the source of this potential gradient, screen the material candidates as well

as modify the electrode in the future work.

3.10 Scan number- and velocity-dependent C-AFM current output
The scan number- and velocity-dependent measurements show that the current output is

repeatable and not very sensitive to the tip velocity within the tested range (Figs. 3-23 and 3-24).
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Figure 3-23 (a) Topography of MoS: sample and (b-f) its corresponding current output for
multiple scans (#1-5). (The scanned area has little drift during the multiple scanning). (g)

Average and peak C-AFM current as a function of scan #.

Fig. 3-24 shows the velocity-dependent experimental data. The velocity range is limited by the
piezoelectric actuator in the AFM probe holder. For the investigated range, it is found that the C-
AFM current has a slightly decreasing tendency with increasing velocity. This can be a result of
current diminishing with multiple scans, or the tip-sample electrical contact cannot be built up

properly within shorter contact time.
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Figure 3-24 Velocity-dependent C-AFM current data. F'=5 nN.
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3.11 C-AFM measurement on the exfoliated MoS; sample

In comparison, we have also conducted C-AFM measurement on the exfoliated MoS; single

crystal layers. As is shown in Fig. 3-25, C-AFM current can be observed on three different MoS:

layers. The thickness of the very bottom layer is close to that of single layer as revealed by edge

topographic scan (Fig. 3-25g and 3-25h). It is found that the DC current signal increases with

increasing layer thickness, which cannot be explained by conventional TENG theory (AC output)
or piezoelectric signal (only occurs and decreases in the order of 1%, 3™ and 5 layer).'”” The

current output is much lower than that observed in PLD-deposited MoS, samples, indicating

possible influence from bottom electrode contact or surface states. In fact, even the ideal metal-

MoS; contact has very unusual mechanism of the partial Fermi level pinning caused by interface

dipole formation (the formation of gap energy states with Mo d-orbital characters).!%
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Figure 3-25 (a) AFM topographic image of exfoliated MoS: layers and (c) corresponding

C-AFM current map. (b) and (d) show line analysis labeled in (a) and (c), respectively. (e)

and (f) are optical microscope images of the scan area of (a) and (g), respectively. (g) AFM
topographic image of the silver paste-MoS2 boundary. From line analysis in (h), atomic

layer thickness can be seen.

3.12 Conclusion

To summarize, we have demonstrated the direct harvesting of a large triboelectric DC using a
nanoscale sliding friction of a C-AFM tip on a pulsed laser deposited MoS: thin film, which
operates under a fundamentally different mechanism as compared to conventional. Specifically,
nano-sized tip-enhanced ultrahigh electric field boosts the local triboelectric current density of

this nanogenerator system. It is found that a tip-sample Schottky contact and sample-substrate

106



Ohmic contact play a significant role in the efficiency of the triboelectricity collection. We
believe this new concept offers a promising technique for self-powered portable electronics and
large-scale mechanical energy harvesting by integrating DC output from large numbers of single
asperities with sharp features. This may either be achieved by a parallelized array of

microfabricated tips'® or hemispherical metal nanoparticle-decorated electrodes™.
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Chapter 4 Sustained electron tunneling at unbiased metal-insulator-

semiconductor triboelectric contacts

Jun Liu, Mengmeng Miao, Keren Jiang, Faheem Khan, Ankur Goswami, Ryan McGee, Zhi Li,
Lan Nguyen, Zhiyu Hu, Jungchul Lee, Ken Cadien and Thomas Thundat, “Sustained electron
tunneling at unbiased metal-insulator-semiconductor triboelectric contacts”, 2018, Nano Energy

48 (2018) 320-326

(Reprinted with permission from Elsevier Publishing Group)
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4.1 Introduction

Mechanical energy harvesting materials and systems have emerged as a promising research area
because of the widespread and growing demand for powering wireless sensor networks,
wearable devices, and rechargeable energy storage systems.>!%234%10% Recent years have
witnessed a rapid growth in the development of technologies based on triboelectric
nanogenerator (TENG) with which various environmental mechanical energy sources (e.g. wind,
water flow, vibration, human body motion, etc.) could be harvested for electric power
generation.! %4010 Conventionally, TENGs operational principle is based on a phenomenon
called ‘contact electrification’ (‘triboelectrification’ if it is under friction): two materials become
electrically charged when in dynamic contact.’® If one of the materials is a good insulator such as
polymers, the charges persist on the surface leading to the building up of very high voltages. For
energy harvesting purpose, distance or contact area between the materials is modulated so as to

generate a displacement current.'”

