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Abstract

Chapter 1 provides an overview of the principles and concepts integral to this
research. Given the research focus is on metal-monolayer—semiconductor Schottky
diode-based direct-current (DC) triboelectric nanogenerators (TENGs), a basic
discussion on semiconductors principles, particularly with a focus on silicon, assume
a central role. Consequently, this section delves into semiconductor fundamentals,
including the meaning, purpose and practical value of band diagrams, the concept of
Schottky and p—n junctions, and the rectification characteristics. These concepts are
important for a deeper comprehension of the working mechanisms of TENGs,

expounded upon in Chapters 3 and 4.

Furthermore, the first chapter introduces the photoelectric effect, which share
several features with the triboelectric effect, considered the primary working
mechanism of TENGs. A discussion on the photoelectric effect is particularly relevant
as it aids in determining surface defects and recombination velocities, which are
crucial factors influencing the direct-current generation of TENGs (Chapter 3).
Towards the conclusion of this section, attention is also given to the flexoelectric
effect at semiconductor surfaces. Recent studies suggest flexoelectricity is an
important contributor to zero-bias current generation in TENGs alongside the

triboelectric effect (Chapter 4).

Moreover, the chapter addresses basic concepts of semiconductor surface chemistry.
Surface chemistry, especially monolayer chemistry, not only protects against
oxidation of the substrate but also enhances electrical performance. To augment this
discussion, a review article | co-authored on improving the performances and
durability of DC-TENGs through surface chemistry is referenced, providing additional
insights. This comprehensive approach establishes a solid foundation for the

subsequent chapters, fostering a holistic understanding of the research context.

Chapter 2 gives an overview of the key chemical substances and semiconductor

materials used in the study and their relevant physical and chemical properties. It

Xii



primarily discusses the crystal structure of silicon, the two manufacturing methods

for silicon wafers (float-zone and Czochralski) and the differences between them.

Considering that this study involves primarily the use of silicon wafers with two
different orientations, (211) and (111), the orientation of a silicon crystal will also be
briefly discussed in this chapter. Additionally, it outlines the basic working principles
of the main experimental equipment used in this research and their main roles in the

context of this research.

Chapter 3 is based on a published paper titled “Sliding Schottky diode triboelectric
nanogenerators with current output of 10° A/m? by molecular engineering of Si(211)
surfaces”. Here | will discuss how by achieving molecular precision control on both
the surface chemistry and surface trap density of an underexplored Si crystal cut —
Si(211) — it was possible to reach zero-applied-bias current densities as high as 10°
A/m?, which surpasses by nearly three orders of magnitude the previous record for
devices of this class (DC sliding Schottky diodes) set to 10° A/m? by Thundat and co-
workers in 2018 (Nat. Nanotechnol. 2018, 13, 2, 112).

Additionally, | found that molecular engineering of Si(211) with proton-exchangeable
organic monolayers augments DC output, and record currents are obtained with
surface chemistries that cause increased surface recombination velocities coupled to
large surface dipoles in the form of surface alkoxide anions (Si-organic

monolayer-0-).

Chapter 4 is based on a published paper titled “Direct-current output of silicon—
organic monolayer—platinum Schottky TENGs: Elusive friction-output relationship”.
Through precise control of silicon surface chemistry and conducting parallel
experiments with conductive and non-conductive AFM, this chapter examines the
significance of surface static voltage and flexovoltage. The data presented reveals
that a static electricity-related tribovoltage may contribute to excess friction,
particularly dependent on the doping level and type of silicon substrate. Interestingly,
this excess friction becomes undetectable when current flows across the junction,
suggesting an electrostatic origin of friction in silicon-based Schottky TENGs and

implying that DC current partially neutralizes static charges. Additionally, the sign of

xiii



zero-bias tribocurrent, rather than its magnitude, appears independent of
semiconductor doping type, indicating surface statics as a primary contributor to the
zero-bias output. The chapter also uncovers the presence of a junction flexovoltage
under typical pressures in AFM experiments. In a static Pt—-monolayer—n-type Si
junction, the flexovoltage aligns with the tribovoltage and can surpass external

voltages up to 2V.

These findings suggest that flexovoltage likely contributes significantly to the zero-
bias output of an n-Si Schottky TENG, negatively impacts the output of a p-Si TENG,
and can be easily detected. Specifically, flexoelectricity manifests as an "inverted
diode," where a negligible current flows even when the n-type Si—platinum diode is
negatively biased, as long as the "static" diode remains under significant normal

pressure.

Chapter 5 is based on a manuscript currenttly under review by the journal Friction.
The manuscript is titled “Silicon-based triboelectric nanogenerators: surface
chemistry isotope effect on device performance and durability”. As the title
indicated, the work seeks to verify or falsify a particular isotope effect on TENG’s
performances. Typically, silicon modification begins with an oxide-free, hydrogen-
terminated surface (Si—H). Replacing hydrogen with its heavier isotope, deuterium
(Si-D), does not impede established surface chemistry procedures and may improve
the semiconductor's resistance to anodic decomposition. To date a systematic
comparison between Si—H and Si—-D surfaces as a TENG substrate is lacking. Such
comparison is important as deuterium atoms chemisorbed on a silicon surface are
harder to remove than hydrogen, and it has been suggested that deuterium-
terminated silicon surfaces are less prone to oxidation than their hydrogen
counterpart. The surface energy of Si-D (2.67 eV) is lower than that of Si-H (3.90 eV),
which also suggests higher stability for the former. Recent research on nanoscale
friction has also demonstrated lower friction on deuterium-terminated silicon

surfaces compared to hydrogen-terminated ones.
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Chapter 6 draws the conclusions for this doctoral study and suggests further
directions and experiments relevant to this booming area of research at the

intersection of chemistry, electrochemistry, physics, and electronics.
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Chapter 1 General Introduction

Chapter 1 — General Introduction

In this chapter, basic concepts on semiconductors, Schottky diodes, p—n junctions,
photoelectric effect, triboelectric effect and flexoelectric effect will be discussed to
facilitate a better understanding of the goals and objectives of this study. These
concepts form the basis for achieving DC tribocurrent output. The second part of the
chapter is based on a published review that has as its focus improvement of DC-
TENGs through surface chemistry means, and its purpose is to help the reader in
building a general and yet broad picture of the current research activities in the
context of TENGs. The chapter also outlines the key research questions addressed in

this study.



Chapter 1 General Introduction

1.1 Semiconductor basics

Despite the primary target audience of this paper being individuals with a background
in chemical research, and even though the experiments conducted in the research
primarily pertain to surface chemistry, the exploration of semiconductor’s physical
characterization within this study remains crucial. Concepts related to the physical
properties of semiconductors, such as the conduction band, valence band, p—n
junctions, and Schottky junctions, will be briefly introduced here. These concepts lay
the foundation for later discussions on triboelectricity, flexoelectricity and
photocurrent decay in the subsequent chapters, both of which are integral to the

broader scope of this research, as referenced in the following chapters.
1.1.1. Semiconductors electrical properties

Commonly, in conductors, such as metal, the negligible energy gap (10721~1072 eV)
between adjacent energy level (valence band and conductance band) allows charge
carriers (electrons or holes) to easily gain sufficient energy and jump to a higher
energy level, facilitating electrical conductivity. In contrast, insulating materials have
a relatively large energy gap (typically > 9 eV) [1], making it difficult for electrons to
jump to a higher energy level, resulting in poor electrical conductivity.
Semiconductors fall between these two conditions. Figure 1.1 illustrates the band
diagram of an ideal intrinsic semiconductor. In semiconductors, the conduction band
and valence band are not overlapped like conductors, nor do they exhibit a large gap
like insulators. In semiconductors and insulators, the valence band represents the
uppermost range of electron energies (Ev) occupied at absolute zero temperature,
whereas the conduction band represents the lowest range of available electronic
states (Ec). The two bands are separated by band gap (Eg = Ec — Ev) [2]. The reference
energy level is the energy of an electron in vacuum (Evac). The electron density

arrangement in the semiconductor is described by Fermi—Dirac equation [3]:

Prermi-pirac(E) = 1/ |1+ exp (E ;TEf ) (1-1)
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vacuu V vacuu

Fermi level Fermi level

Electron energy
o

Electron energy

Electron energy

a) Intrinsic Semiconductor b)  N-type Semiconductor c) P-type Semiconductor

Figure 1.1. Band diagram of a) pure semiconductor at 0 K, b) n-type semiconductor, and c) p-type
semiconductor. For a) intrinsic semiconductor, the outer electron shells are entirely occupied
because of covalent bonds between atoms, leading to the absence of free electrons. Consequently,
the valence band is fully occupied, while the conduction band remains entirely unoccupied. And the
Fermi level locates at the center of band gap. For b) n-type and c) p-type semiconductor, the
introduction of impurities leads to the shift of Fermi level either towards the conduction band or
valance band.

Where P is the probability that a particle will have energy E, k is the Boltzmann

constant, equals to 1.380649 x 10723 J/K, and T is temperature in Kelvin.

It indicates the probability of occupancy of an electron at the energy level (E) relative
to Fermi level (Ef), named in honour of physicist Enrico Fermi, which is a fundamental
principle in quantum mechanics and statistical mechanics. From formula (1-1), it is
easily seen that Fermi level (Ef) denotes the energy level where there is a 50%

likelihood of electrons in a system being occupied.

Intrinsic semiconductors, also called undoped semiconductors, are those that remain
in their pure state without any intentional doping. In intrinsic semiconductors, the
concentrations of electrons and holes are approximately equal (represented by nj),
indicating that the Fermi level locates at the centre of the band gap. which exhibits
the feature shown in Figure 1.1a. On the other hand, extrinsic semiconductors
undergo intentional alterations in their conductivity properties through the
introduction of impurity atoms. Doping, comes in two forms: n-type and p-type. n-

type doping involves adding electron donor impurities, such as phosphorus or
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arsenic, which introduce excess electrons, thereby increasing electron concentration
and conductivity, leading to the shift of Fermi level towards the conduction band
(Figure 1.1b). Conversely, p-type doping introduces electron acceptor impurities like
boron or indium, increasing hole concentration, consequently enhancing
conductivity, leading to the shift of Fermi level towards the valence band (Figure
1.1c). The concentration of added donor or acceptor impurities is typically

represented by Ng and N; correspondingly.

1.1.2. Schottky diode and p—n junction

Extrinsic semiconductors could form p—n junction with themselves, and Schottky
diode with metal materials. Such structures can control the flow of current in
electronic devices. Therefore, this is the structure commonly utilized by many direct-
current triboelectric nanogenerators (DC-TENGs). The mechanisms for them to
achieve this is a bit different. Because these two structures, especially the Schottky
diode, will be frequently mentioned in the upcoming chapters, the fundamental

principles for controlling the direction of current flow will be briefly explained here.

A p-n junction, as the name implies, is formed by connecting p-type and n-type
semiconductors. Due to the large concentration of electrons in the n-type
semiconductor and the large concentration of holes in the p-type semiconductor, a
diffusion process of electrons and holes occurs to balance their average
electrochemical potential (i.e. to align the Fermi level). Initially, recombination mainly
occurs at the interface, involving electrons from the n-type semiconductor and holes
from the p-type semiconductor. However, this process rapidly reaches equilibrium
with a resulting positive charge (ionised dopants) on the n-type semiconductor side,
caused by a reduction in electrons, and a negative charge on the p-type
semiconductor side (ionised dopants), resulting from a reduction in holes [4]. This
establishes a built-in electric field (Vbi) at the interface, oriented from the n-type
semiconductor to the p-type semiconductor. The magnitude of such electric field is

expressed by:
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kT N,N
Vbi:—ln< a d) (1-2)

Where N, is the concentration of acceptor impurities, Ng is the concentration of
donor impurities, and n; is the intrinsic carrier concentration. And the space charge
region at the interface is call depletion region (Figure 1.2a, upper plot).
Corresponding band diagram is illustrated in Figure 1.2a (lower plot). In equilibrium
state, the matching of the Fermi levels is essential to ensure no directional movement
of charge and maintain a zero-current condition. As a result, the conduction band and
valence band will bend at the interface, forming a barrier, hindering further diffusion

of charge carriers.

When a positive bias is applied to the side of p-type side, the external electric field
orients from p-type semiconductor to n-type semiconductor inside the p—-n junction,
which is opposite to the built-in electric field. After the bias overcomes the built-in
potential, the excessive holes in p-type semiconductor continuously flows to n-type
semiconductor while the excessive electrons in n-type semiconductor flows to p-type
semiconductor, forming the continuous current flow. This bias regime is called
forward bias. In a band diagram, this is represented by a lowered barrier, allowing
charge carriers to accelerate under the applied external electric field. Contrarily, if
the positive bias is applied to the n-type semiconductor, the external electric field
share the same direction with the built-in electric field, which broadens the depletion
region and further restricts the movement of electrons and holes. Therefore, no

current flow can be detected. This is the so-called reverse bias regime.

Similarly, a Schottky diode is formed by connecting the metal and doped
semiconductor [5]. Here, | take the example of an n-type semiconductor and a metal
with large work function, such as platinum. The semiconductor's work function is
generally smaller than that of metals. Therefore, when a metal, such as platinum,
contacts a semiconductor (taking n-type as an example), electrons flow from the
semiconductor into the metal. At the surface of the semiconductor, a space charge

region (depletion region) composed of ions carrying positive charges is formed
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Figure 1.2. Scheme and band diagram of a) p-n junction and b) of a Schottky diode. Ey represents
the energy level at the top of valance band, Eris the Fermi level, Ec represents the energy level at
the bottom of conduction band, Vi represents the built-in voltage, @s represents the Schottky
barrier, e represents the elementary charge.

(Figure 1.2b, upper plot) [6]. Due to the presence of abundant free electrons in the
metal, compared to the space charge region in semiconductor, the region in metal is
negligible. As a result, there is a built-in electric field (Vei), mainly existing in the
semiconductor, directed from the n-type semiconductor to the metal within the
region, creating a barrier (Schottky barrier, @g) that prevents electrons in the
semiconductor from flowing into the metal. Like a p—n junction, when the positive
voltage is applied to the metal, the Schottky diode is in the condition of forward bias

and vice versa.

Whether it is a p—n junction or a Schottky diode, their rectification characteristic is
the foundation of many semiconductor-based DC triboelectric nanogenerators (DC-
TENGs). And the surface chemistry can affect interfacial properties, such as work
function, adhesion, and friction. All these factors could potentially influence the
performance of DC-TENG. Therefore, many researchers enhance the performance of
DC-TENGs by chemically modifying semiconductor or metal materials. This thesis

primarily focuses on surface functionalization of silicon, then forming Schottky diode
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with metals, and eventually achieving direct current (DC) electricity output through

relative sliding movement.

1.1.3. Photoelectric effect at semiconductors

Although the photoelectric effect is not the primary working mechanism of most DC-
TENGs, the commonly accepted working principle of DC-TENGs bears significant
resemblance to the photoelectric effect. Many concepts in related studies are
borrowed from the photoelectric concept. Additionally, since a degree of illumination
is almost ubiquitous, photoelectric effects may also influence the output of
tribocurrent on semiconductor devices. Therefore, this section will briefly discuss the

photoelectric effect and related concepts in semiconductor devices.

For p—n and Schottky junctions, in the absence of external influences, the generation
and recombination of e—h pairs reach dynamic equilibrium at the interface.
[llumination of the junction will induce the generation of excess e—h pairs, break this
equilibrium, hence causing the photoelectric effect. The photoelectric effect can be

categorized into external and internal photoelectric effects.

The external photoelectric effect refers to the physical phenomenon in which a
material emits electrons outward from its surface when illuminated by a beam of
light. The emitted electrons are called "photoelectrons.” Internal photoelectric effect
refers to a phenomenon in which the illumination causes a change in the electrical
conductivity of the materials or generating a photo-induced voltage. This usually

happens in intrinsic semiconductors [7].

For internal photoelectric effect, it can be divided into photoconductive effect and
photovoltaic effect. In intrinsic semiconductors, electrons in the valence band will be
excited to the conduction band under illumination with energy greater than band
gap, causing anincrease in the conductivity of the semiconductor. This is the so-called

photoconductive effect.

Photovoltaic effect is of our great interest and was firstly observed by Edmond

Becquerel in 1839 [8]. It usually occurs in non-uniform semiconductors (for example,
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Figure 1.3. Typical photocurrent decay for (a) well-packed semiconductor device (solar cell).
Adapted from the study by Zhang et al. [9] copyright (2019), with permission from WILEY-VCH
Verlag GmbH. (b) semiconductor electrode (a-Fe;0s) in 1.0 M NaOH at 1.1 V vs. RHE (Reversible
Hydrogen Electrode). Adapted from the study by Peter et al [13]. copyright (2020), with permission
from Elsevier. sg-BHJ and c-BHJ in panel (a) represents bulk heterojunction (BHJ) norfullerene
organic solar cells prepared through deposited donor and acceptor layers in order (sq-BHJ) and as-
cast bulk heterojunction (c-BHJ) respectively. The decay and overshoot shown in panel (b) are a
result of surface e—h recombination.

p—n junctions) or the junctions between semiconductors and metals (Schottky
junctions). Taking the example of a p—n junction, when photons enter the junction,
they excite electrons from the valence band to the conduction band, generating
electron—hole pairs. The generation of charge carriers surpass the recombination of
them. Under the built-in electric field (Vbi), electrons move towards the n-type
semiconductor, while holes migrate towards the p-type semiconductor, resulting in
a photocurrent flowing from the n-type to the p-type semiconductor. The
photovoltaic effect in a Schottky junction follows a similar pattern. Therefore, for a
semiconductor device, if a stable light source is provided, there’s supposed to be a
continuously stable photocurrent output, as shown in Figure 1.3a, which illustrates a
typical photocurrent decay for bulk heterojunction (BHJ) organic solar cells [9]. Figure
1.3b illustrates the transient photocurrent decay of a semiconductor electrode (a-
Fe»03), unlike a typical rectangular on-off response to illumination in Figure 1.3a,
there’s a decay following the surge of photocurrent even the illumination is on, and
an overshoot after the light is off in Figure 1.3b. This decay and overshoot are

interpreted as evidence of e—h recombination at the interface due to large number



Chapter 1 General Introduction

of surface states [10-12]. Therefore, in this research, the same experimental method
was applied to qualitatively determine the surface states on metal-semiconductor
interface, the detailed experimental principles and results can be found in Chapter 2

and 3.

In real semiconductors, surface defects are invariably present mainly due to the
dangling bonds formed at the crystal surface, introducing surface states located in
the band gap. These surface states act as sites for the recombination of e—h pairs
(recombination centre) [14, 15], elevating surface recombination velocity and
reducing the effective lifetime of charge carriers. The decrease in carrier
concentration consequently diminishes the photocurrent generated by the
photovoltaic effect, causing a decay right after the illumination is on and an
overshoot after illumination is turned off (Figure 1.3b). Therefore, the number of
surface states, hence the surface recombination velocity is a key factor influencing
the transient photocurrent. To determine the surface recombination velocity on the
semiconductor surface and investigate its impact on tribocurrent, photocurrent
mapping was employed. The specific experimental principles will be discussed in
Section 2.4.1.5 (Chapter 2), and relevant experimental data can be found in Chapter
3. In addition, chemical surface passivation aiming to control surface defects and
enhance semiconductors’ resistance to oxidation is mainly used in this research. The

detailed methodologies will be discussed in section 2.3 (Chapter 2).

1.1.4. Friction and triboelectric effect

Friction exists everywhere in our daily life. It is caused by the interactions between
two surfaces and can occur in various forms, such as dry friction, fluid friction and
rolling friction. The most widely known example is that when a rubber rod is rubbed
against fur, the rubber rod becomes negatively charged, while the fur becomes
positively charged. It describes the charge transfer process between two materials in
contact or relative movement, such as sliding. understanding and controlling friction
are crucial for improving equipment performance, reducing energy consumption, and

enhancing material longevity.
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Figure 1.4. (A) A schematic of AFM measurement on p-n junction embedded on n-type silicon
surface. (B) Plot of the frictional force on individual regions under a +4 V applied bias, revealing
excess friction on the p-type regions. The inset demonstrates the absence of a disparity in adhesion
force between the two regions under sample bias. Adapted from the study by Park et al [16].
copyright (2006), with permission from American Association for the Advancement of Science.