As a result, an a.c. dielectric displacement current output that
manifests itself as transient peaks as a function of time is obtained.!” Though a polymer-based
TENG is capable of generating high voltages, its current generation capability is limited because

of its large impedance.'*!1°

Recently, it was found that a sliding conductive-AFM probe on MoS: multilayers can generate
triboelectric d.c. output with high current density.!'? Direct current generation with similar
characteristics has also been reported from vibrating metal-semiconducting polymer
systems.?”!!®> These new findings indicate that new physical mechanisms of carrier transport may

exist, with which triboelectric charges, induced by friction, may be directly scavenged for
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generating d.c. power. Since the obtained current has very high density and does not require any
rectification, it is an intriguing strategy for utilizing frictional energy. However, the underlying
mechanism still remains unclear, primarily due to the complicated triboelectrification process

and the dynamically varying electronic interface.

Herein, we report on tunneling current-based triboelectricity generation in a sliding metal-
insulator-semiconductor (MIS) sliding contact, consisting of a metal point contact on a p-type
silicon with a thin native silicon oxide (less than 2 nm thick). The triboelectric charging of the
interface provides the sustained potential difference for the electron tunneling. The measured
current shows an exponential decay with the thickness of the oxide layer deposited with atomic
layer deposition (ALD), consistent with electron tunneling through the insulator layer. The
demonstration of the high current generation with Si using sliding micro-contacts paves the way
for scaling up the nanoscale effects for practical applications. Particularly, the naturally grown
thin oxide (< 2 nm) presented on silicon surface provides a perfect tunneling barrier. The low
cost and easy availability of silicon make this concept as a promising technique for large-scale

mechanical energy harvesting.

4.2 Current output characteristics of the MIS triboelectric contact

4.2.1 C-AFM current mapping

To demonstrate the phenomenon at nanoscale, we have used a Pt/Ir-coated AFM probe
(AppNano, Inc.) sliding on a p-Si substrate (boron doped, orientation: <100>, resistivity: 0.1-1
Q- cm) with an aluminum back contact without any external bias voltage (Fig. 4-1). Tunneling
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current during the sliding was collected using a conducting mode AFM (C-AFM). Fig. 4-2 shows

the current distribution vs. applied force (F).

d.

indent
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Figure 4-1 Schematic of C-AFM characterization of triboelectric current generation.
Sliding a Pt/Ir-coated AFM probe on a p-type silicon sample with an ohmic Al back contact.
A native oxide (SiOx) with thickness do (do< 2 nm) presents on the Si surface forms the
tunneling barrier. Inset (up-left): probe-sample interface when sufficient force is applied to
the probe; an indentation with distance dindent is expected. Inset (up-right): scanning

electron microscopy image of the AFM tip.
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Figure 4-2 Force-dependent current signal. Vvias= 0 V. Since the bias routing is from the
AFM sample stage to the tip, the negative direction of the C-AFM current is from the tip to

the sample.

It can be seen from Fig. 4-1 that the current becomes measurable when F > 300 nN. It is known
that silicon surface is generally covered with a very thin layer of native oxide (SiOx, 1-2
nm).'"*!'> During the probe-surface contact, a high pressure on the order of 0.1-1 GPa develops
under the AFM probe. The actual probe-SiO«/Si gap distance (do-dindent) and the contact area (A4)
can be approximated by the Derjaguin-Muller-Toporov (DMT) model as shown in Fig. 4-3a (see
Methods for more details).”®!% Accordingly, current density (J) can be estimated to be of the

order of 10* A/m?.
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Figure 4-3 (a) The distance of probe-Si/SiOx interface do-dindent and contact area 4 as a
function of applied force F (modeled by DMT theory, see Methods for details). (b) Average
C-AFM current density Jave as a function of do-dindent. The dashed line is the exponential

decay fitting result.