The simplest model describing the friction force is Amontons’ Law:

Ffriction = U Fpormat (1-3)

Where Fsiction is the force of friction, W is the coefficient of friction (between 0 and 1),
and Frormal is the normal force or the applied load. From this equation, it can be easily
seen that the friction force in macroscale is proportional to the friction coefficient,
which determined by the materials’ characteristics, such as roughness, and the
applied load. There’re a few key open questions on the relationship between friction
and zero-bias friction-induced current output, which will be further addressed in

Chapter 3.

For semiconductors, a notable observation of electronic control of friction on silicon
was presented by Park et al [16]. It's been found that there is excess friction (Figure
1.4) on p-type silicon compared to n-type silicon region under +4 V external bias.

From the inset of Figure 1.4, it can be concluded that under the applied sample bias,

-10 -



Chapter 1 General Introduction
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Figure 1.5. Schematic of energy dissipation of friction. Friction energy can be dissipated via photon,
phonon, exo-electron, or generate e—h pair. Adapted from the study by Park et al. [17], copyright
(2014), with permission from American Chemical Society.

either forward or reverse bias, there is no significant difference in adhesion force
observed between the n-type and p-type silicon regions. Therefore, it is attributed to
the surface states caused by the high local strain at the tip-silicon interface, leading
to the enhancement of surface e—h recombination, with the energy emitted in the
form of phonon. The excess friction in p-type silicon region was again observed by

the same group in their follow up research [18].

Under applied voltage, frictional forces vary in silicon with different doping levels.
Conversely, considering the absence of applied voltage bias, one may wonder
whether the dissipative mechanisms of frictional energy have any impact on the
material's electrical properties. This led to the proposal of a triboelectric effect,
mimicking the principles of the photoelectric effect. Figure 1.5 shows the mechanism
of energy dissipation of friction (triboelectric effect). The process of friction exciting
phonons and photons is most observed, as evidenced by the luminescence and sound
generated when two objects rub against each other. Analogous to photoelectric
effect, the friction can also excite electrons escaping from materials’ surfaces. Finally,
the e—h excitation is of most interest to us, as it has been considered the primary
source of the generation of tribocurrent. Due to its striking similarity to photovoltaic
processes, this process is named tribovoltaic effect. Therefore, for semiconductor
based TENGs, the direction of current flow is supposed to be determined by the built-
in electric field, which is opposite to the current flow under forward bias, also known

as leakage current.

-11 -
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Considering that this mechanism is like the photovoltaic effect, surface
recombination caused by surface states are also one of the main factors limiting the
magnitude of tribocurrent. Therefore, the process of surface passivation on the
frictional materials is widely employed to minimize the impact of surface states on
the lifetime of charge carriers. A review on surface passivation of triboelectric

materials for DC-TENGs is presented in section 1.2.
1.1.5. Flexoelectric effect

Flexoelectric effect is a type of electromechanical coupling phenomenon occurring in
solid materials, characterized by the uneven distribution of charges when the
material undergoes bending or inhomogeneous deformation, leading to the
generation of an electric field [19]. Unlike traditional piezoelectric effect, this
phenomenon primarily focuses on the curvature or gradient of the material, while
piezoelectric effect is induced by applying mechanical stress to a material, causing a
homogenous deformation, leading to the non-uniform distribution of charges (Figure

1.6) [20]. In solids, the flexoelectric effect can be expressed as:

d€ix
Pi = pijia ﬁ (1-4)
!

Where P; is the flexoelectric polarization, ;i is the flexoelectric coefficient, g is

the elastic strain, x; is the coordinate [21].

Flexoelectric effect was firstly observed by Bursian and Zaikovskii in crystalline solids
took place in 1968. They observed the bending tendency of BaTiOsz (BTO) thin films
under an external electric field [22]. After that, the field experienced a period of
relative dormancy lasting several decades before seeing a resurgence recently.
Throughout this subsequent phase of research, scientists gradually acknowledged
the potential significance of the Flexoelectric effect and explored the diverse
applications it could offer since then [23-27]. For flexoelectric effect on
semiconductors, Wang et al has recently explored the flexoelectric effect of

centrosymmetric semiconductor, and found that under a tip force, the barriers on
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Figure 1.6. Schematic diagram of (a-c) the flexoelectric effect and (d-e) piezoelectric effect within a
perovskite ionic crystal. (a) The crystal in its free state without polarization. (b) Uniform
deformation leads to a zero net polarization as positive and negative charge centres overlap. (c)
Non-uniform strain causes a mismatch between positive and negative charge centres, resulting in
a nonzero polarization (depicted by the red arrow) due to the strain gradient. (d) In a
noncentrosymmetric crystal at rest, a polarization arises from a mismatch between positive and
negative charge centres. () Homogeneous strain alters the distance between these centres,
modifying the dipole moment and inducing charge output on the crystal surfaces. Adapted from
the study by Huang et al., copyright (2016), with permission from Elsevier.

metal-semiconductor surfaces were enhanced for both n-type and p-type
semiconductor (Figure 1.7a (ii)) [28]. This is because that under the strain applied by
an electrode, the charge carriers at the metal-semiconductor interfaces redistribute
and induce an additional built-in electric field (Figure 1.7a (i)), which enhancing the
Schottky barrier height. An equivalent electrical circuit, parallel resistor-capacitor (RC)
circuit, is given in Figure 1.7a (iii). Such phenomenon can be further validated from
Figure 1.7b,c, as the strain distribution follows the same pattern as polarization
distribution. Considering that flexoelectric effects and tribovoltaic effect share the
same direction, coupled with the previously mentioned energy dissipation
mechanism of friction (mainly e—h pair generation), there is reasonable belief that
flexoelectricity plays a facilitating role in the triboelectric effect. However, which of
these effects predominantly influences the tribocurrent remains unknown. This open

qguestion will be discussed in detail in Chapter 4.
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Figure 1.7. (a) The proposed mechanisms of flexoelectric effect on semiconductor by Wang et al
[28]. (i) The diagram illustrates how the inhomogeneous deformation of a strained centrosymmetric
crystal structure induces a flexoelectric field, which significantly influences the distribution of free
charge carriers at the interface, leading to (ii) band-structure engineering, which alter the height of
Schottky barrier, known as the flexoelectric effect. In the diagram, the red and blue lines represent
the band structures of n-type and p-type semiconductors respectively. ¢n & @' and @, & @', denotes
the Schottky barrier heights of metal and either n-type or p-type semiconductor without (dashed
line) and with (solid line) applied strain. The grey arrows indicate the magnitude and direction of
the flexoelectric field under nanoindentation ((iii)). The equivalent circuit for flexoelectric outlines
a two-terminal device, where Raexo denotes the equivalent tuneable resistor controlled by a strain
gradient. Leveraging the strain-gradient-induced flexoelectric field potential as a 'gate' controlling
signal. The barrier profile at interface can be modulated, enabling tuneable electronic processes
under the flexoelectric effect. Ry, Va, and Cp represent the series resistor, voltage source, and
equivalent parallel capacitance respectively. (b,c) The flexoelectricity in silicon demonstrates the
(b) strain distribution and (c) flexoelectric polarization distribution, respectively, under a tip load of
25 uN. Arrows in (c) indicate the direction of polarization. The force is applied downward by an AFM
tip (radius, 25 nm), cantered at the origin point. Copyright (2022), with permission from Nature.
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1.2 Improvement of DC-TENGs by surface chemistry

Most materials on the market suffer from oxidation issues, leading to reduction of
conductivity. Alternatively, when these materials are directly used in TENGs, their
physical and/or electrical performance may be unsatisfactory. Therefore, surface
modification of materials to enhance their resistance to oxidation and improve their

performance as frictional materials appears to be necessary.

A discussion on improving DC-TENGs through surface chemistry approaches is given
below. The following content is adapted from Lyu, X. & Ciampi, S. Improving the
performances of direct-current triboelectric nanogenerators with surface chemistry.
Curr. Opin. Colloid Interface Sci 2022, 101627. Rights are retained to reuse in the

thesis by the authors. An attribution statement is included as Appendix lll.

1.2.1 Introduction to triboelectric nanogenerators (TENGs)

Over the past decade, triboelectric nanogenerators (TENGs) — small and portable
devices designed to harvest electricity from mechanical vibrations and friction — have
matured from a niche theme of electrical engineering research into multidisciplinary
research encompassing engineering, physics, and chemistry. Recent advances in both
the fundamental understanding and performances of TENGs have been made
possible by surface chemistry, electrochemistry and theoretical chemistry research
entering this active and promising field. This short review focuses on the recent
developments of direct-current (DC) TENGs, where sliding friction or repetitive
contact—separation cycles between the surface of polymers, metals, chemically
modified semiconductors, and more recently even by the simple contact of surfaces
with water solutions, can output DC suitable to power electronic devices without the
need of additional rectification. We critically analyze the role of surface chemistry
towards maximizing DC-TENG outputs and device longevity. The major current

hypotheses about their working mechanism(s) are also discussed.

Portable technologies that in the last three decades have reshaped our social,
economic, and cultural environments rely on electronics that are powered by DC

current. There is therefore an ever increasing demand for small, portable,
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Figure 1.8. (a) Schematics of the contact—separation mode of AC TENGs. The inset shows the AC
signal recorded during a cycle of contact and separation. (b—c) Schematics of the
tribovoltaic/flexoelectric effect [30, 31] behind the operation of semiconductor-based sliding mode
DC-TENGs. (d) Depiction of the dynamic formation and equilibration of a space-charge layer leading
to a competition between drift and diffusion. The sign of the charges as well as the current flow
direction depends on surface characteristics, such as work function, ionization energy, electron
affinity, and presence/absence of electronic defects.

regenerative and autonomous DC energy sources [29]. Most electronics still rely on
non-regenerative power sources —commonly batteries —which have limitations, such
as a limited lifespan [32, 33]. Furthermore, the growing popularity of wearable and
implantable devices has created a need for smaller and ideally biocompatible power
units [34-37]. Thus, autonomous, regenerative, microscale or even nanoscale,

biocompatible energy source technologies are in growing demand.

Triboelectric nanogenerators (TENGs) are a promising source of sustainable and
autonomous electricity, whose purpose is that of converting ubiquitous mechanical
vibration/friction, such as thermal vibrations [38, 39], muscle movements [40],
ultrasonic or ocean waves [41-43] into either AC or DC, and which open up to energy,
sensing, and medical applications [44-46]. Their working modes can tentatively be

grouped into four main categories: contact—separation, sliding, lateral single-
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electrode, and freestanding triboelectric-layer [47-51]. The creation of a potential
difference between top and bottom electrodes in relative motion, is generally
electrostatic in nature. TENGs’ common designs, as shown in Figure 1.8, include a top
and a bottom friction layer, usually made of metals [52], semiconductors [53], organic
polymers [54], 2D materials [55], or even water [56]. The contact—separation mode
(Figure 1.8a) is most common among AC TENGs, where the top and bottom friction
layers are usually electrically insulating organic polymers such as polyethylene
terephthalate (PET) or polytetrafluoroethylene (PTFE) [48, 57]. Here surface charging
is mainly due to static electrification, which builds up in part after the transfer of
charged molecular fragments (vide infra). Electrons will move in the external circuit
to balance the polymer charges, and upon separation of the two dielectrics current
will flow to bring the system back to equilibrium. In essence, an AC current flows in
the external circuit with the same frequency of the contact—separation events. For
DC-TENGs, the sliding mode is generally more prevalent (Figure 1.8b,c) with often

one of the electrodes being a semiconductor.

The actual TENGs mode(s) of action if still debated, with some authors arguing in
favor of discharge of static electricity being the major driving force [29, 58, 59], others
invoking an imbalance between migration and diffusion of surface charges (Figure
1.8d) [60], and some arguing for a unidirectional movement of friction- or pressure-
induced electron—hole pairs — the tribovoltaic effect — being the main mechanism
(Figure 1.8c) [61-65]. In addition, and probably contributing to the first and latter
mechanisms, there is flexoelectricity (Figure 1.9): a band bending and ratcheting
mechanism where subsequent compression/decompression of the metal-
semiconductor junction forces electrons to move preferentially in one direction [30,
31]. Mechanistic studies on the ratcheting mechanism were conducted on highly
doped semiconductor materials [30], but it is not clear if this will still be valid for
dynamic junctions made on lowly-doped semiconductor materials where, among
other factors, the space charge region is much thicker. For instance, unlike the recent
finding of Marks and co-workers [30], most silicon-based TENGs vyield tribocurrents
with the direction of a leakage current, indicating that the interfacial field formed

upon contact moves electrons either via avalanche breakdown or tunneling. Which
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Figure 1.9. Band bending and ratcheting mechanism for metal (purple block) —semiconductor
(orange block) contacts under a cyclic change in pressure. (a—d) While the force applied is ramped,
electrons (illustrated by white circles) accumulate on the semiconductor side of the junction. (e—g)
When the load is removed, the number of available states for electrons in the potential well drops,
forcing some electrons to migrate into the metal. (h) The electrons have mostly been transferred
into the metal after the external force is completely released. Adapted from the study by Olson et
al. [30], copyright (2022), with permission from American Chemical Society

of the two dominates is still unclear, and answering this question will probably
require designing experiments where the temperature of the sliding junction can be

either controlled or at least monitored.

The debate on to what extent contact electrification is key to the operation of TENGs
will not be resolved until a consensus is reached on the nature and origin of statics
[60, 66, 67]. A small digression on triboelectricity is therefore needed here, first to
explain why objects that cannot conduct electricity become charged in the first place.
The term electron comes from the Greek word for amber — “elektra”, later Latinised
in “electra” — and Thales of Miletus, who lived around the 600 B.C., left accounts of
the ancient Greeks being aware of chicken’s feathers being attracted to amber after
their contact with rabbit’s fur. The most striking property of electrified object is in
fact that of attraction and repulsion, but it was not until the 17" century that
materials other than amber, such as glass and sulphur, were also found to gain a static
charge after contact and separation. The topic remained a scientific curiosity until the
18" and 19" centuries, when polymaths like Benjamin Franklin and Michael Faraday
initiated its systematic study. It finally gained the attention of engineers and chemists

in the 1970s, when the development of copiers and laser printers created a strong
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incentive to understand the chemistry behind the triboelectrification of plastic
polymers [68]. Acommon misconception is that electrification upon contact is limited
to plastic polymers, but just as the demarcation between insulators and conductors
is arbitrary, so it's a material ability to statically charge. Metals, semiconductors
exchange charges upon contact [69], but because charges are here free to move, the
result is that it becomes harder to accumulate them so to reach large voltages, noting
that surface voltages in the excess of 30 kV/cm can be easily obtained on insulators.
The nature of this charge is still debated. Do free electrons move upon contact [70,
71], are ionic species formed upon the mechanical breaking of bonds asymmetrically
transferred [72], is there a role played by redox chemistry of reactive functional
groups [73, 74], or is statics mainly the transfer of water-derived ions [75-79]? A lot
of this is still not clear [67, 80-82]. Moreover, non-polar plastics such as PTFE and
polyethylene becomes very charged, which is hard to expect based on their
chemistry, and several materials form a cyclic, instead than linear, triboelectric series,
suggesting that the triboelectrification process does not simply rely on a single
physical characteristic [82, 83]. The shape of the object is also important [84], as well
as its softness [85, 86]. What is clear beyond ambiguity is that statics is dominated by
surface rather than bulk material properties. Interestingly this aspect was already
appreciated in the 19'™" century, when it became apparent that the position of metals
in the Volta series depended on whether measurements were done in air or under
hydrogen sulfide, with for example copper and iron swapping position in the series in

response to this.

The application of several areas of chemistry, most importantly of surface chemistry
and electrochemistry, towards answering the question as to what are the charge-
carrying species [84, 86, 87] is assisting today the development of TENGs as it did in
the 1970s during the development of xerography [88, 89]. The scope is this short
review is therefore to summarize the scope of surface chemistry towards maximizing
the performances of DC-TENGs, as well as its contribution in unveiling the actual

energy conversion mechanism of TENGs.

As shown in Figure 1.8a, the dielectric-displacement current generated by traditional

(polymer-based) TENGs, such as in the sliding-mode design (Figure 1.8a), is AC.
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Figure 1.10. Schematics and energy band diagrams for a DC-TENG by using a n-type semiconductor
as top electrode sliding on the surface of a p-type semiconductor (bottom electrode). lllustration of
the condition of (a) disconnected, (b) contacted still, and (c) lateral sliding of the p—n junction. The
white arrows represent the surface dipole moment, and the red arrows represent the direction of
the built-in electric field. Ec is the bottom of the conduction band, Ey is the top of the valence band,
Ei is the intrinsic level of the pure semiconductor without doping and Er is the Fermi level, Vi is the
built-in electric field potential, 1,2 are the potentials with respect to the Fermi levels in the p- and
n-type semiconductors. Adapted from the study by Xu et al. [53], copyright (2019), with permission
from Elsevier.

Besides the requirement of rectification to power up microelectronic devices, the
impedance of polymers is a crucial constraint to the achievable current density. Both
issues are removed in metal-semiconductor (Schottky diodes) TENGs [90, 91].
Semiconductors such as silicon are used in DC-TENGs owing largely to the versatility
of its surface chemistry [92-94], low costs [95], and an high output current density —

over 10° A/m? in micro/nanoscale [96] and up to 200 A/m? in macroscale [97].

Furthermore, by tethering organic monolayers it is possible to tune the interface
charge transport characteristics, adhesion, and friction [80, 94, 98-101]. As briefly
mentioned above, omitting the nuances of flexoelectricity, the main mechanism is
here a tribovoltaic effect [61-65], which in first approximation is analogous to the
photovoltaic effect, and is schematically depicted in Figure 1.10 for a sliding p—n
junction [53] but will also be applicable to metal-semiconductor Schottky diodes
[63]. The current generation process involves tunneling (or avalanche breakdown)
across the metal—insulator—semiconductor structure [102, 103]. Electron—hole pairs
excited by friction are separated by the built-in electric field at the interface, hence
the current flows in the same direction of the leakage current. Indeed, the surface
chemistry is quite crucial here, as it is capable of engineering surface properties such
as work function, electric field, and charge transfer, then eventually tune the leakage

current [104, 105].
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But for such silicon-based DC-TENGs the substrate is an non-oxide semiconductor
prone to oxidation, a reaction that will inevitably cause drops in surface conductivity
and open-circuit voltages (Voc) [103]. Although some extent of oxidation can
introduce surface states that counterintuitively increase conductivity [106], this
effect is only transient. The oxide layer (silica) can be removed via chemical etching,
but eventually the etched surface (Si—H) [107-109] oxidizes again after exposure to
the environment [110, 111]. To limit this, several surface modification strategies
involving organic and inorganic chemicals, as well as metals have been proven viable
[101, 112-115]. In the following, we present surface modification strategies for TENG

materials and discuss their pros and cons.

1.2.2 Surface modification of triboelectric materials

1.2.2.1. Organic materials

Organic molecules that can self-assemble on metals and semiconductors are a first
choice in terms of improving the performances of a TENG. In 2006 Akbulut and co-
workers [52] coated Au, Ag and Ti surfaces with self-assembled monolayers (SAMs)
of 1-hexadecanethiol so to prevent these metals from cold-welding, a phenomenon
that inhibits the relative movement of metals and leads to material wear [116].
Interestingly the authors observed large current fluctuations when sliding different
(SAM-passivated) metals against each other, while no charge transfer was observed
when identical metals were sheared. For SAMs-coated Ag and Au surfaces the
authors observed DC current densities up ~20 mA/m2. The authors suggest a
continuous entangling and disentangling, and cyclic deformation and relaxation, of
SAM chains during sliding. They also speculate that amorphous SAM regions may be
capable of assisting charge transport even under static conditions. These two effects,
may contribute to the triboelectrification of the contact. According to the authors,
the lag between current and friction after having stopped the sliding could be
evidence of a slow SAM relaxation. Further studies will need to be conducted to prove
a relationship between monolayer order and propensity to gain static charges.

Further, as only one type of SAM was explored, an open question remains, whether
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or not different SAMs, for instance, with different polarity and wettability, will show

similar delays.

Similarly, in 2016 Wang and co-authors [117] used Au substrates functionalized with
thiol-based SAMs as materials for AC contact—separation TENGs. They investigated
five SAMs with either hydroxyl (—OH), methyl esters (—C(O)OCHs), amines (—NH,),
aniline (—Ce¢Hs—NH3), or chloro (—Cl) functionalities as terminal group. These SAMs
were formed onto an Au film deposited on Kapton by e-beam evaporation, and with
a 100 nm copper layer deposited on fluorinated ethylene propylene (FEP) film (vapor
deposition) as the second electrode. Under mechanical shaking (~2.5 Hz), —NH
surfaces showed the greater surface potential by Kelvin probe force microscopy
(KPFM), and were the most effective nanogenerator, with the charge density
reaching ~140 uC/m?, and the open-circuit voltage (Voc) and short-circuit current
density (Jsc) reaching ~560V and ~18.5 mA/m?, respectively. For almost all the surface
chemistries investigated, TENG performances were significantly higher compared to
controls with unmodified surfaces. The only exception were chloro-terminated
surfaces. Furthermore, the same authors also explored amine-terminated silane-
based SAMs grafted on SiO» surfaces. The charge density, Voc, and Jsc increased from
~34 uC/m?, ~150 V and ~0.7 mA/m? (respectively) on the SiO; surface, to ~51 uC/m?,
~240 V, and ~1.75 mA/m? for the modified systems. Although the output of these
TENGs is AC, these results indicate a scope for the improvement on DC-TENGs by
surface chemistry, focusing especially on the material electronegativity. The authors
recommended head groups with lower electronegativity for the positive side, higher

electronegativity for the negative side, and longer chains.

Inspired by the research discussed above, Ciampi and co-workers [112] investigated
covalent 1,8-nonadiyne monolayers (Si—-C-bound) grafted on NHsF-etched 111- and
100-oriented silicon substrates (S1, Figure 1.11a). The monolayer purpose is first to
prevent substrate oxidation, and second to engineer charge transport on Si(111)
pyramids etched on a Si(100) surface. Using platinum AFM tips as the sliding metal
contact it is possible to measure simultaneously surface properties (such as friction
and topography) as well as the zero-bias current. The topography (Figure 1.11b) as

well as the leakage current (under an external bias) and zero-bias (TUNA) current
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signal along the red dotted line (Figures 1.11b,c) were recorded simultaneously. The
maximum DC current density for such structure was of 2.9 x 10° A/m?. Interestingly,
the recorded zero-bias current reaches a peak at concave boundaries between the
(100) and (111) planes, rather than at the convex pyramid [Si(100)] apex. The
tribocurrent, which bears the sign of a reverse-bias current, interestingly also does
not track the leakage current of static junctions (from current-voltage characteristics,
Figure 1.11c). The authors suggest that the Schottky barrier may be decreasing under
increasing stress, and that the concave curvature at the pyramid’s base leads to a
thinner space charge. Using a semiconductor as readily available as silicon could
significantly reduce the costs of DC-TENGs, as well as ensure compatibility with
mainstream electronics, but such textured surface (pyramids) introduce some level
of complexity in the preparation of such devices. Thus, exploring flat and
unstructured silicon, and the influence of surface chemistry on performance of
Schottky diode-based DC-TENGs (Figure 1.11a, $2-X, with X being either —NH,, —OH
or —CHjs groups), Ferrie et al. modified Si(111) crystals by Cu-catalyzed azide—alkyne
cycloaddition (CuAAC) reactions [101]. Polar groups (—NH, and —OH) led to a greater
zero-bias DC current output, which parallels the findings for AC TENGs by Wang et al.
discussed above [117]. It is therefore possible to augment DC current output on flat
silicon by means of surface functionalization, even though the two-step (passivation
followed by functionalization) procedure involved is laborious. In an attempt to
simplify the surface chemistry aspects, Lyu et al. attempted to use 1,8-nonadiyne, 1-
nonyne, 1-nonanol, and 8-nonyn-1-ol to form in one step alkynyl (-C=CH), alkyl (—
CHs), and hydroxyl (~OH) monolayers, as shown in Figure 1.11d [96]. With platinum
as the sliding metal contact, 8-nonyn-1-ol coated Si(211) showed a maximum current
density of ~10° A/m?. One of the most important factors causing hydroxyl-terminated
Si(211) surfaces to perform well is surface polarity coupled to a relatively large
surface recombination and velocity, plus the negative charge on the metal tip owing

to flexoelectricity [96].

Polymers have also continued to gain popularity as the triboelectric material for DC-
TENGs. Recently You et al. [118] have successfully coated poly-3,4-ethylene

dioxythiophene:poly-styrene sulfonate (PEDOT:PSS) on aluminum alloy films as top
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Figure 1.11. (a) Oxide-free silicon surface functionalization. Native oxide is first cleaned and etched
(steps 1 and 2) to form a hydrogen-terminated surface. This surface is reacted under UV with 1,8-
nonadiyne to form surface S1. The terminal alkyne functionality of S1 is reacted through a CUAAC
reaction to covalently attach either 3-azidopropan-1-amine (forming S2-NH,), 3-azidopropan-1-ol
(52-OH), or 1-azidobutane (S2-CHs). Adapted from the study by Ferrie et al. [101], copyright (2022),
with permission from Elsevier. (b) 12 x 12 um AFM height image of Si(111) pyramids on lowly doped
float zone (FZ) n-type Si(100). (c) Topography, leakage current (under an external bias), and zero-
bias tunneling AFM (TUNA) current profiles over the dotted red line in (b). Trace data are in blue,
and retrace data in red. Adapted from the study by Ferrie et al. [112], copyright (2022), with
permission from Elsevier. (d) Zero-bias C-AFM 5 x 5 um current maps of dynamic sliding Pt-Si(211)
diodes. Oxide-free Si(211) samples were coated with monolayers of 1-nonanol, 1-nonyne, 8-nonyn-
1-ol, and 1,8-nonadiyne. Adapted from the study by Lyu et al. [96], copyright (2022), with
permission from Elsevier.

friction layer, and used Al alloys, Si, ITO, Cu, and graphene as bottom friction layer in
sliding mode TENGs, as shown in Figure 1.12a. They conclude that the work function
of triboelectric materials is the main factor influencing the DC-TENGs output, as the
work function difference correlates to the open- circuit voltage. As shown in Figure
1.12b, they also found out that the PEDOT:PSS/AI alloy device exhibits the greatest
performance with a Voc of 1V, a lsc of 309 pA, and power density of 11.67 mW/m?2,
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After 1,000 successive bending events there is a reduction in the device open-circuit
voltage, which highlights general concerns about the durability of TENGs. The decay
of electrical performances is mainly due to frictional wear, which is the primary

failure factor in TENGs [119-121].

Physical methods can also be applied to improve the output of DC-TENGs. As shown
in Figure 1.12c, Chen et al. [122] added a pre-charged PTFE layer that was charged by
100 cycles of manual rubbing against nitrile rubber, also known as field enhancing
layer (FEL). This layer is placed under the triboelectric layer (PTFE), then the copper
tape attaching to the acrylic sheet was slid against the triboelectric layer to generate
DC current under different acceleration (contact area of 2 x 2 cm). A current of ~200
nA and an open-circuit of ~¥50 V were recorded. To scale this up, the authors also
designed a rotary mode TENG using the same materials to realize a constant DC

current output which can power a LED array without intermitted flashing.

1.2.2.2. Inorganic materials

Various inorganic materials have been utilized to modify the surface of TENGs and
improve their performances and durability. In 2007, Wang and co-workers [41] used
Zn0 nanowires (bottom electrode) and a surface-engineered silicon jagged electrode
coated with Pt (top electrode) to develop a nanogenerator able to harvest DC
electricity from ultrasonic waves. This zigzag-shaped silicon electrode can effectively
enlarge its surface area, favouring contact with the nanowires. Under ultrasonic
waves, the nanowires continuously act like brushes on the silicon electrode.
Analogously, Xu et al. [53] used HF-etched phosphorus-doped and boron-doped
silicon as sliding electrodes, with an Au coating on both electrodes as a back contact
as illustrated in Figure 1.12d. They managed to continuously harvest ~50 nA of DC
current under 1 N of load (Figure 1.12e) and found that the current direction matches
the built-in electric field of the junction. The authors also performed experiments
under variable sliding speed, acceleration and length of the top electrode. They
observed a positive correlation between the short-circuit current and these three
parameters. This design indeed provides a high current output and supports a

relationship between current, velocity and acceleration. The long-term performances
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of such structure is likely not to be outstanding as the silicon electrodes were only
etched with HF solutions and no protective layer was incorporated in the design. The
above mentioned issue of substrate re-oxidation and frictional wear remains a
challenge, and to specifically address this, in 2018 Lin et al. [55] attempted to harvest
DC by sliding graphene layers on silicon substrates (Figure 1.12f), given that the
graphene is self-lubricant. The authors reported DC current densities up to 40 A/m?,
and stable outputs even after 10,000 cycles. Similarly, in 2021 Huang et al. [60] used
Au coated highly ordered pyrolytic graphite, prepared via electron beam lithography,
electron beam evaporation, and reactive ion etching, as the top electrode, and
etched n-type silicon as the bottom electrode. They fabricated a superlubric Schottky
based generator (Figure 1.12g) with current and power density of ~210 A/m? and ~7
W/m? respectively. Such device is also capable of maintaining such high
performances for over 5,000 cycles. Notably, the authors exclude a friction-induced
excitation mechanism and propose a mechanism based on the continuous
establishment and destruction of the depletion layer. In simple terms, the net current
flow is attributed to the electronic drift induced by non-equilibrium electric field over
the movement between the triboelectric materials, as shown in Figure 1.12h. Such
friction-less (or minimal friction) approach defines another direction for the future

improvement of outputs and durability of DC-TENGs.

The two designs outlined above rely on carbon-based materials (graphite or
graphene) owing to their capacity for reducing friction [125]. Such designs
undoubtedly reduce device wear, but the other contact material (silicon) was
somehow neglected and in fact only treated with HF or buffered oxide etch solution
to remove the native oxide. Obviously, etched silicon will re-oxidize in ambient air
[107, 126] and with a growing oxide layer, current outputs will drop significantly and
rapidly [103]. It is therefore surprising that this degradation was not observed as the

electric field should further speed up the oxidation process [127, 128].

Protection of silicon against anodic decomposition is therefore imperative. Lu et al
[123] attempted to coat HF-etched silicon substrates with AIN, HfO2, or Al,O3 via

physical vapor and atomic layer deposition. As shown in Figure 1.12i, using black
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Figure 1.12. (a) Schematic of a DC-TENG where changes to the bottom friction layer (an Al alloy, Si,
ITO, Cu, or graphene) are reflected in drastic changes to the short-circuit current (b). Adapted from
the study by You et al. [118], copyright (2022), with permission from Elsevier. (c) Schematic of a DC-
TENG where pre-charged PTFE, used as field-enhancing layer (FEL), is embedded under the
triboelectric layer (PTFE). Adapted from the study by Chen et al. [122], copyright (2021), with
permission from Wiley-VCH GmbH. (d) Schematic and external circuit of p—n junction based TENG.
(e) Sliding velocity and corresponding short-circuit current during the reciprocating movement of
the slider shown in (d). Adapted from the study by Xu et al. [53], copyright (2019), with permission
from Elsevier. (f) Experimental set-up for a sliding graphene—silicon TENG. The inset is an -V curve
of the static graphene—silicon junction. Adapted from the study by Lin et al. [55], copyright (2019),
with permission from Wiley-VCH GmbH. (g) Experimental set-up for sliding superlubric graphite
coated Ag-silicon Schottky diode triboelectric nanogenerator. (h) Simulation mode structure and
the proposed physical process of the depletion layer establishment and destruction (DLED)
mechanism. The scale bar at the right side represents the electron concentration. Adapted from the
study by Huang et al. [60], copyright (2022), with permission from Nature Portfolio. (i) Schematic of
the black phosphorus-coated Ag—silicon Schottky diode DC-TENG. Adapted from the study by Lu et
al. [123], copyright (2019), with permission from American Association for the Advancement of
Science. (j) Schematic of a MoS,—Si Schottky sliding diode DC-TENGs in three different structures
(from left to right): metal/semiconductor (MS), metal/insulator/semiconductor (MIS), and
semiconductor/insulator/semiconductor (SIS). Adapted from the study by Liu et al. [124], copyright
(2019), with permission from American Chemical Society.
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phosphorus flakes, whose intrinsic anisotropy produces outstanding electronic,
transport and mechanical characteristics [129], as the other triboelectric material,
they built a Schottky diode sliding DC-TENG and recorded an open-circuit voltage of
6.1V and a short-circuit current density of 124.0 A/m? (power density of 201.0 W/m?)
for black phosphorus/AIN/Si heterojunction system. In 2020, they attempted to
fabricate DC-TENG using HF-etched and oxide-free n—n silicon homojunction,
recording a current density of 214 A/m? and a voltage of 0.35 V [130]. They further
explored the influence of different insulated dielectric layers (ZnO, HfO,, Al,Os) on
the performance of the silicon—dielectric layer—silicon system, and found out that the

n-type Si/Al,O3/ n-type silicon can enhance the output voltage to 1.3 V.

Afterwards, they intentionally used water as the dielectric material and moved it at
the gap between HF etched n-type and p-type silicon. In response to the movement
of water droplets, a DC voltage of 0.3 V and a current of 0.64 A was recorded [131].
The authors proposed a new dynamic semiconductor-liquid—semiconductor
structure DC-TENG, which has the potential to obtain electricity from the motion of

water, for instance from rain.

Analogous insulated dielectric materials between triboelectric materials are
commonly used in the fabrication of DC-TENGs. Liu et al [90] firstly attached the
molybdenum disulfide (MoS2) multilayer to the silver coated Si/SiO; substrates by
pulsed laser deposition, and successfully harvested DC electricity from such structure
with current density reaching up to 10° A/m2. To further research on the
enhancement of the MoS; based TENGs direct-current generation, the same authors
attempted three different structures: metal-semiconductor (MS), metal—insulator—
semiconductor (MIS), and semiconductor—insulator-semiconductor (SIS) (Figure
1.12j). The authors suggest that the DC output can be manipulated by interfacial
engineering [124], and probed the influence of the insulator (SiOy) thickness on the
electrical performance of the sliding metal-insulator-semiconductor (Si) based DC-
TENG, and concluded that the short-circuit current slightly increases at the beginning
and eventually decreases significantly with the increasing oxide layer thickness. And

for native oxide with a thickness less than 2 nm on silicon substrates, the theoretical
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current density of such a metal-insulator-semiconductor system can reach up to 10*

A/m? [103].

Sharov et al. [132] attached an InP layer, with its native oxide, on the HF-treated p-
type Si(111), and use a silicon AFM tip with platinum or diamond coating as top
contact. A peak and average current density in dark of 15 kA/m? and 7.3 kA/m? were
reported. The authors also probed the photovoltaic efficiency in both the static and
sliding regimes, reporting a 7% conversion efficiency. It provides a platform for

coupling tribovoltaic and photovoltaic current generation.

1.3 Conclusion

Autonomous power supplies that convert mechanical energy into electricity take on
a vital role when an energy storage device, most commonly battery, is not possible
to be replaced or recharged, such as in life-critical medical implants or sensors in
remote/dangerous places. The environment provides a broad range of mechanical
energy sources, but in a nanoscale setting, the conversion of mechanical energy into
DC remains a challenge. By merging innovations in both surface science and electrical
engineering, DC-TENGs are becoming a viable path to miniature power supplies.
Surface chemistry and surface microfabrication protocols have been extremely
valuable and, for example, shown that engineering sharp lateral changes in the
semiconductor barrier is dramatically more effective toward maximizing current than
increasing the applied normal force or the surface friction [84]. This is a path toward
removing friction — and therefore area — constraints. It is also a path toward limiting
device wear: tribocurrent densities can be enhanced under minimal friction. More
recently, zero-applied-bias current densities as high as 10° A/m? have been achieved
using a proton-exchangeable organic monolayer that simultaneously introduces a
sufficiently high density of surface states (assessed as changes to carrier
recombination velocities) coupled to a strong surface dipole in the form of a surface
alkoxide anion (Si-monolayer—0-) [68]. These are just key examples, and a more
comprehensive summary of the status of DC-TENGs systems is in Table 1.1 To further
improve the performance of DC-TENGsS, including their power density and durability

more surface chemistry, research is needed. Furthermore, the mechanism by which

-29.-


https://www.sciencedirect.com/topics/materials-science/medical-implant
https://www.sciencedirect.com/topics/physics-and-astronomy/nanoscale
https://www.sciencedirect.com/topics/materials-science/surface-science
https://www.sciencedirect.com/topics/chemistry/microfabrication
https://www.sciencedirect.com/science/article/pii/S1359029422000668#bib84
https://www.sciencedirect.com/topics/chemistry/density-of-surface-states
https://www.sciencedirect.com/topics/physics-and-astronomy/alkoxides
https://www.sciencedirect.com/science/article/pii/S1359029422000668#bib68
https://www.sciencedirect.com/science/article/pii/S1359029422000668#tbl1

Chapter 1 General Introduction

DC-TENGs operate remains controversial. Among the key pending questions, we

believe the following are particularly pressing:

1. For DC-TENGSs that are essentially out-of-equilibrium diodes, the DC output grows

or declines with the level of surface states? (See Chapter 3)

2. Is it all governed by the movement of charged molecular fragments or by

flexoelectricity? (See Chapters 4-5)

3. Is stick—slip friction involved, or are pressure fluctuations more important than

lateral friction? (See Chapters 3-5)
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Table 1.1. Surface functionalization and electrical performances of DC-TENG

-lmax
f Test
Materials Su.r.ace. es Isc Voc Ref
modification cond. 2
A/m
Organic materials
SAMs
Ag [Au] Sliding ~0.02 [52]
(1-hexadecanethiol)
SAM
Si(111) & Si(100) > . 2.9x
[Pt] Sliding 10° [112]
(1,8-nonadiyne)
SAMs & CuAAC
. - 4.6 x
Si(111) [Pt] Sliding 10° [101]
(=NH3, —OH, —CHs)
SAM
. > L 4.9 x
Si(211) [Pt] Sliding 10° [96]
(~CH3, —OH, —C=CH)
poly-3,4-ethylene
dioxythiophene: 309
PEDOT:PSS [Al] loxythiophene Sliding 1V [118]
poly-styrene A
sulfonate
o 200
PTFE [Cu] Pre-charged PTFE Sliding A 50V [122]
Inorganic materials
ZnO nanowires
Ultrason 0.15 [41]
. ic Wave nA
[Si zigzag]
Si [graphene] HF etched Sliding 40.0 [55]
Si(100) [graphite] Buffered oxide etch Sliding ~210 [60]
p-type Si [n-type Si] HF etched Sliding 50 nA [53]
. Deposition
Si [black
ho's[ haocrus] Sliding 61V 124  [123]
phosp (AIN, HfO,, Al,03)
. . . 0.35
n-type Si [n-type Si] HF etched Sliding v 214 [130]
- & p-type Si 0.64
n- & priype >l HF etched Sliding 03V [131]
[water] HA
Pulsed laser
d iti
Ag [Si tip] eposition Sliding ~10°  [90]
(MOSz)
p-type Si(111) Molecular beam
epitaxy L 15 1.5x
Slid 132
[diamond coated Si 'cing mV 10* [132]
tip] (InP)
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Chapter 2 — General Experimental

Throughout the thesis, experimental details on surface functionalization procedures,
AFM measurements and electrochemical techniques are presented in corresponding
chapter. This chapter aims at presenting the general experimental aspects common

to all results chapters.
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2.1 Materials

2.1.1 Chemicals

All chemicals used in this research, unless specified otherwise, were of analytical
grade and used as received. Detailed information of chemical used for each

procedure of experiment can be found in experimental section under each chapter.

2.1.2 Silicon

Silicon is the most common semiconductor especially in electronic devices. It's been
widely used in electronics due to its low cost and easy access. Figure 2.1 shows the
crystal structure of silicon. Its crystal structure is a face-centered diamond cubic [1].
In such diamond lattice structure, each atom forms four identical covalent bonds with

its neighbours.

For single crystal silicon commonly used in research and industry, there are two
manufacturing methods: Czochralski (CZ) or float-zone (FZ) process. In CZ process, a
seed crystal is slowly inserted into a molten silicon melt in a crucible. As the seed is
pulled upward, it gradually solidifies to form a single silicon crystal. The crucible
containing the molten silicon is usually rotated continuously to maintain a uniform
crystal structure [2]. FZ process is a crucible-free method for crystal growth. During

the process, a seed crystal on a polycrystalline silicon rod is introduced to a molten

Figure 2.1. Crystallographic structure of the diamond cubic (Silicon). ao is the lattice constant of a
relaxed lattice. Copyright (2011), with permission from Springer-Verlag/Wien [2].
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zone. The molten zone is then moved along the rod, and the single crystal is gradually
formed as impurities being pushed to the trailing end of the rod. Due to the absence
of crucible, the contamination by crucible materials is eliminated and the crystal
defects resulting from the interaction between growing crystal and container is
prevented. Therefore, FZ process is more suitable for making highly reactive
materials although the cost is higher than CZ process [3]. In this research, all silicon
wafer used were of CZ process unless specified otherwise. The readily made large
silicon crystal will usually then be cut into wafers for further uses. In addition, some

other elements will be introduced to make either n-type or p-type silicon.