This anomalously high current density may be due to the ultra-high electric field induced by the
nano-sized AFM probe.!?>!19:112 Experimentally, J is found to decay exponentially as a function
of do-dindent (Fig. 4-3b), consistent with distance dependence of electron tunneling current (the
exponential relationship will be justified below, with more macroscale data points.).
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4.2.2 Macroscale current generation

To demonstrate the concept at macroscale, a stainless steel based test lead is manually driven on
a p-type silicon wafer (boron doped, orientation: <100>, resistivity: 0.1-1 Q-cm), coated with a
bottom aluminum ohmic contact (Fig. 4-4a). When the probe was driven in a linearly
reciprocating (Fig. 4-4b) and circularly rotating fashion (Fig. 4-4c), corresponding short-circuit
currents (Isc) were measured. Figs. 4-5a and 4-5b show /s for the linearly reciprocating mode
circularly rotating mode, respectively. In contrast to the transient a.c. generated by polymer-
based TENGs, the current output in our case is observed to be continuous d.c. throughout the
frictional contact process, indicating a different current generation mechanism. The /s output is
found to be 3-5 pA. Considering an 4 of ~1 mm? for the macroscale probe, J as high as 3-5 A/m?
can be estimated, which is significantly higher than those reported in polymer-based TENGs (in
the order of 0.1 A/m?)!%3211% and piezoelectric generators (in the order of 0.01 A/m?)?*!16, This
observation is in agreement with our previous conductive-AFM results where a continuous

current has been observed when the platinum-coated tip slides on the MoS; single grain.!'?
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Figure 4-4 (a) Schematic of the macroscale MIS frictional contact system. (b) and (c) shows

the linearly reciprocating and circularly rotating modes, respectively.
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Figure 4-5 (a) and (b) shows short-circuit current (/sc) under the linearly reciprocating

mode and the circularly rotating modes, respectively.

4.2.3 Oxide thickness-dependent current output

To reveal the current generation mechanism, the silicon oxide samples with different d were
prepared by atomic layer deposition (ALD)3 (see Methods for experimental details). Fig. 4-6
shows the /. output as a function of d. It can be seen that the current signal decays exponentially
with increasing d. Since the oxide is very thin, triboelectric electrons may quantum mechanically

tunnel through the insulating layer (Inset, Fig. 4-6).!!”
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Figure 4-6 I vs. d. Silicon samples with different surface oxide thickness were prepared by
atomic layer depostition (ALD). The error bars represent standard deviations of the data
collected from 15 testing cycles. The solid orange line is the exponential decay fitting of the
data points. Inset: one-dimensional tunneling junction. The wave function y of the
electrons shows an exponential decay inside the barrier, and there is a finite probability

that the electrons can tunnel through it.
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4.3 Voltage output characteristics of the MIS triboelectric contact

4.3.1 Macroscale voltage output

Figs. 4-7a and 4-7b show open-circuit voltage V. for the linearly reciprocating mode and the
circularly rotating mode, respectively. It was observed that a continuous potential difference of
300-400 mV was observed during the probe-sample frictional contact, which indicates the
presence of a potential drop in the space charge region of interface. In contrast, V. in an intimate
polymer-metal contact is negligible since the positive and negative charges are confined in a
two-dimensional sheet plane.!” Therefore, Vo in a polymer-based TENG cannot be observed
unless the two counterparts are separated in a vertical mode or mismatched in a horizontal

plane.!%3
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Figure 4-7 Open-circuit voltage (Voc) under (a) a linearly reciprocating mode and (b) a

circularly rotating modes, respectively.
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The continuous features of Vo and /s indicate that both driving force and carrier conduction in
our case differ from those in the polymer-based TENGs. When a semiconductor such as silicon
is brought into contact with a metal, diffusive carrier transport would take place due to the Fermi
energy difference between the two materials until thermodynamic equilibrium is achieved (i.e.
Fermi energy alignment and energy barrier formation, Figs. 4-8a and 4-8b).!'"® While this
process also occurs at a polymer-metal interface in conventional TENGs, the transferred charges
are always trapped on the insulating surface, accounting for the high voltage built-up in the

10

system.”” Although those electrostatic charges can be utilized by generating dielectric

displacement current, the current density is inherently limited.!'°
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Figure 4-8 Band diagrams of MIS frictional contact under (a) non-equilibrium, @m> ®;
and (b) equilibrium, @m> ®@s; where ®@m and &s are work functions of metal and
semiconductor, respectively. Electrons may tunnel through the thin oxide layer and be

conducted in the semiconductor.
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4.3.2 Bias-dependent C-AFM current output

Fig. 4-9 shows that the triboelectric current measured in C-AFM experiment can be nullified and
reversed by applying an additional bias voltage (Vbias), which is similar to the determination of
photovoltaic open-circuit voltage Vo in solar cell characterization.!'” This null method has been
successfully used to estimate Voc in the AFM studies of TENGs.®®!12 When Vpias< Voc is applied,
the relative potential difference between the probe and the sample would decrease, giving rise to
a decreasing current output. The relative potential difference may be reversed by applying Voias™>

Voc, thus resulting in a current output in the opposite direction.

V.= 0 mV Viias = 100 mV 37 pA

1" _40 pA

=0.0 rA

49.3

0.0 nR

Vy.oe = 200 MV

Figure 4-9 Bias voltage-dependent current maps. With the presence of sample bias, the
triboelectric current may be nullified or reversed by lowering or reversing the relative

surface potential difference, respectively.
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Figure 4-10 Band diagrams of MIS frictional contact under external bias

4.3.3 Oxide thickness-dependent voltage output

Fig. 4-11 shows the Vo and the electric field (Eloc) across the surface oxide as a function of oxide
thickness (d). It can be seen that Vo first increases and then saturates with increasing d, which
may be related to the trade-off between the increasing capacitance and the decreasing

triboelectric charge density.%®
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Figure 4-11 Oxide-dependent open-circuit voltage out and local electric filed

4.4 Influence of metal work function on V,. direction

As for the triboelectric charge transfer process (contact electrification), many different
mechanisms have been proposed, such as: work function difference, ion transfer, and material
transfer.’® It is evident that the contact potential difference between the tip and sample plays an
important role in our case. Figs. 4-12a-c shows the Vo output collected with copper (work
function @=4.53-5.1 eV)!'?°, gold (®=5.1-5.47 eV)'?° and aluminum (®=4.06-4.26 eV)'?° probes

(DigiKey Electronics, USA), respectively. Interestingly, it can be seen that Vo measured with the

aluminum-coated probe exhibits reversed polarity (i.e. Voc<0).
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It is noteworthy that the negative voltage here is from sample to tip because of the electrical
connection, which is opposite to that in the nanoscale C-AFM testing. According to Bardeen’s
theory on an MS electrical contact, the Fermi level at the silicon surface is generally considered
to be pinned due to the existence of surface states.'?! As a result, Schottky energy barrier is
dominated by the surface states pinning effect and less sensitive to the metal work function,
which may explain the similar Vo output from gold or copper-coated stainless steel probes.
However, since the work function of aluminum is much smaller than those of other metals, it is
possible that the Fermi energy of aluminum is higher than that at SiOx surface and thus gives rise

to the reversed surface potential difference.

Meanwhile, the thermoelectric effect can be excluded here since it would require more than
300 °C temperature difference in order to obtain ~300 mV potential difference considering the

Seebeck coefficient for moderately doped p-type silicon of ~1 mV/K.!*
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Figure 4-12 Voc output for probes made of different metallic materials (a) Cu, (b) Au, and (c)
Al It is indicated that the direction of Vi is influenced by the relative surface potential

difference between the metal and semiconductor surface.
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4.5 Si doping type/concentration-dependent V. output