A single silicon crystal can expose different facets based on different cutting angles.
Si(111) and Si(100) are two most common silicon facets. The number indicates the
Miller indices, which are a set of three integers that determine the orientation of the
planes or directions relative to the crystal lattice. Especially Si(100) is widely used in
technological applications. The cross section perpendicular to Si(111) and Si(100)
facets are Si(211) and Si(111) facets [4]. In this dissertation, Si(111) were primarily
used as a research platform. After wet chemical etching, Si(211) facet were exposed
and can be seen under AFM due to its different topographical and electrical

characteristics. The details can be found in Chapter 3.

2.2 Etching mechanism

Commercially available silicon wafers are coated with a layer of oxide that needs to
be removed before further reaction. Wet chemical etching process, which use
etchants to remove the native oxide layer, organic impurities and expose the

hydrogen-terminated surface, was utilized in this research. At first, Piranha solution,
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Figure 2.2. 2D model showing the n-type Si dissolve in NH4F solution. Copyright (1995), with
permission from Elsevier [6].
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mixture of sulfuric acid and hydrogen peroxide, effectively removes organic
compounds from substrates. Then, aqueous ammonium fluoride solution (NH4F),
rather than hydrofluoric acid (HF), were used as an etchant, considering its low level
hazardous. Also, an atomically flat and clean surface can be obtained under room
temperature with ammonium fluoride solution [5, 6]. The chemical reaction of the
etching process is illustrated in Figure 2.2. It starts with the hydrolysis process of the
hydrogen-terminated silicon (step A-C), then the Si-OH bond was replaced with Si-F

bond (step C-C’) followed by the chemical disruption of back bonds (step C-D).

Eventually, silicon atom enters into the solution as HSiF(OH); [6]. As time goes by,
more and more Si atoms dissolve into the solution, thinning the silicon wafer and
possibly making it rougher. Hence, the etching rate and duration is a key factor
influencing the etching. Different etching solution and etching time were attempted
to adapt to different silicon facets. More details can be found in Chapter 3 and

Chapter 5.

2.3 Surface passivation and functionalization

Hydrogen-terminated surface after etching is not stable and can be easily oxidized at
ambient condition within a day. Therefore, a carbon-based monolayer was then

attached for surface passivation and functionalization, as different functional group
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Figure 2.3. Hydrosilylation reaction of (a) an aldehyde, an alkene, and (b) an alkyne, on Si(111)-H.
Copyright (2014), with permission from American Chemical Society [8].
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at the end of carbon chain and their influence on zero-bias current is of the research
interest. Linford and Chidsey firstly bonded alkyl monolayer onto silicon surfaces in
1993 [7]. The powerful reaction achieving it is hydrosilylation reaction, which can
convert Si—H into Si—C bond. Usually C=C (alkene) or C=C (alkyne) is required for

hydrosilylation reaction [8, 9].

However, various conditions can trigger such reactions, including ultraviolet light,
thermal catalysis, or resorting to a radical initiator [10-12]. Figure 2.3 illustrates the
hydrosilylation process of an aldehyde, alkene or alkyne on hydrogen-terminated
silicon. The monolayer attached via hydrosilylation reaction can effectively protect
the silicon substrates from oxidation and exhibits different electrical features
contacting with platinum tip under AFM with different terminal functional groups.

The detailed results are presented in Chapter 3, Chapter 4 and Chapter 5.

2.4 Surface characterization

The well-prepared silicon substrates were then mainly analysed by atomic force
microscopy (AFM) to obtain their topography, zero-bias current map, lateral friction,
and current-potential (I-V) profiles. The detailed settings of each instrument and
corresponding measurements are given under experimental section in each chapter.

Here, the basic theory and principles of each test will be briefly introduced.

2.4.1 Atomic force microscopy test (AFM)

Atomic force microscopy (AFM) is one of the high-resolution techniques used to
visualize the surface structure of materials at the atomic and molecular levels. It is a
type of scanning probe microscopy that provides detailed three-dimensional images
of the sample's surface and probes samples’ thermal, electrical, and optical
characteristics. AFM uses a sharp probe, usually with a sharp tip at the end, to scan
across the sample’s surface. The interaction force between tip end and sample
surface is captured and amplified through the reflected laser light at the back of
probe. A high-resolution image is eventually obtained by analysis the laser light signal

captured by photodiode at the other end. Figure 2.4 exhibits the structure of an AFM
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Detector and feedback
electronics

Photodiode

Laser

Cantilever and tip

Sample surface

Piezoelectric scanner

Figure 2.4. Simplified structure of atomic force microscopy. Copyright (2019), with permission from
Elsevier [13].

[13]. Due to the fine end of the tip used in AFM, it can achieve nanoscale resolution.
In addition, unlike other types of microscopies, AFM is non-destructive to sample as
it does not require direct contact with sample surface in non-contact mode, so the
samples can be analysed in their natural state. Typically, an AFM is equipped with
various working modes including conductive AFM (C-AFM), Kelvin probe force
microscopy (KPFM), electrochemical AFM (EC-AFM) et al. It allows to obtain a height

image of a sample and probe other properties of interest at the same time.

2.4.1.1 Conductive-AFM scan (C-AFM)

In this research, conductive AFM (C-AFM) mode was primarily used. It is one of the
contact modes, which establish a direct contact between tip and sample, allowing us
to capture high-resolution image of sample surface, recording friction force and zero-
bias current signal simultaneously while scanning across the surface. As mentioned
above, the topography is measured by detecting the deflection of the cantilever using

an optical system (laser & photodiode), while the current is captured and recorded
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using an external current-to-voltage amplifier [14]. The current recorded by AFM

obey the following relationship:

I=]"Aypy (2-1)

Where | is current, J is current density, and Aets represents the effective contact area
which electrons can flow through. From this, the current data obtained by AFM needs
to be divided by the effective contact area to obtain meaningful current density. This
facilitates comparisons between different samples. Considering that the tip-sample
contact is in nanoscale, an estimation model called Derjaguin—Muller-Toporov model

is used in this research. Further details can be found in Chapters 3-5.

2.4.1.2 Force—distance spectroscopy (F-d)

Force—distance spectroscopy is a reliable and straightforward technique to study
nanomaterials’ physical properties such as adhesion force and Young’s modulus. It
measures the force between tip and sample as a function of distance between them
[15]. Figure 2.5 shows a typical profile of force distance curve. The tip gradually

approaches the sample until get in contact and reaches the force limit (red line), then

contact

snap-in

non-contact

«— @ —

> >

Cantilever force/Deflection (N)
repulsive regime

Fadhsnon

attractive

Distance (hm) — z piezo displacement

Figure 2.5. Representative profile of force distance curve measured by AFM. Copyright (2021), with
permission from American Chemical Society [15].
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it retracts from the surface until overcomes the adhesion force and lose contact with
the sample surface (blue line). The lowest point of the retract line (blue line)
represents the adhesion force between tip and sample. This value is crucial for

effective contact area estimation.

2.4.1.3 Current-potential spectroscopy (I-V)

Current-potential spectroscopy (I-V) is a visualization of the relationship between
current and applied voltage of electronic devices. It is usually used to characterize the
electrical behavior of semiconductor-based device, such as p-n junction, Schottky
diode, and solar cells. It records the current signal by sweeping the voltage in a certain
range, both positive and negative. In this research, |-V measurement was used to
exhibits forward bias and reverse bias region of Schottky diode formed between tip
and samples, which further helps to determine the direction of tribocurrent and its
possible correlation to static |-V profile. Further details will be discussed in Chapter

3.

2.4.1.4 Time-resolved photocurrent mapping (PCM)

As discussed in Section 1.1.3, transient photocurrent decay is a powerful tool to
qualitatively determine the surface states and charge carriers’ lifetime on
semiconductor’s surface. The AFM we used is equipped with an external laser light
for photocurrent mapping. The precise controlling capability of AFM enables
conducting photocurrent decay measurements at specific locations. Therefore, | can
conduct PCM tests accurately at the points of interest and compare them with other
locations or samples to investigate the influence of surface defects and
recombination velocity on tribocurrent. The results and further discussion can be

found in Chapter 3 and Chapter 5.

2.4.2 Macroscopic current-voltage (I-V) measurement

Considering the high contact pressure at AFM tip and sample interface, a macroscopic
current-voltage (I-V) measurement using mercury drop was conducted. Figure 2.6

illustrates the schematic of such macroscopic I-V. Such mercury drop-silicon sample

- 49 -



Chapter 2 General Experimental

monolayer

Figure 2.6. Schematic of macroscopic current-voltage (I-V) measurement device using mercury
drop as contact material.

soft contact significantly reduces the pressure at interface when using AFM, and
therefore tune the electrical response to external voltage. Detailed results can be

found in section 4.3.3 (Chapter 4).
2.4.3 Contact angle goniometry (CA)

Contact angle goniometry is a technique used to measure the contact angle formed
between a liquid droplet and a solid surface. This angle provides insights into the
wetting properties of the surface, helping to characterize its hydrophobic or

hydrophilic nature [16]. The schematic of contact angle goniometry is illustrated in
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Figure 2.7. Schematic of contact angle goniometer. Copyright (2022), with permission from PLoS
One [16].
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Figure 2.7. It captures an image of the liquid droplet (usually water) on the sample’s
surface, and then processed with computer program to get the value of contact angle
for further determination of the wettability of sample’s surfaces. In this research, the
contact angle goniometry is mainly used to help us to determine the terminal

functional group of the organic monolayer attached.

2.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is an analytical technique with surface
sensitivity employed for the chemical analysis of materials. It is highly effective in
discerning the elemental composition and chemical state of a sample's surface. Its
working mechanism is based on photoelectric effect. When the X-rays strike the
sample, it can eject inner-shell (core-level) electrons from the atoms in the material.
The ejected photoelectrons carry information about the chemical environment of the
atoms from which they originated. By measuring the kinetic energy of the
photoelectrons, the binding energy and, consequently, the chemical state of the
corresponding elements in the sample can be determined [17]. In this research, XPS
was used to confirm if the monolayer is successfully attached and to check if the

treated surface is oxidized or not.
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Chapter 3 - Sliding Schottky diode
triboelectric nanogenerators with current
output of 10° A/m? by molecular

engineering of Si(211) surfaces

Adapted from Lyu, X.; Ferrie, S.; Pivrikas, A.; MacGregor, M.; Ciampi, S., Sliding
Schottky diode triboelectric nanogenerators with current output of 10° A/m? by
molecular engineering of Si(211) surfaces. Nano Energy 2020, 78, 105210. Some
content from supporting information has been moved into the main text for clarity
of this study. Rights are retained to reuse in the thesis by the authors. An attribution

statement is included as Appendix IlI.
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Abstract

Triboelectric nanogenerators (TENGs) are an autonomous and sustainable power-
generation technology, seeking to harvest small vibrations into electricity. Here, by
achieving molecular control of oxide-free Si crystals and using conductive atomic
force microscopy, we address key open questions and use this knowledge to
demonstrate zero-applied-bias current densities as high as 10° A/m2. Key to achieve
this output, is to use a proton-exchangeable organic monolayer that simultaneously
introduces a sufficiently high density of surface states (assessed as changes to carrier
recombination velocities) coupled to a strong surface dipole in the form of a surface
alkoxide anion (Si-monolayer—0-). We also demonstrate that the DC output of a
Schottky diode TENG does not track the energy released as friction. This removes the
complexity of controlling an unavoidable stick—slip motion, bypassing the
requirement of aligning sliding motion and substrate topographical features. We
reveal that there is no apparent correlation between the current of a static (biased)

junction and the tribocurrent of the same junction when under motion and unbiased.

Graphical abstract

DC silicon TENGs: current is dominated by molecular dipoles and
traps, not by stick-slip friction
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3.1 Introduction

Physics and chemistry textbooks often exemplify the first law of thermodynamics by
referring to large machineries designed to convert mechanical into electrical energy.
From wind turbines to tidal generators, everyday examples of sustainable-energy
technologies that turns kinetic into electrical energy are, almost entirely, drawn from
the macroscopic world. Most of such technologies remain based on electromagnetic
generators, whose coils and moving magnets introduce significant limitations
towards miniaturization of the power supply [1, 2]. Yet, miniature power supplies are
a vital component of all small and portable electronic devices [3], with batteries being
generally the most feasible option. However, for devices operating in poorly
accessible or remote locations, battery replacement, or recharging, is often not viable
[4, 5]. Microscopic autonomous power technologies dependent on solar radiation [6],
thermal energy [7] or piezoelectricity [8] are one option towards recharging or
supplementing batteries, but they are not free from drawbacks. Most notably,
photovoltaic cells will fail when not illuminated, while piezoelectric generators can

have cost, biocompatibility and size issues [9].

Ambient mechanical vibrations at the microscopic scale are ubiquitous and can be
efficiently harvested into electricity [10], making triboelectric nanogenerators
(TENGSs) one of the most actively explored forms of autonomous, miniaturizable and
sustainable power generation technology [11-15]. Conventional TENGs relies upon
coupling contact electrification and electromagnetic induction: conductive plates
that are in relative motion, but electrically isolated, output an alternating current (AC)
[16, 17]. If used to power electronics, the AC output will first need to be rectified by
additional circuitry, which will inevitably detract from the TENG’s miniaturization
claim. A recent technological breakthrough in the TENG technology was the
observation of direct current (DC) flowing across a sharp metal wire as it slides across
grains of molybdenum disulphide (MoS;) [18, 19]. MoS; is a 2D semiconductor
targeted for high-end electronic applications, which leads to the question of viability
of the metal-semiconductor DC-TENG design in a significantly more widespread and

low cost semiconductor: silicon [19-28].
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Si-based triboelectricity has the potential of opening up an entirely new and
fundamental area in energy and semiconductor research — one with strong
conceptual links to the ongoing quest to use surface chemistry to control the
rectifying “diode-like” properties of semiconductors [29-32]. The DC current density
reported to date for a metal-semiconductor TENGs is of ~10°-108 A/m? [18, 33, 34],
which is highly encouraging since the full spectrum of chemical and electronic factors
at play still remains unclear. The fundamental understanding of this new miniature,
biocompatible, and continuous source of DC electricity is poor. The purpose of this
paper is to fill gaps in the fundamental understanding of Schottky diodes TENGs, with
the goal of improving their design, hence their current density output. Progress
towards a systematic maximization of DC-TENG performances will require addressing
open questions, and among the most pressing there are (i) how big of a role, if any,
friction stick—slip events play in the conversion of kinetic into electrical energy? (ii)
Will surface conductivity, as that of readily available, but seldom utilized, low-index
silicon crystals [35, 36], affect device output? (iii) What governs the magnitude of the
tribocurrent? Is it the outmost surface chemistry (metal-semiconductor interface),
which also define the junction’s friction? Or is it the chemistry at the buried organic—
inorganic interface, which also dominates charge transport [37]? (iv) Is there a link
between charge transport in static junctions and charge generation under dynamic
conditions? (v) Is there scope in optimizing surface recombination velocities as means

to maximize the extraction of a tribocurrent?

The laboratory model system we used to answer the above questions is the inorganic
semiconductor—organic molecule assembly depicted in Scheme 3.1. Formation of
covalently bound molecular assemblies on oxide-free silicon crystals was achieved by
wet chemistry methods, with the forward-looking idea that such methods can be
implemented in any basic laboratory without specialized equipment [38, 39]. The
importance and scope of surface chemistry functionalization is known to researchers
working on polymer- and metal-based TENGs [40-42]. The common starting point of
all surfaces studied in this work is the hydrogen-terminated surface (Si—H) obtained
by etching native oxide-coated crystals in agueous ammonium fluoride solutions [43].

Si—H surfaces are then reacted under UV-assisted chemisorption reaction through the
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e DC tribocurrent
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Scheme 3.1. Chemical passivation and functionalization of an oxide-free silicon surface. Native
oxide-coated Si(111) and Si(211) crystals are first cleaned (i), and then etched (ii) to generate an
hydrogen-terminated surface (Si—H). The Si—H surface is then reacted under UV radiation with liquid
samples of either 1-nonanol, 1-nonyne, 8-nonyn-1-ol, and 1,8-nonadiyne, yielding the four
monolayer-functionalized surfaces depicted respectively left to right. The zero-bias DC current
output, friction, adhesion, charge recombination of dynamic silicon—monolayer—platinum Schottky
diodes are studied by atomic force microscopy-based techniques.

radical chain reaction to form, respectively, Si—-C-bound or Si—0O-bound carbonaceous
monolayers [44, 45]. The purpose of the organic monolayer is two-fold: preventing
anodic decomposition of silicon [32, 36, 46], which is a non-oxide semiconductor and
hence prone to such reaction, as well as enabling the rapid engineering of the sliding
diode’s interfacial properties. Properties such as charge transfer, friction and
adhesion [30, 47-49] can be predictably engineered by a surface-tethered organic
monolayer bearing specific chemical functionalities [50, 51]. Friction has been
previously observed to affect the current output of dynamic metal-semiconductor
contacts [23], but the use in TENGs of inorganic substrate—organic molecule hybrids
is still underexplored, with only a handful of examples available for metal—
monolayer—-metal [52] and metal-monolayer-semiconductor [19, 53] sliding
junctions. Also prompting our investigation, and pertinent to the second and third
questions outlined above, is the recent discovery of a strong facet-dependent
conductivity for silicon crystals [35]. Low-index crystal facets, such as Si(110) and
Si(211), despite being readily available have been entirely overlooked as potential
substrate for TENGs, mainly because silicon electronics and electrochemical research
has been historically focused on the widespread, but significantly less conductive,

(100) and (111) facets [54-57].
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3.2 Experimental section

3.2.1. Materials

Unless otherwise specified, all reagents were of analytical grade and used as
received. Aqueous hydrogen peroxide (30% w/w, Sigma-Aldrich), sulfuric acid (95—
97%, Sigma-Aldrich), and aqueous ammonium fluoride (40% w/w, Sigma-Aldrich)
were of semiconductor grade. Redistilled solvents and Milli-Q™ water (>18 MQ cm)
were used to clean silicon substrates and to prepare electrolytic solutions. Perchloric
acid (70%, Sigma-Aldrich, ACS reagent grade) was used to prepare electrolytic
solutions for electrochemical measurements. Silicon wafers were purchased from
Siltronix, S.A.S (Archamps, France), and were prime grade, (111)- and (211)-oriented
(£0.5° and +£0.05° miscut angle, respectively), 475-525 um thick, single-side polished,
n-type (phosphorous-doped), and 7-13 Q cm (lowly doped) in resistivity. Molecules
used for silicon derivatization procedures were 1,8-nonadiyne (98%, Sigma-Aldrich),
1-nonyne (99%, Sigma-Aldrich), 8-nonyn-1-ol (97%, Biosynth Carbosynth), and 1-

nonanol (98%, Biosynth Carbosynth).
3.2.2. Surface modification procedures

Silicon wafers were first cut into 10 x 10 mm squares, rinsed with dichloromethane,
blow-dried under a stream of nitrogen, immersed for 30 min in hot piranha solution
[100 °C, a 3:1 mixture (v/v) of concentrated sulfuric acid and hydrogen peroxide
(30%)], and then rinsed extensively with water. The clean samples were then etched
for 13 min in argon-saturated (Ar, 99.997%, Coregas) aqueous 40% solution of
ammonium fluoride. The etching was carried out under ambient light. A small
quantity (~10 mg) of ammonium sulfite is added to the etching solution as oxygen
scavenger. The etching of Si(211) is performed as above, but in a 3:1 (v/v) mixture of
aqueous 40% ammonium fluoride and methanol. The addition of methanol limits the
nucleation of hydrogen bubbles on Si(211), preventing undesirable surface
roughening (Figure 3.1). After the etching, the hydrogen-terminated (Si—H) samples
were rinsed with water, dichloromethane, and then blow-dried under a stream of
nitrogen. Si—H surfaces were then immediately covered with a small sample (~0.1 mL)

of either 1,8-nonadiyne, 1-nonyne, 8-nonyn-1-ol, or 1-nonanol. Prior to this step,
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a) b)