Fig. 4-13 shows the Si doping type/concentration-dependent Vo output. Considering the wide
doping concentration variation from degenerate n-type to degenerate p-type, the Er level of the
samples should vary largely with a magnitude no less than the Si bandgap (~1.1 eV).
Interestingly, it is shown that the direction of Vo does not show a proportional dependency on
the doping concentration. Therefore, we propose that V. may be more related to the contact
potential difference between the tip and sample surface, which is the oxide layer. As for the
magnitude of Vo, surface state density may play a significant role. In order to reveal the

determining factor of V. direction, more experiments would be needed.
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Figure 4-13 Si doping type/concentration-dependent Voc output
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4.6 Discussion of tribo-tunneling transport mechanism

From the experimental results, it is evident that the charge conduction mechanism in an MIS
frictional system is very different from the dielectric displacement current method used in
polymer-based TENGs. The tunneling mechanism in the MIS structures may be a combination of
Fowler-Nordheim (F-N) tunneling (field emission) and direct tunneling.!!” In the F-N tunneling
mechanism, electric field across the thin insulator is sufficiently high to bend the conduction
band of the insulator in such a way that the electrons tunnel across a triangular energy barrier.'!’
On the other hand, if the voltage across the SiO; is small (less than 3.1 V for SiO/Si interface)
and oxide thickness is less than 3.5 nm, the electrons tunnel across the full oxide thickness
resulting in direct tunneling.!!” Considering the triboelectric Vo (hundreds of mV) and native
oxide thickness (~1.6 nm) in our case, the d.c. output should be generated by direct tunneling of
the triboelectric electrons through the insulating oxide layer.'!” Accordingly, the process of
current generation in a metal-semiconductor frictional contact with an ultrathin insulating layer
in between, may involve three basic steps: 1) triboelectric charge generation at the metal-insulator

interface, i1) quantum mechanical electron tunneling through the ultrathin insulating layer and iii)

carrier conduction in the semiconducting material.

According to quantum mechanics, a particle with energy E less than the barrier height (¢g) has

the probability to penetrate the forbidden region (Fig. 4-1j).!'712 The wave function y decays

exponentially in the forbidden region as expressed by'?*:

$(d) = () exp |- 2L oy
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where m is the mass of the particle, and A is the reduced Planck’s constant. Accordingly, the

direct tunneling current 7 (d) in an MIS contact can be estimated as'!”!23;

4,/2
1@~ exp |- 2522 (mepn)Vesi0,d], (42)

where, mesr is the effective mass of the electrons. Therefore, the current falls off exponentially as
a function of barrier (oxide) thickness. The ultrathin nature of the native oxide layer on Si

surface provides an excellent condition for the triboelectric electron tunneling.

Accordingly, it is understandable why conventional polymer-based TENG systems are not able
to generate direct current flow: a thick insulating layer (um range) is usually used in those
structures, resulting in triboelectric charges being trapped at the insulator surface. Therefore, the
key to generate continuous direct current is to continuously draw those charges out from the
contact region, and quantum mechanical tunneling and doped silicon with sufficient electrical
conductivity provide excellent mechanism and environment to drain the carriers. It is worth
asking the question if we can achieve the same process in a metal-metal frictional contact. In
terms of harvesting d.c., the answer would be a theoretically possible, but technically hard to
achieve due to the instantaneous realignment of Fermi-energy in a metal-metal frictional contact
(like ‘pushing’ an incompressible fluid of electrons). It is extremely difficult to directly harvest
the energy within such a short time scale. Instead, the frictional energy between two different

metals would most likely dissipate into heat.
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4.7 Conclusion

In summary, we have demonstrated that d.c. triboelectricity with high current density can be
generated from metal-insulator-silicon frictional contacts using electron tunneling. This concept
overcomes the limitations of poor current density observed with traditional mechanical
triboelectric harvesting techniques. The mechanism of the driving force for d.c. flow is explained
as related to the surface potential difference between the two materials under a thermodynamic
non-equilibrium condition. The characteristic of the measured current is consistent with quantum
mechanical tunneling of charge carriers through the ultrathin oxide. The three orders of
magnitude enhancement in the current density in this technique, from 10 A/m? to 10* A/m?, is
attributed to the highly intensified local electric field in a point-plane contact configuration,
which results in a non-equilibrium charge transport at the tip-sample contact interface.!!%!?* This
nano-scale effect indicates that the overall current output can be scaled-up and can be
dramatically improved by introducing parallelized nanostructures, such as nano-tip array'** or
nanoparticle modification®? into the contact interface. With a deeper understanding of the
mechanism, optimized materials, and improved device configurations, we would expect a