36.0nm

EN

Figure 3.1. (a—b) Representative 3D and 2D AFM height images of a Si(211) wafer etched in aqueous
(40%) NH4F, without any added methanol. The Si-H surface is reacted with 8-nonyn-1-ol prior to
AFM analysis. The root mean square roughness of the surface is 7.1 + 5.6 nm. The height of the
circular regions (highlighted by white circles) reaches over 15 nm above the rest of the sample.
These protrusions are reflecting a heterogeneous rate of surface etching, specifically surface
regions masked by surface-pinned hydrogen bubbles. (c) The formation of surface-adherent gas
bubbles is noticeable by naked-eye during the etching if no methanol is added to reduce the liquid
surface tension. As a result, as shown in panel (d), the sample gain a very corrugated texture (13
min of etching). The scale bar in panel (b) is 1 um.

argon gas was bubbled for at least 15 min through the liquid adsorbate stock. The
monolayer-forming reaction followed previous procedures with minor modifications
[56, 58]. In brief, the aerial surface of the liquid sample was covered with a 1 mm
thick quartz plate (part 01031-AB, SPI Supplies) and placed for 2 h under an UV light
(Vilber, VL-215.M, 312 nm, nominal power output of 30 W) to initialize the
chemisorption reaction through the radical chain reaction [38, 59]. The sample-UV
light distance was of approximately 200 mm, and the reaction chamber was kept
under continuous nitrogen flow (N2, 99.9%, Coregas). To stop the monolayer-forming
reaction, silicon samples were first removed from the reaction chamber and then

extensively washed with dichloromethane. As a dichloromethane rinse has been
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Figure 3.2. Surface-derivatization controls to elucidate the binding mode of the the bifunctional
(alchol, acetylene) 8-nonyn-1-ol monolayer-forming molecule. The covalent attachment of the
redox-active probe azidomethylferrocene (blue ink) can only occur on a monolayer exposing a
terminal acetylene (b) but is prevented on an hydroxy-terminated sample (a). Detection of the
redox-prove attachment (or lack of it) was carried out by cyclic voltammetry (CV). Cyclic
voltammograms (CVs) aquired for Si(111) and Si(211) electrodes [(c) and (d), respectively] coated
with either 1-nonadiyne (black lines, controls with a symmetrical a,w-dialkyne) or 8-nonyn-1-ol (red
lines) monolayers. It indicates that the terminal group of 8-nonyn-1-ol monolayer either on Si(111)
or Si(211) is hydroxyl group (—OH) instead of triple bond. The scan rate is 0.25 V/s, and the

electrolyte is 1.0 M HCIOA4.

previously demonstrated to be effective in removing traces of water from similarly

modified silicon surfaces [53, 60, 61], the monolayer-modified samples were rested

at+4 °Cin a sealed vial under dichloromethane, until analyzed or further reacted with

azidomethylferrocene through a copper (l)-catalyzed azide-alkyne cycloaddition

(CuAAC) reaction. The CuAAC reaction, which served to obtain a ferrocene-

functionalized silicon surface, followed in part previous procedures (Figure 3.2) [30,

62, 63]. In brief, to a reaction vial containing either 1,8-nonadiyne or 8-nonyn-1-ol

modified silicon samples, 4 mL of a 0.5 mM solution of azidomethylferrocene in 2-

propanol, 1 mL of 50 mM aqueous sodium ascorbate solution, and 1 mL of 400 mM

copper(ll) sulfate pentahydrate aqueous solution were added in one portion and in
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this order. The reaction vial was sealed, and the CuAAC reaction carried out at room
temperature, shielded from ambient light, and with gentle agitation. After 30 min of
reaction time the liquid was decanted and the ferrocene-modified electrode
removed from the vial. The electrode was then rinsed sequentially with 2-propanol,
water, aqueous hydrochloric acid (0.5 M), water, 2-propanol, dichloromethane and

then blow-dried under a stream of nitrogen before the electrochemical analysis.
3.2.3. Atomic force microscopy

Maps of surface topography, zero-bias current, and lateral force for the monolayer-
modified silicon samples were acquired simultaneously using an atomic force
microscope (AFM) from Park (NX10, Park Systems Corporation, Suwon, Korea). The
AFM is fitted with a variable enhanced conductive (VECA) probe holder for
conductive-AFM (C-AFM) experiments. The AFM tips are solid platinum tips (part
25Pt300B, Rocky Mountain Nanotechnology, Holladay) with a nominal resonance
frequency of 14 kHz and a nominal spring constant of 18 N/m. The sample routing is
such that positive currents are indicative of an electronic flow from the AFM tip to
the silicon substrate. Samples were secured on the AFM sample stage by carbon tape,
after having ensured ohmic contact between sample and stage by scratching the back
of the silicon and applying on it a small amount of gallium-indium eutectic. The image
resolution was set to 256 points/line, the imaging size to 5 x 5 pm (5 um x 500 nm
for the friction mapping, see below), and the scan rate to 1.0 Hz, unless specified
otherwise. Data were analyzed with XEI processing software (Park Systems). The
reported values of maximum current were taken as the 99" percentile (sampled
points with zero-bias current output higher than 99% of the total sampled points).
Platinum—sample friction was measured by imaging a 5 um x 500 nm sample’s region
and subtracting the retrace friction image from the trace friction image, and then
dividing the results by a factor of 2 to yield a friction loop image. This eliminates the
likelihood of edge artifacts. In the force—distance (F-D) curve measurements used to
estimate the sample’s adhesion force, the maximum deflection was set to 2000 nN,
the ramp size to 300 nm, and the ramp speed to 300 nm/sec. The adhesion force was
determined from the pull-off force required for the cantilever to retract from the

surface. Pull-off force data (F-D curves) were processed with the XEI software in
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order to estimate the force at the lowest point of the retract trace. For each sample,
F-D curves were recorded at nine separate locations and the mean pull-off force,
hence adhesion force, were used for contact area estimation. A titanium roughness
sample (part RS-12M, Bruker Corporation, Santa Barbara) was used to measure the
probe radius. Topography data of the test sample were analyzed in Gwyddion 2.59
(Czech Metrology Institute) using the blind estimation function. The silicon—platinum
contact area of each monolayer-based sliding diode system was then estimated by
relying on the DMT model of adhesion [65] (Appendix Il). The results are displayed in
Table S1.

3.2.4. Current-voltage measurements of static junctions

Current—voltage (I-V) measurements of silicon-monolayer—metal static junctions
were recorded inside a grounded and lightproof Faraday cage, using a source—
measure unit (model B2902A, Keysight) and a spherical stationary mercury top
contact controlled by a hanging drop electrode apparatus (HMDE WK2, Institute of
Physical Chemistry, Polish Academy of Sciences). The junction voltage was ramped
cyclically between -0.5 and 0.2 V in steps of 20 mV. The duration of each step was of
400 ms, and the current signal was sampled after a 300 ms delay from the potential
step-up event. The bias routing is from the metal to the semiconductor, and two
voltage ramps were recorded for each sampling location on individually prepared and
analyzed samples. A minimum of three sampling locations on each sample, and three
samples of each surface chemistry, were analyzed. The 99% confidence limit of the
mean value was calculated as tn.15/n%/2, where tn.1 is 3.34, s is the standard deviation,
and n the number of measurements [66]. Current values were corrected by the
contact area of the metal-semiconductor junction. The contact area was determined
from bright-field optical images acquired with a CCD camera (DCC1240C, Thorlabs)
fitted with a 6.5x zoom (MVL6X123Z and MVL133A, Thorlabs). Images were analyzed
using Fiji image processing package [67]. Ohmic contact between the back of the
silicon sample and a copper plate was obtained by scribing the silicon with emery

paper before applying a small amount of gallium-indium eutectic.

3.2.5. Electrochemical measurements
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Cyclic voltammograms were recorded in aqueous perchloric acid (1.0 M), under air,
and using a CHI650D electrochemical workstation (CH Instruments, Austin). A single-
compartment, three-electrode polytetrafluoroethylene cell was used for the
electrochemical analysis, with the monolayer-modified surfaces serving as the
working electrode, a platinum mesh as counter electrode, and an Ag/AgCl (in 3.0 M
aqueous NaCl solution) electrode as potential reference. The Ag/AgCl reference
measured +0.16 V against a standard hydrogen electrode (in 3.0 M aqueous KCI). A
circular rectilinear cross-section Kalrez® gasket set the geometric area of the working
electrode to 0.28 cm?2. Ohmic contact to the sample was achieved as for the current—
potential measurements. The electrochemical measurements were performed inside
a grounded and lightproof Faraday cage, at 24 °C, in quiescent electrolyte solutions,
and under either dark or light conditions. When specified, illumination of the silicon
electrode was achieved by means of a deep red LED light (part M660L4, Thorlabs, 660
nm, nominal power output 1050 mW) fitted with a collimator adapter (SM1P25-A,
Thorlabs). The silicon electrode was illuminated through the electrolyte
compartment. The light intensity measured at the silicon surface was adjusted to
~40,000 Ix by controlling the current output of the LED driver (LEDD1B, Thorlabs).

[lluminance was measured with a light meter from Amprobe (part IC-LM-200).
3.2.6. X-Ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis of the monolayer-modified silicon
surfaces was performed on a Kratos Axis Ultra DLD fitted with a monochromatic Al
Ka (hu1486.6 eV) radiation source operating at 225 W, and a hemispherical analyzer
(165 mm radius) running in fixed analyzer transmission mode. The photoelectron
take-off angle was normal to the sample, and the chamber operated at 2 x1078 Torr.
The analysis area was 300 x 700 um, and an internal flood gun was used to minimize
sample charging. Survey spectra (accumulation of three scans) were acquired
between 0 and 1100 eV, with a dwell time of 55 ms, a pass energy of 160 eV, and a
step size of 0.5 eV. High-resolution scans (accumulation of 10 scans) used a pass
energy of 20 eV, and a step size of either 0.05 eV (Si 2p, 90-110 eV), or 0.1 eV (C 1s,
277-300 eV). XPS data were processed in CasaXPS (version 2.3.18) and any residual
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charging was corrected by applying a rigid shift to bring the main C 1s emission (C-C)
to 285.0 eV.

3.2.7. Contact angle goniometry

Static water contact angle measurements were performed with a custom-built
goniometer consisting of a CCD camera (DCC1240C, Thorlabs) fitted with a 6.5x zoom
(MVL6X123Z and MVL133A, Thorlabs), a screw-plunger syringe (part 100-10-20,
Ramé-Hart Instrument co.) and a manual three-axis translation stages for sample
mounting (PT3, Thorlabs). Measurements were performed using the sessile drop
method (10 pL drop volume), and for each surface chemistry three different sample
locations, on each of three independently prepared and analyzed samples, were
analyzed. Reported data for each surface chemistry are the arithmetic average of the
nine measurements. Images were analyzed with the circle fitting function of Fiji

image processing package [67, 68].
3.2.8. Time-resolved photocurrent mapping

Spatially resolved measurements of photocurrent decay kinetics (photocurrent
mapping, PCM) were performed with a NX10 AFM (Park Systems Corporation) fitted
with a PCM module controlling a pulsed red laser (635 nm, 5 mW nominal power
output). The laser on/off time was controlled by the Systems SmartScan™ software,
and dark C-AFM conditions were ensured by temporarily switching off the AFM tip
feedback. The photocurrent acquisition time was set to 20 ms, and a 4 ms laser pulse
started after a 3-ms delay from the acquisition start point. No external bias was
applied during the measurements. Junctions analyzed in the time-resolved PCM
experiments were formed by contacting monolayer-coated silicon wafers and AFM
platinum tips (25Pt300B) with no relative movement between them. For each

sample, PCM measurements were taken at 100 different locations.

3.3 Results and discussion

All the four silicon surface chemistries explored here (Scheme 3.1) — intended to
provide a broad range of friction, wettability, leakage current and charge

recombination velocity (vide infra) — are of very high quality, regardless of the crystal
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Figure 3.3. XPS survey scans of hydrogen-terminated (Si—H) Si(111) substrates reacted with (a)
1,8-nonadiyne (C/Si ratio = 0.214), (b) 1-nonyne (C/Si ratio = 0.163), (c) 8-nonyn-1-ol (C/Si ratio
=0.336), and (d) 1-nonanol (C/Si ratio = 0.284).
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terminated Si(111) substrates reacted with (a—b) 1,8-nonadiyne, (c—d) 1-nonyne, (e—f) 8-nonyn-1-
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Figure 3.5. XPS survey scans of hydrogen-terminated Si(211) substrates reacted with (a) 1,8-
nonadiyne (C/Si ratio = 0.315), (b) 1-nonyne (C/Si ratio = 0.290), (c) 8-nonyn-1-ol (C/Si ratio = 0.272),
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Figure 3.6. XPS narrow scans of the Si 2p (94-106 eV) and C 1s (278-292 eV) regions for hydrogen
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orientation [Si(111) or Si(211)]. X-ray photoelectron spectroscopy (XPS) data shown
in Figures 3.3—3.6 demonstrate the lack of substrate oxidation, and the only elements
present are those expected from the molecular structure of the adsorbate. All wide
scans (Figure 3.3 and 3.5) showed on the atomic emissions in agreement with the
chemical nature of the monolayer forming molecule and substrate. Oxygen
contaminations are ubiquitous in XPS, and most likely arising from the presence of
oxygenated co-adsorbates, such as tightly bound water [64]. Analysis of the detailed
spectra (Figure 3.4 and 3.6) involved background subtraction (Shirley routine) and
photoelectron emission fitting to Gaussian—Lorentzian (GL) functions. Narrow scans
of the Si 2p region were fitted to functions having 95% Gaussian and 5% Lorentzian
character. Black thick lines are experimental XPS data, black thin traces are individual
refined envelops, and solid red traces are the sum of individual contributions. Refined
contributions for the Si 2p3/2 and Si 2p1/2 spin—orbit-split emissions were centered
at 99.5 eV (0.6 eV, FWHM) and 100.1 eV (0.6 eV, FWHMZ1) [69], respectively. The Si
2p shoulder visible at 100.8eV (0.9 eV, FWHM) is often observed in similar
monolayers and tentatively ascribed to photoelectrons emitted from Si atoms bound
to hydrogen (Si—H) [36, 69]. Peaks in the range 100.8—103.7 eV are attributed to the
Sit*=Si**. For each surface, three mixed Gaussian—Lorentzian (80% Gaussian, 20%
Lorentzian) functions were used to fit the experimental C 1s band. These three
refined components were centered at 283.6, 285.0 and 286.3 eV corresponding
respectively to C-Si (silicon-bound carbons) [70], C—C (carbon-bound carbons) [71],
and carbon in either a C—=OH or C=C bonding configuration for the high energy
component) [72]. and asymmetric 8-nonyn-1-ol molecule (either Si=C—C or Si—O-
C/Si—C(OH) surface bridges) [45, 73] we used an highly selective copper (I)-catalyzed
alkyne—azide cycloaddition (CuAAC) reaction [58] between the monolayer and an
azide-tagged redox-active ferrocene molecule to infer that almost all surface-
confined molecules in the 8-nonyn-1-ol monolayer have hydroxyl groups as their
terminal group (Figure 3.2). The actual binding configuration is therefore that
depicted in Scheme 3.1. These control experiments, together with complementary
static water contact angle measurements (Figure 3.7), are conducted to determine
the actual bonding configuration. From the analysis of three independently prepared

and analyzed samples, static water contact angle values were (a) 74° + 3°,
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Q) SIS 0H d) &-°

Figure 3.7. Representative bright-field images used to assess the wettability of monolayer-coated
Si(211) samples.

Considering the possibility of alternative binding configurations for the bi-functional
1,8-nonadiyne-modified surfaces; (b) 91° + 3°, 1-nonyne surfaces; (c) 54° *+ 1°, 8-
nonyn-1-ol surfaces; and (d) 87° £ 4°, 1-nonanol surfaces. The lower contact angle at
8-nonyn-1-ol surfaces also proves that the 8-nonyn-1-ol monolayer have hydroxyl
groups as their terminal group. This surface chemistry knowledge is key when
discussing the specific role of the interfacial bond towards maximizing DC outputs of
the sliding Pt—-monolayer—silicon junctions. As it will be shown in the following
sections, all of the sliding junctions explored in this study yielded a zero-bias DC
output. Its magnitude varied enormously depending on the surface chemistry, and
the most likely underlying physical process for the tribocurrent generation is given in
Figure 3.8. The basic mechanism is the formation of electron—hole pairs triggered by
a mechanical stimulus, which are then separated by the built-in electric field of the
Schottky diode [18, 28, 74, 75]. In addition, it is possible that negative charges
generated on the platinum tip by flexoelectricity are enhancing the built-in
semiconductor electric field [76-79], all in conjunction with a similar effect mediated

by negative molecular charges (vide infra).

Another general note is that significant photoeffects are ruled out. This point is
demonstrated by a series of C-AFM control experiments, performed on Si(211)
samples modified with 8-nonyn-1-ol, where the feedback laser focal point was

progressively shifted away from the end of the AFM cantilever under which the tip is
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Figure 3.8. Band diagram for junction made by the platinum AFM tip and lowly doped n-type
silicon. Junction (a) before contact, (b) after the contact, (c) after applying load on surfaces, the
electric field is increased due to the flexoelectricity of the metal (Pt tip) on silicon substrates. And
(d) during sliding. During the sliding process, the friction/pressure induced electron—hole pairs
are separated by the in-built electric field, which gives a DC current having the direction of
leakage current. Eva, Ef, Ec, E, represent the vacuum energy level, the Fermi level, the bottom of
the conduction band, and the top of the valence band, respectively.
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Figure 3.9. C-AFM zero-bias current maps acquired on lowly doped n-type Si(211) samples coated
with a monolayer of 8-nonyn-1-ol. Panels (a, c, €) show current maps obtained when the feedback
laser focal point is progressively shifted away from the tip—sample contact point. The laser position
on the cantilever is shown in panels (b, d, f). The maximum (mean) current acquired in C-AFM
experiments using the three different laser locations are (a,b) 119.2 nA (12.2 nA), (c,d) 140.9 nA
(12.1 nA), and (e,f) 102.3 nA (14.5 nA). After contact area estimation, the maximum current density
obtained for the three different laser positions were 1.7 x 10°, 2.0 x 10% and 1.5 x 10° A/m2. The
background illumination visible in panels (b, d, f) is used to ensure a clear view of the cantilever and
was completely turned off during the measurements. The scale bars in (3, c, e) indicates 1 um.
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Figure 3.10. Zero-bias tribocurrent output versus AFM scan rate. C-AFM data measured on a 1-
nonyne coated Si(111) sample. The red symbols indicate the mean current (error bars are the
standard deviation for the recorded DC current across the whole AFM image). The black symbols
represent the maximum DC current value.

located. As shown in Figure 3.9, the maximum (mean) current acquired in C-AFM
experiments using the three different laser locations are (Figure 3.9a,b) 119.2 nA
(12.2 nA), (Figure 3.9¢,d) 140.9 nA (12.1 nA), and (Figure 3.9e,f) 102.3 nA (14.5 nA).
After contact area estimation, the maximum current density obtained for the three
different laser positions were 1.7 x 10°, 2.0 x 10°, and 1.5 x 10° A/m?. The background
illumination visible in panels (Figure 3.9b, d, f) is used to ensure a clear view of the
cantilever and was completely turned off during the measurements. Since the zero-
bias current did not scale with the distance between the laser and the tip—sample
contact, we rule out a measurable contribution of a photocurrent to the triboelectric

output.

Furthermore, the C-AFM data measured on a 1-nonyne coated Si(111) sample shown
in Figure 3.10 indicates that increasing or decreasing the sliding velocity had no
measurable effect on the DC output, no matter on the mean current (red symbols) or
the maximum current (black symbols) recorded. Therefore, unless specified

otherwise, all AFM experiments of this work were conducted at 1.0 Hz.

3.3.1. Stick-slip friction on silicon does not govern the zero-bias DC tribocurrent

output

Friction is putatively linked to the DC output in a sliding Schottky diode TENG, the

stick—slip nature of friction is undisputed [80], and stick—slips are remarkably high-
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energy events [81, 82]. Further, a survey of the recent literature on silicon-based
TENGs [20, 23, 83] shows that spike-like current outputs (i.e. very frequent current
glitches) are a very common feature. All these points led to the first of the five
unanswered questions outlined in the introduction: whether a zero-bias tribocurrent,
and its ubiquitous glitches, are associated with either sticks, slips, or neither of them.
Towards this end, the stepped nature of an ammonium fluoride-etched Si(111)
crystal becomes particularly valuable. Topographic data shown in Figure 3.11a are a
reminder that an atomically flat silicon electrode is an idealization, and even well-
prepared surfaces are a continuous of flat terraces separated by small vertical steps
[30, 36, 84]. Si(111) facets are clearly visible, there is negligible oxide, which would
appear as rounded AFM topographical features [85], and the samples root-mean-
square (RMS) roughness is only 0.22 + 0.17 nm. For the electrical characterization of

DC-TENGs based on these monolayer-modified surfaces we relied on conductive AFM
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Figure 3.11. (a) Representative AFM height image, and (b) corresponding C-AFM zero-bias current
map of a Si(111) surface coated with a monolayer of 1-nonyne (methyl-terminated monolayer). (c)
Cross-sectional analysis, along the A-B line, of the friction and current maps of (a,b). Regions
highlighted in blue in the friction trace are stick events. The green and red segments of the current
profile indicate sample’s regions in correspondence of stick events with either increasing or
decreasing (respectively) zero-bias current. The scan direction was set from left to right (from A to
B), forcing the tip to move up crystal terraces. The positive sign of the zero-bias current indicates a
leakage current (electrons moving from the Pt tip towards the n-type Si). Scale bars in panels (a—b)
are 1 um.
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(C-AFM), so to minimize output fluctuations due to inconsistent contact area and
force. Another advantage of C-AFM is that electrical, topographical and friction data
can be acquired simultaneously. Figure 3.11b shows one of such C- AFM current
maps, obtained under zero-bias and without any external rectifying circuitry. The
zero-bias DC output ranged from 0.5 to 12.5 pA, with ~1% of the total sampled points
(ca. 65,000) reaching currents larger than 7.0 pA, and the average maximum current

density, from six independent samples, reaching up to 4.8 x 10* A/m?2.
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Figure 3.12. (a) Representative 5 x 5 um AFM height image, and the corresponding C-AFM zero-bias
current map of a Si(111) surface coated with a monolayer of 1-nonyne (methyl-terminated
monolayer) under sliding speeds of (b) 2.5 um/s, and (d) 40 um/s. (c, e) Cross-sectional analysis
along the A-B lines indicated in the friction and current maps of (b, d) respectively. Regions
highlighted in blue represent stick events. The green and red lines in current profile stand for the
overall increase and decrease of the current respectively in corresponding stick event. The scan
direction was set from right to left (from point B to point A), indicating that the tip moved up the
steps separating crystal terraces. The scale bars in panels (a, b, d) are 1 um.
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Data in Figure 3.11c (upper plot) shows a continuous friction profiling for a smooth
but terraced Si(111) surface, sampled along the A-B line marked in Figure 3.11a. The
Si(111) crystal is coated with a monolayer of 1-nonyne (CHs-terminated surface). This
friction mapping demonstrates that, as for the macroscopic world [82], stick—slip
events are still present in this microscopic setting. The friction profile in Figure 3.11c
reveals a continuous conversion between elastic energy and kinetic energy, and the
periodic fluctuation of friction [86] is a near-perfect match of the platinum sliding

contact (the AFM tip) repetitively moving up steps separating adjacent terraces.

Surprisingly, the current trace plotted in the lower part of Figure 3.11c reveals that
there is no direct relationship between the zero-bias current output, sampled by the
tip, and changes to the lateral tip—sample force: peaks in current output do not
systematically occur in correspondence of stick (blue shaded regions), nor of slip
events. A correlation between current and stick—slip motion cannot be found, as stick
events (blue regions, upper panel of Figure 3.11c) do not strictly correspond to an

increase (green lines) or decrease (red lines) of the current signal (lower panel). The
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Figure 3.13. (a) Representative 5 x 5 um AFM height image, and (b) the corresponding C-AFM zero-
bias current map of a Si(111) surface coated with a monolayer of 1,8-nonadiyne (alkynyl-terminated
monolayer). (c) Cross-sectional analysis along the A-B lines indicated in the friction and current
maps of (a—b). Regions highlighted in blue represent stick events. The green and red lines in current
profile stand for the overall increase and decrease of the current respectively in corresponding stick
event. The scan direction were set from right to left (from point B to point A), indicating that the tip
moved up the steps separating crystal terraces. The scale bars in panels (a—b) are 1 um.
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conclusions are similar regardless of the surface chemistry. Analogous experiments
carried out on the 1-nonyne coated Si(111) substrate under different sliding speeds,
and on Si(111) coated with monolayers bearing more polar terminations (—OH, 8-
nonyn-1-ol; —C=CH, 1,8-nonadiyne) are shown in Figures 3.12—-3.14. That is, as found
for the CHs-terminated samples of Figure 3.11, there are no links between stick—slip

friction and the zero-bias current of a sliding diode TENG.

This finding — tribocurrent not being a response to energy released upon stick—slip
dynamics —is of outmost practical importance since this type of movement is a major
cause of frictional wear. It ideally needs to be removed or minimized to improve the
longevity of a TENG. In support of this conclusion are also the recent findings of
Egberts and co-workers, who have demonstrated an inverse correlation between
current (under an external bias) and lateral force during atomic stick—slip events of

contacts between highly oriented pyrolytic graphite and diamond [87].
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Figure 3.14. (a) Representative 5 x 5 um AFM height image, and (b) the corresponding C-AFM zero-
bias current map of a Si(111) surface coated with a monolayer of 8-nonyn-1-ol (hydroxyl-terminated
monolayer). (c) Cross-sectional analysis along the A-B line of the friction and current maps of (a—
b). Regions highlighted in blue represent stick events. The green and red lines in current profile
stand for the overall increase and decrease of the current respectively in corresponding stick event.
The scan direction were set from left to right (from point A to point B), indicating that the tip moved
up the crystal terraces. The scale bars in panel (a—b) are 1 um.
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However, to further validate the above conclusions we performed controls where the
sliding direction was varied from across the sample’s terraces (Figure 3.15a), to along
the terraces (Figure 3.15c). The latter scanning direction (along the terraces, Figure
3.15¢) is intended to minimize the likelihood of sticks—slips as the moving contact is
not forced to overcome crystal steps (on average 0.29 nm in height) separating
terraces. As shown in Figures. 3.15b and 3.15d, the maximum current density was
largely independent on scanning direction, with the maximum DC density (and mean
outputs) being 5.5+ 1.0 x10*A/m? (1.7 + 0.1 pA) across the terraces (Figures. 3.15a,b),
and 8.2 + 1.3 x 10* A/m? (2.0 + 0.1 pA) along the terraces (Figures. 3.15c,d). All the
values specified above are the average of forward and backward scan direction data.
The slightly higher DC output obtained by moving the metal contact along the
semiconductor terraces is attributed to the increased likelihood of scanning the
platinum tip close to the (211) facets present at the edge of the (111) terraces, a

point that will be discussed in greater details later.

Figure 3.15. Alignment of the diode sliding direction with edges of the silicon crystal steps. (a, c)
AFM topography images, and (b, d) zero-bias C-AFM current maps (and histograms) of sliding
Schottky diodes made on oxide-free Si(111) crystals coated with monolayers of 1-nonyne. The
scanning direction of the platinum AFM tip is indicated by the white arrows [(a, b), across terraces;
(c, d), along terraces]. The insets in panels (b, d) are histograms showing the zero-bias current
distribution across the sample. Data shown in figure are for the tip moving left to right (forward
scan). Scale bars in panels (a, c) are 200 nm.
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In summary, combined data of Figures. 3.11 and 3.15 allow to rule out a link between
DC tribocurrent generation and stick—slip friction, suggesting that the design of highly
efficient TENGs should not focus on a search of systems that can maximize stick—slip
dissipation. Importantly, it can also be concluded that no particular attention should
be given, during the device design, to attempt aligning sliding motion with the

microscopic topographical features of the semiconductor’s surface.

3.3.2. Augmenting zero-bias DC tribocurrent with surface chemistry

The previous section has demonstrated how the putative friction-induced current of
DC Schottky diode TENG does not track energy released as friction. This finding led
us to postulate that engineering the chemistry of the interface may be an effective
strategy to maximize DC outputs: instead of targeting surface chemistry to tune
friction, rather focusing on surface chemistry as means to optimize charge transport

across the metal-semiconductor junction.

Figure 3.16. Zero-bias C-AFM 5 x 5 um current maps (3, ¢, €, g), and the corresponding height images
(b, d, f, h), of dynamic sliding Pt—-monolayer-Si(111) diodes coated with monolayers of 1-nonanol
(a—b), 1-nonyne (c—d), 8-nonyn-1-ol (e—f), and 1,8-nonadiyne (g—h). For all four surfaces, steps
separating terraces are roughly oriented at 30° from the major flat of the parent wafer (the
manufacturer reference of the (110)-orientation). It indicates that the steps of terrace are mostly
(211)-oriented surfaces. The maximum (mean) current output for (a) 1-nonanol, (c) 1-nonyne, (e)
8-nonyn-1-ol, and (g) 1,8-nonadiyne are 8.1 pA (4.0 pA), 3.1pA (0.6 pA), 3.0 nA (0.5 nA), and 46.9
pA (12.2 pA), respectively. The positive sign of the zero-bias current indicates a leakage current
(electrons moving from the Pt tip towards the n-type Si). Scale bars in panels a—h are 1 um.
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Figure 3.16 shows the typical topography data of monolayer-coated Si(111) surfaces
and the corresponding C-AFM zero-bias current maps. The maximum current density
output of sliding junctions reached 8.2 x 10* A/m?, 3.4 x 10* A/m?, 3.4 x 107 A/m?,
and 4.9 x 10° A/m?, for the 1-nonanol, 1-nonyne, 8-nonyn-1-ol, and 1,8-nonadiyne
coated surfaces, respectively. Among all surface chemistries explored here, the
alkynol monolayer (8-nonyn-1-ol) showed the highest current density. As shown in
Figure 3.7, the 8-nonyn-1-ol monolayer shows relatively higher hydrophilicity in
terms of water contact angle measurements. Hence, it can be speculated that a
surface water layer may be one of the reasons contributing to the high current
density, as the formation of water can possibly increases the actual tip—sample
contact area [61]. Three technical notes are important here. Firstly, all the surfaces
of this study were rinsed with dichloromethane prior to analysis, which as previously
demonstrated by X-ray reflectometry data, is effective in removing any adsorbed sub-
nanometer water layer [53, 60, 61]. Secondly, this water layer takes several hours
(>15 h) to reform and reach its equilibrium thickness of few A, while all AFM
measurements were generally concluded within 3 h of the initial DCM rinse. Thirdly,
there is no strict and general link between the macroscopic wettability of a surface
(contact angle) and the kinetics of water build-up on this surface: relatively
hydrophobic surfaces, like those assembled form 1,8-nonadiyne, accumulate few A
of water faster than surfaces of greater water contact angle [53, 60, 61]. It is
therefore possible, but hard to prove unambiguously, to what degree, if any,
increased wettability can cause an increase in contact area. What is perhaps more
likely is that a nanoscopic water layer associated to the hydroxyl groups may augment
the formation of triboelectric charges [88, 89]. Furthermore, since all the zero-bias
tribocurrent of this study bear the sign of a leakage process (a net electron flow from
the Pt tip to the n-type Si), it is probable that the local electrostatic environment,
such as a negative static charge on the Pt contact [79] will favor the molecular
deprotonation to an alcoxide anion [90-92]. Such molecular dipole (Si-monolayer—
O-) will augment the space charge layer (SCL) band bending. In favor of this argument
there is the observation that the oxygen bridge in the 1-nonanol surface, which lacks
an exchangeable proton, does not yield large current outputs like the proton-

exchangeable 8-nonyn-1-ol surface. The monolayer molecular dipole will therefore
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Figure 3.17. C-AFM maps of Si(111) samples coated with monolayers of (a—b) 8-nonyn-1-ol, (c—d)
1,8-nonadiyne, (e—f) 1-nonanol, and (g—h) 1-nonyne. In the left-column panels (a,c,e,g), the
platinum AFM tip is scanned in the forward direction — from the left to the right of the image. In
the right-column panels (b,d,f,h), the tip is scanned backwards, from right to left.
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electrostatically assist the flow of currents away from the interface, towards the
silicon bulk. The current maps of the two best performing chemistries (Figures. 3.16e,
g) indicate how the current is peaking near terrace edges, and to such an extent that
current maps resemble topography maps. This remarkable match holds for C-AFM
scans recorded in both forward and backward directions (Figure 3.17), hence further
confirming that current peaking near edges is not a cause of a stick—slip (vide supra),
nor an artifact due increased tip contact area. As briefly mentioned in the previous
section, the most likely cause for the output current peaking near crystal edges is an
increase of surface conductivity near/on facets [35] separating Si(111) terraces [36,

93].

Commercially available silicon wafers are usually marked with a lapped edge
indicating a specific reference orientation. By carefully noting the angle between the
lapped edge ((110) in our wafers) and the AFM scan direction, a straightforward
analysis of a stereographic projection (Figure 3.18) indicates that crystal steps are
exposing mainly (211) facets. Si(211) facets are perpendicular to the Si(111) and form
30 or 90 degree angles to the supplier’s reference (lapped edge) marking the Si(110)
facet. Hence, cleaving the Si(111) wafer along a direction that forms a 30 degree angle
to the lapped edge will expose the Si(211) surface. Similar consideration holds at the

microscopic scale for the alignment of terrace edges with respect to the lapped edge.

111

oLk

(1-10) 8 . - <} -110)
{ . ZNS . |
o 3 /

Figure 3.18. (a) A stereographic projection depicting the crystallographic relationship between the
(111),(110) and (211) silicon facets. (b) Schematic illustration of the directions along which cutting
a commercial Si(111) wafer expose the Si(110) and Si(211) facets.
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This finding is an extremely important finding as the Si(211) surface is highly
conductive [35]. To clarify on the origin of this pattern of high outputs near (211)
defects on a nominal Si(111) wafer we then turned to analogous zero-bias C-AFM current

mapping done on Si(211) substrates

3.3.3. Sliding Schottky diodes on Si(211)

As the overwhelming majority of silicon surface chemistry research deals with Si(100)
and Si(111) we first assessed by XPS the quality of monolayers prepared on
hydrogenated Si(211). Wide scan and high resolution XPS data shown in Figures 3.4—
3.5 show negligible substrate oxidation on Si(211), and all spectral features are those
expected from the chemical identity of the molecular adsorbate. XPS data for
monolayers prepared on Si(211) are both qualitatively and quantitatively analogous
to those of Si(111) Surface coverages are also indistinguishable within the
experimental error. After CUAAC reactions to attach ferrocene units, voltammetric
data shown in Figure 3.6 reveals that 111- and 211-oriented substrates have similar
coverages of 1,8-nonadiyne molecules. Figure 3.19 presents AFM height images and
C-AFM tribocurrent maps obtained on monolayer-modified Si(211) electrodes. The

terraced structure characteristic of Si(111) is absent on Si(211) but the overall current
I Y NN s/\/\/\/\\\

Figure 3.19. Zero-bias C-AFM 5 x 5 um current maps, and corresponding height images, of dynamic
sliding Pt-Si(211) diodes. Oxide-free Si(211) samples were coated with monolayers of (a—b) 1-
nonanol, (c—d) 1-nonyne, (e—f) 8-nonyn-1-ol, and (g—h) 1,8-nonadiyne. The maximum (mean) zero-
bias current signal for junctions made on (a) 1-nonanol, (c) 1-nonyne, (e) 8-nonyn-1-ol, and (g) 1,8-
nonadiyne Si(211) samples are 138.0 pA (37.7 pA), 30.2 pA (9.2 pA), 349.0 nA (17.9 nA), and 78.7
pA (22.4 pA), respectively. The positive sign of the zero-bias current indicates a leakage current
(electrons moving from the Pt tip towards the n-type Si). Scale bars in panels (a—h) are 1 um.
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output greatly surpasses that of the 111-oriented substrates (Figure 3.16a, 3.16c,
3.16e, 3.16g). The zero-bias current density of the 1-nonanol, 1-nonyne, 8-nonyn-1-
ol, and 1,8-nonadiyne coated Si(211) surfaces reaches up to 1.9 x 10° A/m?, 4.1 x 10°
A/m?, 4.9x 10° A/m?, and 1.0 x 10° A/m?, respectively. Samples covalently coated

with 8-nonyn-1-ol showed the highest zero-bias DC output current density, ~10°
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Figure 3.20. Change in friction with load in air for modified (a) Si(111) and (b) Si(211) substrates.
The scan velocity was fixed at 10 um/s. The friction is the average value of the friction loop (lateral
force retrace image minus trace image then divided by a factor of two) normalized by the maximum
value (friction at 700 nN for 1-nonanol monolayer coated silicon) for each surface chemistry and
applied load. The solid lines in panels (a) and (b) are linear fittings. According to the modified
Amonton’s Law, the friction coefficient can therefore be represented by the slopes of the linear
fitting lines [94]. By comparing the linear fitting slopes of different chemistry on Si(211) and Si(111),
the friction on Si(111) surface are generally higher than it on Si (211) surface. On the other hand,
on both Si(211) and Si(111) substrates, the surface chemistry giving highest DC current signal (8-
nonyn-1-ol) doesn’t display a relatively higher friction coefficient compared to other surface
chemistries.
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A/m?, which is ~4000 times higher than currently best performing Schottky diode on
silicon [95], and comparable to sliding zero-bias Schottky diodes made with less
readily available MoS; multilayers [18]. Therefore, answering the question that
closed the previous section, it is most probable that given both the high DC current
signal achieved on Si(211), and the experimental alignment of Si(111) steps relative
to the lapped (110) edge, localized current spikes on a conventional Si(111) wafer

(Figure 3.16) are the result of the sliding contact approaching (211) facets.

As a further note, neither on Si(111) nor on Si(211) did the current density scale with
the surface friction coefficient (Figure 3.20). As expected, friction increased with the
applied load, and according to the modified Amonton’s Law, the friction coefficient
can be expressed as the slope of the friction versus load data [94]. For TENGs made
on both Si(111) and Si(211) friction and friction coefficients of the best performing
chemistries (hydroxyl-terminated substrates made from 8-nonyn-1-ol) are not
standing out from the rest. Conversely, the 1-nonanol monolayer, with the highest
friction coefficient among all samples, did not show a particularly high zero-bias

current signal.

3.3.4. Links between static and dynamic charge transport characteristics

As discussed above, the zero-bias DC output of a sliding Schottky diode is generally
reported to take the form of a leakage instead of forward bias current. Given that the
leakage current magnitude in a silicon-based static junction can be engineered by
surface chemistry methods [37, 96, 97], it is possible that the terminal group, the
anchoring group and the quality of the monolayer could be optimized to influence

the static charge transport, and in turn the dynamic output.

Figure 3.21 illustrates the leakage current density measured under reverse bias (-0.4
V, metal bias) for 111- and 211-oriented silicon. The diode leakage is measured during
the potential sweep of a macroscopic and static metal-monolayer-semiconductor
junction. Representative full current—potential sweeps are shown in Figure 3.22. The

choice of the sample bias used in Figure 3.21 is such as to closely match the external
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Figure 3.21. Leakage current of static macroscopic silicon—monolayer—-metal junctions. Leakage
currents sampled at —0.4 V (metal bias) on (111)- and (211)-oriented silicon samples coated with
organic monolayers (x-axis labels). Representative |-V traces over the full bias range (-0.5 to +0.2
V) are in Figure 3.22. The solid horizontal lines represent the average value of nine measurements
acquired in three locations of three independently prepared and analyzed samples of each surface
chemistry and crystal orientation.

bias magnitude which would null the tribocurrent in the C-AFM experiments (Figure 3.23).
The leakage current of Si(111) substrate with 8-nonyn-1-ol monolayer is over 100 times that
of 1,8-nonadiyne or 1-nonyne systems, while for Si(211) the leakage current on 8-nonyn-1-ol
coated substrate is similar to that for 1,8-nonadiyne samples. In essence, there appears to
be no link between leakage current of the static diode and the experimental zero-bias current
performances of an out-of-equilibrium system (Figures 3.16 and 3.19). Answering one of the

key questions set out in the introduction, leaky static diodes do not lead to larger DC outputs.
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Figure 3.22. Average of 18 current—voltage (I-V) curves recorded on three independently prepared
samples for each surface chemistry. The data are obtained on static metal-monolayer—silicon
junctions made on (a) 111- and (b) 211-oriented silicon substates coated with the specified organic
molecular monolayer (indicated in figure). To check the repeatability, we conducted multiple
repeated -V measurements (5 times or more) on the same sample location. Repeatability of the
reverse-bias current is within 0.1%, and the sample-to-sample reproducibility within 0.8%. The bias
routing is from the metal (mercury) contact to the silicon substrate.
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Figure 3.23. C-AFM current map for a 1,8-nonadiyne-coated Si(111) surface biased at forward bias
of 400 mV, such to null the tribocurrent. The scale bar is 400 nm.