promising future for the scaled-up d.c. triboelectricity harvesting.
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Chapter 5 Scaling-up of the tribo-tunneling concept for practical

application

In the previous chapters, we have introduced the discovery of triboelectric d.c. generation
phenomenon (Chapter 4) and the observation of tribo-tunneling effect in metal-Si frictional
contact system (Chapter). With modern nanotechnologies such as atomic force microscopy
(AFM), pulsed laser deposition (PLD), and atomic layer deposition (ALD), a number of
fundamental physics of the phenomena have been investigated. In order to apply the novel
concepts into practical application, however, tremendous efforts from engineering perspective
are needed. To this end, we have conducted some preliminary work, exploring the possible

scaling up of these concepts towards real application.

5.1 Macro-scale demonstration of d.c. generation on MoS; sample

We demonstrated the concept by manually sliding a metallic spring connector on a MoS: thin
film by hand (Fig. 5-1). The spring connector was electrically connected with the Ag surface,
and current output was monitored by a picoammeter (6485, Keithley) (Fig. 5-1a). As shown in
the Supplementary Video, a DC output of 10-100 nA was observed. The spring connector is
regarded as a macroscale “tip” with a tip radius R=1 mm (Fig. 5-1c). Contact area 4 can be

estimated by a simple Hertz model.
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For the macroscale demonstration, additional adhesion can be neglected, thus A is approximated
by Hertz model®:

RIN2/3

A= n(?) P s
Here, E= 165 GPa, v= 0.22 is adopted for the AFM tip, E= 79 GPa, v= 0.42 is adopted for
gold-coated metallic connector, and E= 240 GPa, v= 0.27 is adopted for MoS; thin film. In the
macroscale demonstration, the applied load L can be roughly estimated to be in the order of 1~10
N by hand.
Accordingly, 4=1.5x10” m? and current density J in the order of 10-100 A/m? was obtained. The
current density J here is several orders smaller compared with the one obtained from C-AFM
measurement since J is determined by the electric field £, which is extremely intensified under

the nano-tip with large curvature.

Figure 5-1 Manually driven system (a) Schematic of the setup. (b) Optical microscopy

image of the connector front.
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5.2 Power generation with silicon-based tribo-tunneling system

5.2.1 V, I, P output vs. electric load R

To demonstrate the possibility of extending the idea of using Si-based tribo-tunneling junction
for practical applications, we have carried out experiments as shown in Fig. 5-2. Fig. 5-2a shows
the current (/) and voltage (V) outputs as a function of external electrical load (R). Since the
equivalent circuit components in our case is relatively simpler, which can be approximated as a
DC voltage source, an internal resistance and an external resistance connected in series.

Therefore, V, I and P can be modeled as:

V=VR/(R+T), (5-2)
I'=Voe/(R+T), (5-3)

P=V,.*R/(R+1)2, (5-4)
The fitting results are shown in Fig. 5-2. An increasing /" and a decreasing / can be observed as a
function of increasing R. Fig. 5-3 shows the J and the power density vs. R, which is estimated by
normalizing / and power output (P) data with the 4 (0.1 mm?), respectively. Specifically, the
peak power output (Pmax) can be found around R=100 k€, of which the R value is close to the
internal resistance » of the power generation unit (see Methods for discussion). The high J, on the
order of 1-10 A/m?, results from the much lower impedance of the device compared with
polymer-based TENGs. It is noted that the current output is very sensitive to the resistance

between the top and bottom electrodes.
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Figure 5-2 V and I output as a function of electrical load R. The solid curves for V" and I are
the fitting results by Eq. 5-2 and 5-3, respectively. Error bars represent standard deviations

of the data collected from 30 testing cycles. Inset: equivalent circuit
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Figure 5-4 V across electrical load R with 10 MQ, 400 k2, 100 k2 and 20 kL recorded by

an oscilloscope.