3.3.5. Surface-recombination velocities and tribocurrent

Considering the similarities between the tribovoltaic effect and photovoltaic effect

[16], and seeking to explain the superiority of Si(211) over Si(111) as TENG substrate,

we then moved to explore whether there was a relationship between surface

recombination velocities and zero-bias current output. We used spatially and time-

resolved photoconductivity measurements to probe in 2D the recombination

-85-



Chapter 3 Sliding Schottky Diode TENGs

21
@
=}

80
604
40
204
0
-20
-40
-60

N
=}

120
100
80
60
40
20|
L 0 -80

pulsed laser :
: laser
OFF

current
amplifier

monolayer  p—
Si

| SV

Photourrent density (A/lcm?)

Photocurrent density (A/cm?)

- 01 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Time (ms) Time (ms)
d) e)

— 700 < 60 N <
E 600 g g 200
2 ] 2 2 160]
< 500 : = 2 120
Z laser  laser Z -
$ 4001 ON - OFF S 3
° © 40
-~ 300 2 =
S & o 04
£ 200 £ g
3 3 3 40

1 » o
5 100 ! ° 5 -80
= \ ¢ < £
= & 60 .ol ; —

01 2 3 456 7 8 910 01 2 3 4586 7 8 9 10 01 2 3 45 6 7 8 9 10
Time (ms) Time (ms) Time (ms)

Figure 3.24. Transient microscopic photocurrent map measurements (PCM) on static silicon—
monolayer—platinum junctions. (a) Schematic of the PCM measurement used to extract the time
constant of photocurrent. (b—f) Representative photocurrent decay curves measured on a Si(211)
surface bearing either a 1,8-nonadiyne monolayer (b—c), a 1-nonyne monolayer (d—e), or a 8-nonyn-
1-ol monolayer (f). The red circles in panels (b, d) indicate exponential curve fittings of the
experimental photocurrent decay, revealing time constants of 126.9 us and 198.4 us, respectively.
Panels (c, e, f) are representative PCM data of sample locations showing a charge and discharge
process typical of a resistor—capacitor circuit.

velocities of charge carriers as function of surface chemistry and crystal orientation.
Figure 3.24a illustrates the schematic of the photocurrent map measurement (PCM),
and Figures. 3.24b, c are representative photocurrent decay traces obtained with Pt
junctions made on 1,8-nonadiyne-coated Si(211) surfaces. Some sample’s locations,
as those shown in Figure 3.24b, were characterized by a good photoconductivity and
a stable current signal while the laser pulse is on. This is quite common on Si(211)-H
surfaces (Figure 3.25a), which can be taken as reference of a surface with relatively
few electrical traps (although unfortunately rather chemically unstable). On Si(211)—
H around half of the 100 tested spots showed similar photo-response trends, with
photocurrent densities reaching up to 6000 A/cm?, ~40 times higher than 1,8-
nonadiyne coated substrates. Although the other half test locations do not show a
stable current signal with the laser on, none of them displayed the similar feature
shown in Figure 3.24c. But within a given sample of 1,8-nonadiyne coated Si(211), is
was rather common to find locations with curves as those of Figure 3.24c. At these
locations the illuminated junction behaves like the charging and discharging of a
capacitor, indicating that a resistor and capacitor series (RC) equivalent circuit forms

at the interface. More quantitatively, of 100 sampled locations, 15 were found to be
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Figure 3.25. Representative photocurrent decay curves measured on (a) hydrogen-terminated
Si(211) and (b) 1,8-nonadiyne coated Si(111) substrates. The red circles in panels (a) illustrate the
exponential curve fittings of the experimental photocurrent decay. Curve fitting indicates a time
constant of 170.5 ps.

photoconductive as in Figure 3.24b, while 85 were capacitive as in Figure 3.24c. For
the photoconductive locations, the average time constants was 172.5 £ 20.1 us, with
the 99% confidence limit of the mean value calculated as t,.1s/n*/2, where tn.1 is 3.01
for 15 samples, s is the standard deviation, and n the number of measurements [66].
Using the same method, for the other tested spots, the time constants is obtained to
be 162.9 + 9.2 ps. For 1,8-nonadiyne-coated Si(111) samples shown in Figure 3.25b,
which showed a tribocurrent approximately half in magnitude than that obtained on

Si(211) crystals, all PCM data exhibited RC responses similar to those in Figure 3.24c.

We then conducted analogous experiments on 1-nonyne (Figures 3.24d—e) and 8-
nonyn-1-ol (Figure 3.24f) coated Si(211) surfaces, which are, respectively, the surface
chemistries with the lowest and highest DC current output. On 1-nonyne, out of 100
spatially resolved measurements, 16% showed a typical photoconductive response,
with a time constant of 201.9 £ 22.5 us. The great majority (84%) had a time constant
of 164.8 + 9.0 us at (first decay). We recall that the surface recombination velocity of
charge carriers is inversely proportional to their lifetime [98]. Relatively longer
lifetime of electron—hole pairs on 1-nonyne monolayer, whichever the type of photo-
response is, indicates a lower surface recombination velocity compared to the 1,8-
nonadiyne monolayer. In other words, the overall number of the surfaces defects
(surface states), is greater on 1,8-nonadiyne than on 1-nonyne samples, surprisingly

appears to be a key factor in enhancing the tribocurrent extraction during the sliding
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process. However it is not the sole. For 8-nonyn-1-ol coated Si(211) sample, the best
performing TENGs system, none of the 100 tested locations display a typical
photocurrent decay curve like in Figures 3.24b, d. Instead, all the transient
photocurrent traces behave like a RC circuit (Figure 3.24f). But unlike data of Figures
3.24c, e, the initial photocurrent spike when the laser is switched on is up to three
times as large as that of 1,8-nonadiyne surfaces, and it then drops quickly. The initial
strong current spike could be attributed to the photo-generated electrons being
transferred to the holes trapped at surface states [99]. With more surface states
being introduced to the silicon surface by the surface chemistry modification, a
stronger current spike appears on 8-nonyn-1-ol coated Si(211) samples. Besides, for
all the photo-response curve on 8-nonyn-1-ol surface, the time constant is obtained
to be 159.6 £ 9.7 ps. Compared to other surface chemistries, 8-nonyn-1-ol possesses
the lowest time constant, hence the highest surface recombination velocity, which
indicates the introduction of an higher number of surface states via surface
modification, despite the near-perfect chemical passivation (Figures 3.3—-3.6) and
static I-Vs indicating larger leakages and higher number of surface states for the
Si(111)-based samples [74, 100, 101]. It is probable that the chemical nature of these
energy levels is that of silica (SiOx), as the passage of current, regardless of its polarity
[102], can induce silicon oxidation. Silicon has no conductive bulk oxide phases, and
it is at first therefore counterintuitive to link increased in tribocurrent with silica-
related defects. However, despite being counterintuitive, a similar relationship
between increased levels of surface states and augmented zero-bias current was also
reported recently for PN and NN heterojunctions [74], and also demonstrated
indirectly as a drop in anodization voltage observed as soon as silica adlayers form

over a silicon electrode during its constant-current deliberate oxidation [103, 104].

3.4 Conclusion

This study has unveiled the surface chemistry of a readily available but overlooked
crystal cut of silicon —Si(211) — as a promising DC-TENG platform. We have provided
explicit evidence of the zero-bias current not being a response to the microscale

dynamics of stick—slip friction. Further, the zero-bias DC output of a Si sliding diode
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Figure 3.26. Comprehensive triboelectricity generation mechanism for (a) alkyne and (b) hydroxyl
terminated silicon-metal Schottky diode TENGs. The built-in electric field enhanced by negatively
charged Pt tip owing to flexoelectricity and surface states are presented in all surface chemistries.
But for hydroxyl group terminated surface, the oxide ions by deprotonation further enhanced the
electric field for 8-nonyn-1-ol coated surfaces. Thus, an ultra-high DC. current density was reported.

TENG has the direction of a leakage current, but analysis of the leakage of static
junctions is not a priori a good indicator of device performances: static charge
transport and dynamic DC outputs are seemingly unrelated. Silicon surfaces with
abundant electrical defects, provided that they are being kept oxide-free and
conductive by means of chemical passivation, are more likely to yield larger DC
outputs when incorporated in a Schottky diodes TENG. Electrical traps coupled to the
presence of surface-tethered proton-exchangeable, hence negatively charged
functional groups, coupled to a metal contact possibly negatively charged by
flexoelectricity (Figure 3.26) significantly improve DC outputs, to the extent that zero-
bias current densities of 10° A/m? were recorded on hydroxyl-terminated monolayer
coated Si(211) substrates. These findings give a path to improve the design of

semiconductor-based DC-TENGs in a way to minimize frictional wear.
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Abstract

Triboelectric nanogenerators (TENGs) are an emerging energy harvesting technology
able to convert ubiquitous mechanical energy into electricity. Friction, static charging
and flexoelectricity are all involved in the mechanism underpinning TENG operation,
but their relative contribution has remained elusive. Here we used dynamic and static
conductive atomic force microscopy (C-AFM) measurements on monolayer-modified
silicon crystals to detect evidence of a relationship between friction and zero-bias
current, and between pressure and the direction of the putative flexovoltage. We
demonstrate that a static electricity-related tribovoltage is probably responsible for
a friction excess, and that surprisingly this friction excess is found to be dependent
on the doping level and type of the silicon substrate. Such friction excess is however
no longer measurable once current is allowed to flow across the junction. This
observation points to an electrostatic origin of friction in silicon-based Schottky
TENGs, and suggests that the zero external bias DC current is at least in part an
electronic flow to neutralize static charges. Further, the sign of the zero-bias current,
but not its magnitude, is independent of the semiconductor doping type, which is
again suggestive of surface statics being a main contributor to the zero-bias output
rather than exclusively a space-charge effect. We also reveal the presence of a
junction flexovoltage under pressures common in AFM experiments (GPa), even for
negligible lateral friction. In a static Pt—-monolayer—n-type Si junction the flexovoltage
carries the same sign as the tribovoltage, and can reach such magnitude to overwrite
external voltages as high as 2 V. The immediate implication is that the flexovoltage is
likely to have i) a strong contribution to the zero-bias output of a n-Si Schottky TENG,
ii) a negative effect on the output of a p-Si TENG, and iii) its detection can be
straightforward, as we discovered that flexoelectricity manifests as an “inverted
diode”: a n-type Si—platinum diode with negligible current even when the n-type
material is negatively biased as long as the “static” diode remains under a large

normal pressure.
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4.1 Introduction

The continuous shift from analogue to digital technologies — the so-called digital
revolution that started around 1980 — has transformed society [1, 2]. Electronic
components at the core of digital devices such as ubiquitous mobile phones,
lifesaving pacemakers, niche wearable electronics or microscopic sensors, share a
common feature: their operation requires a reliable source of direct current (DC). In
most cases, chemical energy stored in a battery remains the source of this DC power.
However, all batteries need replacement or periodic recharging, posing a challenge
for the continuous operation of devices that are installed in locations of difficult
access, such as remote environmental sensors or life-critical medical implants [3-8].
Triboelectric nanogenerators (TENGs) are a class of power sources that convert small-
scale vibrations, pressure and mechanical friction into electricity [9-12]. Most TENGs
described in the literature are alternated-current TENGs [11, 13-15], but over the last
five years there has been an ever increasing research effort towards the development
of DC-TENGs, TENGs outputting DC current and voltage [6, 16-28]. Sliding Schottky
diodes, that is, out of equilibrium metal-semiconductor junctions under some form

of mechanical stress, are a promising form of DC-TENG [17, 19, 24, 26, 29-31],

DC signal
<—
Pt/ Si
HO —
Si(111) HO HO HO
‘ HO
(i) H2O2, H2S04 OH OH OH
(i) NHgF
HoH Va4 § § § .
1 2
Si(111) > Si(111) Si(111)
Si-H i S1 S2

Scheme 4.1. Surface passivation and functionalization of oxide-free Si(111) substrates. Silicon
surfaces were (i) cleaned with Piranha solution and (ii) etched in ammonium fluoride aqueous
solutions. The hydrogen-terminated samples (Si—H) were then reacted with either 8-nonyn-1-ol (1),
or 4-pentyn-1-ol (2) under UV light to yield the monolayer-modified Si(111) surfaces S1 and S2,
respectively.
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outputting DC densities as high as ~10° A/m? for nanoscale contacts, and up to ~210
A/m?2 for microscale contacts [24, 27]. A complete and correct understanding of the
mechanism by which friction, adhesion and pressure/strain lead to a DC output in a
sliding diode is still lacking, but what is clear is that surface engineering by monolayer
chemistry is one of the routes towards a better understanding of TENGs” working
principles, as well as towards maximizing their output [30, 32-34]. For example, the
relationship between friction and current output remains unclear [25, 35-37]. The
zero-bias current output of a Schottky TENG defines its performance as an
autonomous power source, and a tribovoltaic effect in response to friction is
commonly accepted as the principal mechanism [38-40] leading to such current [36,
41]. However, what is also known is that the voltage applied to a rectifying contact,
especially in the forward bias, will cause excess friction between metal and
semiconductor [37, 42]. Surprisingly the origin of this forward-bias-triggered increase
in resistance to a lateral movement has not yet been fully explained. The caveat in
the TENG context is, of course, that frictional wear will negatively affect the device
lifetime [43, 44], and should therefore, when possible, be minimized. Friction has
been previously reported to influence the triboelectric process [35, 45, 46], and the
influence of electronic drag on friction has also been researched [37, 42, 44, 47], but

analogous research on zero-bias rectifying junction is lacking.

Herein we systematically explore the relationship between current output and
friction in sliding metal contact—-monolayer-semiconductor systems by means of
comparing friction and zero-bias current data obtained by atomic force microscopy
(AFM) experiments performed with either non-conductive or conductive AFM tips.
Changes to the AFM tip but not to the surface chemistry (organic monolayer) of the
semiconductor are intended to block, or to allow for, the flow of tribocurrent. This
experimental system allows to address open questions such as (i) whether the zero-
bias current is purely caused by friction, or whether some of the excess friction is a
response to the passage of current and/or generation of a tribovoltage, (ii) whether
or not the length of organic monolayer molecular chain (length of the tunnelling
barrier) influences the current output [34], and (iii) clarify the role and direction of a

putative flexovoltage.
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The monolayer system we selected to answer the above questions is shown in
Scheme 4.1. A hydrogen-terminated oxide-free silicon surface was covalently
derivatized with an organic film by wet chemistry methods [48-54]. Analogous
methods of surface passivation and functionalization have been proven effective in
improving the performances of TENGs [33, 34, 55-57], but are underexplored and
carry the advantage of a very simple means of tuning at will substrate properties
(doping level and type), nature of the top contact (conductive versus insulating), and
thickness of the tunnelling barrier (monolayer length), all while leaving the outmost

surface chemistry of the semiconductor side of the diode unchanged.

4.2 Experimental section

4.2.1 Materials

Sulfuric acid (VLSI Puranal™, 95-97 %, Honeywell), hydrogen peroxide solution (MOS
Puranal™, 30wt% in water, Honeywell), aqueous ammonium fluoride solution
(40 wt%, Sigma—Aldrich), redistilled solvents and Milli-Q™ water (>18 MQ cm) were
used for silicon cleaning and etching procedures. Prime grade, single-side polished,
(111)-oriented ( £ 0.05°) silicon wafers (Siltronix, S.A.S, Archamps, France) were 475—
525 um thick, and either lowly (7-13 Q cm), intermediately (0.010-0.100 Q cm) or
highly doped (0.007-0.013Qcm), and with the exception of the wafers of
intermediate doping, they were either p-type (boron-doped) or n-type
(phosphorous-doped). 8-Nonyn-1-ol (97 %, Biosynth Carbosynth) and 4-pentyn-1-ol
(97 %, Sigma—Aldrich) used for monolayer assembly were used as received. Gallium—
indium eutectic (99.99 %, Sigma—Aldrich) was used to ensure ohmic contact between

the back of the silicon sample and the steel AFM sample holder.
4.2.2 Surface modification

Prior to their chemical derivatization, silicon wafers were cut into 1 x 1 cm squares
and rinsed sequentially with dichloromethane (DCM), isopropanol, and water.
Samples were then blown dry under a stream of nitrogen and immersed for 30 min
in hot Piranha solution (a 3:1 mixture (v/v) of sulfuric acid (95-97 %) and hydrogen

peroxide (30 %) heated to 100 °C). The clean wafers were then rinsed with water and
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H-terminated (Si—H) by immersion for 13 min in argon-saturated (99.997 %, Coregas)
40 % ammonium fluoride etching solution. The wafer polished side faced upwards
during the etching. The etching process was carried out under ambient light while
maintaining a gentle flow of argon over the etching bath, and periodically shaking the
samples so to minimize the formation of etching pits. Few grains of ammonium sulfite
(~10 mg) were added to the etching solution (~20 mL of NH,F) as oxygen scavenger.
The freshly prepared Si—H samples were then rinsed with water, DCM, blown dry
under a stream of nitrogen gas, and placed inside a Petri dish. The Si—H sample’s
polished side was then covered with 1-2 drops of either degassed 8-nonyn-1-ol or
degassed 4-pentyn-1-ol. The monolayer-forming liquid was gently contacted with a
1-mm thick, 75 mm x 75 mm, quartz plate (GE 124, SPI Supplies) so to minimize liquid
evaporation. The Petri dish was placed inside nitrogen-gas filled (>99.999 %, Coregas)
acrylate reaction chamber. The reaction chamber was fitted with an UV light (Vilber,
VL-215. M, 312 nm, nominal power output of 30 W) placed at a distance of
approximately 200 mm from the samples. Samples were illuminated for 2 h while
keeping the chamber under a positive pressure of nitrogen gas. The monolayer-
functionalized samples (S1 and S2, Scheme 4.1) were then rinsed with DCM, placed

inside a glass reaction tube, covered with DCM, and rested at + 4 °C until analyzed.
4.2.3 Atomic force microscopy (AFM)

AFM topography, friction, and current maps were acquired simultaneously using the
conductive AFM (C-AFM) mode of a Park NX10 (Park Systems Corporation, Suwon,
Korea) fitted with a variable enhanced conductive (VECA) probe hand and FEMTO
current amplifier (DLPCA-200). All AFM data were analyzed with the XEI software
(Park Systems Corporation) unless specified otherwise. AFM tips were either non-
conductive n-type silicon tips (TESPA-V2, Bruker, USA) with a nominal resonance
frequency of 320 kHz and a spring constant of 42 N/m, or conductive solid platinum
tips (25Pt300B, Rocky Mountain Nanotechnology, USA) with a nominal resonance
frequency of 14 kHz and a spring constant of 18 N/m. Unless specified otherwise the
scan size was set to 5 x 5 um and the scan rate to 1.0 Hz. The current routing is such
that a positive sign indicates an electronic flow from the AFM tip to the silicon sample.