5.2.2 Doping type/concentration-dependent V, I, P output vs. electric load R

Fig. 5-5 and 5-6 show the / and V' output as a function of electrical load R with different p type-
Si doping concentration, respectively. It can be seen that the current output decreases and the

voltage output increases with increasing R with all the doping concentrations. It should be noted
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that the bottom electrode for all samples are e-beam evaporated Al coating, which, in fact, does
not form good ohmic contact with the intrinsic Si sample and the ones doped with low
concentration. Although it is apparent that the increasing doping concentration can lower the
internal resistance of the d.c. generator system, it is not clear here whether it will influence the

surface states density and surface potential level on the SiOx surface.
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Figure 5-5 I output as a function of electrical load R with different p type-Si doping

concentration (Unit in the insert: Q:cm)
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5.2.3 Charging capacitor with d.c. triboelectricity

The I-V data of the Si-based MIS system was collected by a Keithley 2450 SourceMeter SMU
(Tektronix, USA) as shown in Fig. 5-7. Fig. 5-7a and 5-7b shows the schematic of the testing /-
V testing system and the /-V curve of the MIS structure, respectively. A typical rectifying diode

feature can be seen from Fig. 5-7b.
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Figure 5-7 (a) Schematic of the testing I-V testing system; (b) I-V curve of the MIS

structure

To demonstrate the storage of triboelectricity, we have carried out capacitor charging
experiments as shown in Fig. 5-8. The V-t data was collected by a Keithley 2450 SourceMeter
SMU (Tektronix, USA). A single macroscale probe was manually rubbed on the silicon sample
surface, generating d.c. current and charging the capacitor without any rectification. It shows that
an 80 uF capacitor was charged up to 200 mV within one minute. Compared with the transient
a.c. power output with low J, the d.c. output with high J described here is expected to bring

simplicity in power conditioning and power management. Theoretically, the V-¢ curve can be

fitted by:

V=1 (1-e0), (55)

where Vv= Vo and R= r. The fitting result is shown in Fig. 5-8.
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Figure 5-8 Time-dependent voltage built-up of a capacitor C (80 pF) charged by the d.c.
triboelectricity. No additional rectification has been used. The solid red curve is the fitting
result by Eq.5-5. Inset: equivalent circuit (top-left); captured image of the charging process

(bottom-right).

5.2.4 Automatic motor system

It should be noted that the manually driving method does not have a precise control of the sliding
force and speed. To address this issue, a homemade automatic motor system as shown in Fig. 5-
10 has been designed, consisting of a DC motor with controlled speed, and a spring connector
with controlled contact force. The Vo output is monitored by an oscilloscope as shown in the
picture. It can be seen that output is very consistence. This system will be used in our future

work.
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Figure 5-10 A homemade automatic motor system; The contact force and sliding speed can

be controlled by a spring-connected probe and the motor, respectively.
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5.2.5 Design and fabrication of tip array system

Compared to the polymer-based TENGs, the tribo-tunneling-based TENG has relatively lower
voltage output. Our recent experimental results at macro-scale show that the current and voltage
can be scaled up by making the probes in parallel and in series, respectively. Fig. 5-11 shows the
voltage output recorded with a spring connector array (16 gold-coated pins in series) driven by
the motor. While the single spring connector can generate a Vo of 10~20 mV, it can be seen that
the voltage output reaches 100 mV level with the series-connected pin array , which could be

further boosted with increasing number of pins and electrode surface modification at nanoscale.

=
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Figure 5-11 (a) Triboelectric voltage output (top) and its corresponding motor drive
voltage vs. time (bottom). To drive the tips go back and forth, an AC square wave was
applied to the motor. The observed duty circle is understandable because of the mechanical
delay. The voltage output reaches 100 mV level. (b) Photo of the spring connector array. 16

pins are electrically connected in series.
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It is proposed that the relatively low voltage output may be related to the tip radius: the shaper
the tip, the higher the pressure applied to the sample, resulting in higher triboelectric charge
density. To address the issue as well as explore the possible scaling-up of the concept for real
application, a micro-tip array system has been designed as shown in Fig. 5-12. The tip array
holder and sample holder is fabricated by 3D printing as shown in Fig. 5-13. It will be optimized
and tested in our future work. Moreover, it is expected that an enhanced power output can be

obtained with miniaturized tip array system.

Figure 5-12 A prototype of tip array system
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Figure 5-13 3D printed tip array system
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Chapter 6 Conclusion and future work

6.1 Conclusion

Converting mechanical energy into direct-current (d.c.) power with sufficient current density is
one of the key challenges for mechanical energy harvesting technology. Traditional methods
such as piezoelectric or triboelectric generators are known for producing extremely high electric
potentials, but not high current. Reported current density in conventional piezoelectric or
triboelectric power generation is alternating current (a.c.) and extremely small.

In this thesis, we present the observation of generating high current density through frictional
sliding of nanoscale contact on layered MoS: thin films (Chapter 3). In this work, we have
experimentally measured very high direct current (d.c.) electricity generation (high current
density of 107 A/m?) during frictional contact of conducting atomic force microscopy (AFM) tip
on MoS; thin layers with fundamentally different mechanism. The d.c. electricity can be
generated without any rectification or external bias. We have systematically characterized this
novel phenomenon and the results. We explain the phenomenon using a model based on
thermionic emission during frictional sliding. Our experimental results fit very well with the
theory. The method is scalable for generating d.c. electricity directly from mechanical motion.
This work has been recently published in Nature Nanotechnology (Liu, et al. Nature Nanotech.
2018, DOI: 10.1038/s41565-017-0019-5).

In our first publication, the fundamental mechanism is elusive, and its universality is not clear. In
order to further reveal the working principle of the phenomenon, as well as to prove its potential
for real application, we have conducted study on oxide thickness-dependent tribo-tunneling
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current generation. In Chapter 4, we discovered that facilitating electron tunnelling across a
triboelectrically charged thin insulator could produce sustainable current without applying an
external bias. We have experimentally proven that the mechanism is electron tunnelling by using
nanometer silicon oxide films deposited by using atomic layer deposition (ALD). As a result, a
large current density is obtained that could be used for practical applications. Ultrahigh C-AFM J
of 10* A/m? is observed due to the nano-size probe-induced high electric field. We report our
experimental results along with quantum mechanical tunnelling theory where both direct
tunnelling and Fowler-Nordheim (F-N) tunnelling take place. We also demonstrate universality
and scalability of the phenomenon using nano- (Conductive-AFM) and macroscale metal- sliding
contact system. A high current density J of 5 A/m? is experimentally measured in doped silicon
materials at macroscale. It has been proved that the d.c triboelectricity can be generated and
directly stored at macroscale level without rectification. The easy availability, cost-effectiveness,
and naturally presented nanometer surface oxide of silicon materials make it as a promising
strategy for mechanical energy harvesting.

In summary, the fundamental significance of this thesis lies in:

1) An insight into the non-equilibrium electronic excitation at frictional interface has been
provided, which enhanced our understanding of energy dissipation in frictional system.

2) A novel approach of harvesting triboelectricity has been discovered, overcoming the low
current output limitation faced by traditional methods based on dielectric displacement current

generation.
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6.2 Future work

From a scientific point of view, developing basic theory for explaining the triboelectric tunneling
phenomenon is of great importance. Possible approaches may involve a combination of quantum
mechanics theory and solid state physics. Since the driving force of tribo-tunneling is determined
by the surface chemistry and physics, it is vital to manipulate surface and interface properties
(surface states, surface topography, chemistry, adsorption, etc.), in order to boost the generator
performance. It is also apparent that materials properties (interface structure, doping
concentration of semiconductor, dielectric properties, efc.) play an important role on the power
output. Therefore, a systematic material optimization is needed. Moreover, it would be
interesting to investigate the interaction of tribo-tunneling phenomenon with other physical
parameters, such as photon coupling, temperature, magnetic/electric field.

From an engineering point of view, we would need to explore the scaling-up techniques for this
concept, for example, with tip array system, three-dimensional stacked system. The
incorporation of the idea with flexible substrates may open the routes for developing self-
powered wearable electronics. Integrating the concept with energy storage unit would also be

intriguing.
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