The reported maximum current is the 99" percentile, that is, the current at sampling
p
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points with zero-bias current output higher than 99% of the total ~65000 sampled
points). To minimize edge artifacts, tip—sample friction data were acquired by
scanning a 5 um x 500 nm region and subtracting the retrace (scan from right to left)
friction profile from the trace (scan from left to right) friction profile, and then
dividing the results by 2 to obtain a friction loop image [25]. Force—distance (F-D)
measurements were used to estimate adhesion force and contact area, and by
setting the maximum deflection to 2000 nN, the ramp speed to 300 nm/sec, and the
ramp size to 300 nm. F-D curves were processed with OriginPro 9.0 (OriginLab Corp.)
to estimate the pull-off force (the force at the lowest point of the retract trace) [58].
For each sample (3 samples of each type), F-D curves were recorded at 25 separate
locations over a 5 um x 5 um region, and the mean and standard deviation of the
pull-off force, hence adhesion force, were obtained and used for contact area
estimation. A titanium roughness test sample (part RS-12M, Bruker, USA) was used
to estimate the tip radius by analyzing the experimental topography data in
Gwyddion 2.59 (Czech Metrology Institute) through the blind estimation software
function. The silicon—platinum contact area of each sample was estimated against
the Derjaguin, Muller and Toporov (DMT) model of adhesion [36, 59, 60] covered in
Appendix Il. For all current-potential (I-V) measurements, a 360 nN set point was
selected. The external bias was ramped between -2.0 and 2.0 V at a sweep rate of 8
V/s. I-Vs were sampled at 25 evenly distributed sample locations across a 5 x 5 um
sample area. Platinum tips (25Pt300B) were used for the I-V measurements. Before

each measurement the open-circuit current was manually adjusted to zero.
4.2.4 Macroscopic current-voltage (1-V) measurements with soft metal contacts

Current—voltage (I-V) measurements of silicon—-monolayer—mercury junctions were
conducted inside a lightproof and grounded Faraday cage, with a source—measure
unit (model B2902A, Keysight) and a spherical mercury top contact controlled by a
hanging electrode apparatus (HMDE WK2, Institute of Physical Chemistry, Polish
Academy of Sciences). The voltage was ramped cyclically between -2.0 and 2.0 V in
steps of 20 mV. The duration of each step was of 400 ms, and the current signal was
sampled after a 300 ms delay from the potential step-up event. The bias routing is

from the semiconductor to the metal, so to match the AFM settings, and two voltage
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ramps were recorded for each sampling location on individually prepared and
analyzed samples. A minimum of three sampling locations on each sample were
analyzed. Current values were corrected by the contact area of the metal-
semiconductor junction. The contact area was estimated from bright-field optical
images acquired with a CCD camera (DCC1240C, Thorlabs) fitted with a 6.5x zoom
(MVL6X123Z and MVL133A, Thorlabs). Silicon samples were scribed with emery
paper before and after applying a small amount of gallium-indium eutectic to ensure
the ohmic contact between the back of the silicon sample and a copper plate. All
images were analyzed using Fiji image processing software [61], and data were

analyzed and plotted using OriginPro 9.0 (OriginLab Corp.).

4.2.5 X-ray photoelectron spectroscopy (XPS)

XPS analysis of the silicon surfaces was performed on a Kratos Axis Ultra DLD (Kratos
Analytical Ltd, UK) fitted with a monochromatic Al Ko (1486.6 eV) radiation source
operating at 225 W, and a hemispherical analyzer (165 mm radius) running in fixed
analyzer transmission mode. The photoelectron take-off angle was normal to the
sample, and the chamber operated at 2 x10-8 Torr. The analysis area was 300 x 700
um, and an internal flood gun was used to minimize sample charging. Survey spectra
(accumulation of three scans) were acquired between 0 and 1100 eV, with a dwell
time of 55 ms, a pass energy of 160 eV, and a step size of 0.5 eV. High-resolution
scans (accumulation of 10 scans) used a pass energy of 20 eV, and a step size of either
0.05 eV (Si 2p, 95-110 eV), or 0.1 eV (C 1s, 274-298 eV) [51, 62-66]. XPS data were
processed in CasaXPS (version 2.3.18) and any residual charging was corrected by

applying a rigid shift to bring the main C 1s emission (C—C) to 285.0 eV.

4.3 Results and discussion

Silicon samples used here were stripped of the native oxide layer and then modified
with a silicon—carbon-bound hydroxyl-terminated monolayer, as this chemistry
introduces an effective surface protection against substrate oxidation (Figures 4.1-
4.2) and simultaneously yields high triboelectric DC current outputs when used as the
semiconductor component of a sliding Schottky diode TENG [27]. The modification of

hydrogen-terminated (Si—H) Si(111) with 8-nonyn-1-ol (S1, Scheme 4.1) has been
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a) b)

3 3

& &

= =

® @

c c

@ @

= E

= o

(] L]

N N

© ©

il z

o (=

Z T Z T T T T T T v

C)m 103 102 101 100 99 98 97 96 d 232 250 283 288 284 282 280 278
Binding energy (eV) ) Binding energy (eV)

= S

= LA

b 2

‘® ‘®

c c

2 2

£ £

e ~

@ [}

N N

© ©

£ E |t

o o

Z ' Z v T v T v T v T v T M T v

104 103 102 101 100 99 98 97 96 232 230 283 283 284 282 280 278

Binding energy (eV) Binding energy (eV)

Figure 4.4. XPS narrow scans of the Si 2p (96—-104 eV) and C 1s (278-292 eV) regions for hydrogen
terminated samples prepared on (a—b) lowly doped n-type, (c—d) lowly doped p-type Si(111) reacted
with 4-pentyn-1-ol (S2).

reported before [27], and an analogous chemical approach with a shorter alkyl chain
(4-pentyn-1-ol, 2, Scheme 4.1) was also successful in yielding an oxide-free surface

(S2, Figures 4.3-4.4).

All survey scans (Figure 4.1 and 4.3) showed elemental emissions in agreement with

the chemical nature of the monolayer-forming molecule and substrate. Oxygen
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contaminations are ubiquitous in XPS, and most likely arising from the presence of

oxygenated co-adsorbates, such as tightly bound water [63].

For analysis of the detailed spectrum (Figure 4.2 and 4.4), background subtraction
(Shirley routine) and photoelectron emission fitting to Gaussian—Lorentzian (GL)
functions were involved in analysis of the spectrum. Narrow scans of the Si 2p region
were fitted to functions having 95% Gaussian and 5% Lorentzian character. Black
thick lines are experimental XPS data, black thin traces are individual refined
envelops, and solid red traces are the sum of individual contributions. Refined
contributions for the Si 2p?2 and Si 2p*? spin—orbit-split emissions were centered at
99.5 eV (0.6 eV, FWHM) and 100.1 eV (0.6 eV, FWHM1) [62], respectively. The Si 2p
shoulder visible at 100.6 eV (0.9 eV, FWHM) is often observed in similar monolayers
and tentatively ascribed to photoelectrons emitted from Si atoms bound to hydrogen
(Si=H) [51, 62]. Peaks in the range 100.8—-103.7 eV are attributed to the Si**-Si**. For
each surface, three mixed Gaussian—Lorentzian (80% Gaussian, 20% Lorentzian)
functions were used to fit the experimental C 1s band. These three refined
components were centered at 283.6, 285.0 and 286.3 eV corresponding respectively
to C=Si (silicon-bound carbons) [64], C—C (carbon-bound carbons) [66], and carbon in

either a C—OH or C=C bonding configuration for the high energy component [65].
4.3.1 Relationship between zero-bias current and friction

It is commonly accepted that in a Schottky TENG friction induces a current flow by
generating electron—hole pairs [36]. Equally accepted is that current output is
proportional to friction [41, 67-71]. An effective way to improve the current output
therefore could be to increase friction by establishing closer contact through
increasing the applied load [72]. Unfortunately such gain will come undoubtedly at
the cost of reducing the lifespan of the triboelectric material [43, 73]. Hence, a
detailed exploration on the relationship between current and friction is necessary,
especially to understand the cause—effect relationship questioned in the introduction
section. In an AFM experiment, friction and current signals can be recorded
simultaneously. Given the possibility of an electronic contribution to friction [37, 42]

we carried out a simple but very informative experiment with an insulating top
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Figure 4.5. AFM height 5 x 5 um images of 8-nonyn-1-ol coated (S1) samples prepared on either
lowly doped n-type (a), highly doped n-type (d), lowly doped p-type (g), or highly doped p-type
(j) Si(111) substrates, and the corresponding zero-bias current C-AFM maps recorded with either
conductive platinum tips (b,e,h,k) or non-conductive silicon tips (c,f,i,l). The scale bars in all
panels represent 1um. The applied force was set to 360 nN.

contact (Si AFM tip) such to block the flow of DC current. The choice of a non-
conductive top contact removes the possibility of an electronic drag force but
obviously leaves the possibility of an electrostatics build-up and consequent

attractive forces.

Figure 4.5 shows topography and current AFM maps for 8-nonyn-1-ol coated Si(111)
substrates (S1) of different doping type and level, acquired with either conductive

platinum or non-conductive silicon tips. Using sliding platinum AFM tips, the highest
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0.01nA

Figure 4.6. (a) AFM height 5 x 5 um image and (b) zero-bias current map recorded on 8-nonyn-1-ol-
coated (S1) samples prepared on n-type Si(111) of intermediate doping (0.010-0.100 Q cm). The
scale bars in all panels represent 1um. The applied force was set to 360 nN.

zero-bias DC signal was recorded on lowly doped n-type S1 Si(111) substrates (Figure
4.5b). This doping level and type had the highest output among all the different
doping levels tested (Figure 4.5b, e, h, k), with the maximum current density reaching
up to 4.40 + 0.85 x 10’ A/m2. The current density recorded on highly-doped n-type
Si(111) substrates comes as second high, with a value of 1.60 + 0.40 x 107 A/m?,
followed by highly-doped p-type Si(111) with 6.45 + 0.31 x 10° A/m?, and then by
lowly-doped p- type Si(111) substrates, 3.25 + 0.79 x 10° A/m?. As evident from the
data in Fig. 1, the experimental zero-bias currents are of positive sign on all samples,
indicating a flow of electrons from tip to sample. This is the direction of a leakage
current in a n- type Si—Pt junction, but of a forward current on a p-type based
junction. To further probe the relationship between doping level and zero-bias
current, we also performed measurements on samples of intermediate doping
(Figure 4.6). The maximum current density reached up to 1.73 +0.43 x 10’A/m?,
which is intermediate between the lowly doped and highly doped silicon substrates.
We also note that higher current outputs tend to be localized at the edge of the
Si(111) terraces, which are likely to expose more conductive Si(211) planes [27]. As
shown in Figure 4.5¢, f, i, |, current mapping of samples analyzed with non-conductive

tips exhibited, as expected, only electrical noise.
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Figure 4.7. Plots of the normalized mean friction (all friction data was normalized by the maximum
data recorded under different loads) measured by AFM as the function of applied normal load.
Samples were 8-nonyn-1-ol coated (S1), covalently grafted on either highly doped or lowly doped,
p-type or n-type, Si(111) substrates.

To qualitatively determine the samples’ friction coefficients, the normalized mean
experimental friction was plotted against the applied load (Figure 4.7). When using
conductive tips, the friction coefficients (represented by the slope of the regression
lines in Figure 4.7) of junctions made on all four substrates (S1 samples on lowly
doped n-type, highly doped n-type, lowly doped p-type, and highly doped p-type) are
quite similar, and the actual friction values were all of relatively low level compared
to those recorded with non-conductive AFM tips. Remarkably, for the same surface
chemistry, when the flow of DC current was deliberately blocked by using non-
conductive tips, the friction data across the four doping types and levels varied
significantly. The changes in friction observed across the four samples using non-
conductive tips tracked closely the magnitude of the zero-bias current recorded with
conductive tips shown in Figure 4.5b, e, h, k. The higher the sample's zero-bias
current (conductive tips), the more friction was observed under open-circuit
conditions (insulating tips). The current data are the first reported evidence of a

difference in friction, under no external bias [37], linked to changes to the doping
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Figure 4.8. Adhesion force acquired in force—distance test using non-conductive tip (TESPA-V2) on
lowly doped 1x1 cm n-type Si(111) coated with 8-nonyn-1-ol (S1). The set point was 360 nN. The
UV light was supplied by a UVC LED 250-260 nm (~10 mW placed approximately 5 cm from the
sample). The 1st test was acquired right after a first full image scan. All tests following the first run
(from run 2 through run 7) were preceded by 20 s of UV light irradiation. One whole region scan
was conducted prior to the 8th test. The 1st and 8th tests results are marked in red as they were
acquired right after a full region scan (no UV illumination).

type and level of silicon, and although this difference can be tentatively ascribed to
differences in surface statics, a direct evidence is unfortunately lacking. To the best
of our knowledge there are no experimental evidence pointing to different
propensity for silicon to gain surface static charges based on differences in bulk
doping type and level — doped silicon position in the triboelectric series is unclear
[74]. For some semiconductors there is an established link between the material work
function and its position in the triboelectric series, but similar data are not available
for silicon, and any attempt to measure the static charging of a macroscopic silicon
sample with a Faraday pail lead to charge readings below the detection limit of our
setup (~0.1 nC/cm?). Based on the parallel between Figure 4.5 and Figure 4.7 (high
friction at open circuit and TENG current) we propose that tribocurrents recorded
with Pt tips are at least in part a flow of current such to neutralize static charging of

the junction, and conversely that increase in friction, when the current cannot flow
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because of the insulating character of the tip, is a lateral tilt of the tip caused by

statics.

To further prove this last point we recorded force—distance (F-D) curves on lowly-
doped n-type Si(111) surfaces coated with 8-nonyn-1-ol by (S1) under UV light
(250-260 nm), so to use the UV-mediated ionization of air to gradually eliminate
surface static charges [75, 76]. Figure 4.8 shows the adhesion force between the
lowly doped S1 sample and a non-conductive tip. All the reported adhesion forces
are the mean value of 100 measurements at spots evenly distributed across the
imaging region shown in Fig. 4.5a. UV light was initially kept off, and a first set of F—
D measurements (1° test) performed, which returned a surface adhesion force of
436.88 + 14.52 nN. The UV light was then switched on for 20 s, causing surface
adhesion to drop significantly (364.83 + 8.84 nN, 2™ test). The adhesion force kept
decreasing with increasing UV exposure times (2" to 6" test). After six 20-s cycles of
UV illumination the surface adhesion force reached a plateau of 306.36 + 5.21 nN.
Finally, to further verify that the sliding diode motion causes statics we conducted F—
D measurements again after another whole region scan (8t test). The adhesion force
returned back to 370.77 + 18.58 nN, which is ~6 nN higher than the 2" test results
(1%t UV cycle). These results indicate that surface statics is established upon tip sliding
over the sample, but these charges are nearly completely (but not entirely)
neutralized by ionized species formed upon UV illumination. Electrostatic charging,
which at least in its sign appears to be independent of the silicon doping level and
type, is therefore a clear contributor to the DC tribocurrent measured with Pt tips,
although, as stated above, when measured with Pt tips, any sizable difference in

friction between samples disappears.

Another interesting finding from the above section is that regardless of the silicon
substrate doping type, the zero-bias current (Figure 4.5b, e, h, k) have the same
direction: from semiconductor to metal. One reason could be Fermi level pinning
caused by the introduction of the large number of surface states on the 8-nonyn-1-ol
coated Si surfaces [27, 77]. Contributing to these surface states could be
deprotonation of the monolayer terminal functional group (R—OH) to alkoxide anion

(R—07) [78-80]. Another reason for the sign of the tribocurrent not varying with the
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doping type of the substrate could be a flexoelectric band bending and ratcheting

mechanism [81] is present and leads to flexovoltage independent of the doping type.
4.3.2 Carbon chain length and tribocurrent

Following from the conclusion of the previous section, we then tried to answer the
guestion on the role of surface alkoxide anions, which in part resembles a question
first raised by Wang and co-workers in 2016 [34], that is whether or not the length a
molecular carbon chain influences the zero-bias current in a sliding metal-
monolayer—semiconductor TENG system. Since we propose that the alkoxide anion
(R—07) has an effect on the silicon band bending, given that the electrostatic force is
inversely proportional to the square of the distance [82], such effect should be
maximised if the length of the dielectric barrier (the carbonaceous monolayer)

between semiconductor and the anion is shortened. To address this we conducted

a) b)

1.70 nm 2.86 nA
0.00 nm 0.00 nA
1.83 nm 0.60 pA
0.00 nm -0.33 pA

Figure 4.9. AFM topography images and zero-bias current maps recorded on on 4-pentyn-1-ol
functionalized (a-b) lowly doped n-type or (c-d) lowly doped p-type Si(111) surfaces (S2 samples).
All images are obtained using platinum tip (25Pt300B). The scale bars in panels (a,c) represents 1
pm.
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experiments analogous to those reported in the previous section (S1) but with a
shorter monolayer, 4-pentyn-1-ol monolayer (S2, Scheme 4.1). Figure 4.9 shows AFM
height images and zero-bias current maps obtained on S2 samples prepared on lowly
doped n- and p-type Si(111). Negatively charged siloxyl groups from silica (oxidized
Si(111)) could be a source of electrical traps and dipoles competing with the
monolayer charges, but no significant signs of semiconductor oxidation, usually
detectable as rounded topographical features [52, 83, 84], were found in the AFM
height images (Figure 4.9a,c). XPS data in Figure 4.4 also show no evidence of
oxidation. For lowly doped p-type Si(111) S2 samples (Figure 4.9d), the current signal
did not raise above noise level. However, the maximum zero-bias current density on
modified lowly doped n-type Si(111) surface (Figure 4.9b) was 3.11 x 10’ A/m?, which
is comparable to the output of for the longer chain samples (S1, 4.40 x 107 A/m?,
Figure 4.5b). It appears therefore that the band bending caused by alkoxide anions
(R—O-) is independent of the length of the dielectric barrier separating molecular
charge and semiconductor, or that another factor dominates the zero-bias output. As
investigated in the next section, one of such factors could be flexoelectricity, which

is not friction-related, but pressure-related.

4.3.3 Flexovoltage in static junctions

According to the tabled work function difference between platinum and n-type
silicon it is expected that for a “static” Schottky diode a current—voltage (I-V) curve
should resemble, qualitatively, the one shown in Figure 4.10a, with a reverse bias
region in the positive quadrant. For 4-pentyn-1-ol and 8-nonyn-1-ol coated surfaces
(Figure 4.10b, c), the difference in current density magnitude, regardless of the bias
polarity, is likely to reflect the difference in the carbonaceous tunneling barrier [85,
86]. More interestingly, for both surface chemistries (4-pentyn-1-ol and 8-nonyn-1-
ol, S2 and S1) a blocking regime typical of a diode under external reverse bias (positive
semiconductor bias for n-type silicon) is happening under negative semiconductor
bias, and vice-versa, a rapidly increasing current was found under positive
semiconductor bias. To the best of our knowledge a similar “diode inversion” was
only observed by Duan and co-workers for transferred and evaporated platinum

based Schottky diodes [87], but our system is under a definitely greater junction
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Figure 4.10. (a) Current-voltage (I-V) curve obtained with a macroscopic soft contact (mercury drop,
estimated pressure of ~30 Pa) on 8-nonyn-1-ol modified Si(111) surface (S1). Experimental current—
voltage (I-V) spectroscopy on (b) 4-pentyn-1-ol (S2) and on (c) 8-nonyn-1-ol (S1) functionalized
lowly doped n-type Si(111) surfaces, and current-voltage (I-V) spectroscopy on (d) 4-pentyn-1-ol
(S2) functionalized lowly doped p-type Si(111) surfaces recorded using platinum tips (C-AFM) under
an estimated contact pressure of ~5 GPa. The black thick lines in panel b—d represent the mean
value of the 25 individual I-V curves plotted in grey ink. The vertical axis range are chosen to more
clearly show the rectification characteristics of each |-V curve.
pressure (~5 GPa), and, as such, an explanation suitable for a van der Waals diode is
unlikely to be applicable here. As shown in Figure 4.10a, with a soft top contact (a
mercury drop), the semiconductor is under a relatively low pressure of only ~30 Pa,
while in the “inverted” junctions (platinum C-AFM tip, Figure 4.10b, c) the silicon is
sensing around ~5 GPa. It is then important to verify whether or not such
phenomenon (the inversion of the diode rectification direction) is also found on
surfaces that yields no tribocurrent output. Static |-V measurements conducted on
4-pentyn-1-ol (S2) functionalized lowly doped p-type Si(111) surfaces (a poor TENG
performer) are shown in Figure 4.10d. The normal behaviour of such junction would
be that of allowing current to pass in the positive quadrant. This is indeed the case,

but a current of similar, or even greater, magnitude is also seen in the negative

guadrant. It is therefore probable that the flexovoltage has the direction of a reverse
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Figure 4.11. (a) A representative force—distance (F-D) curve and the corresponding (b) high-speed
capture current profile. Data recorded under zero-bias on 8-nonyn-1-ol functionalized low-doped
n-type Si(111) surfaces.

bias. Such pressure-induce voltage will therefore oppose the interfacial voltage due
to static charges friction-induced, Figure 4.7), ultimately causing p-type surfaces to
be poorer TENG performers (Figure 4.9). In conclusion, contact pressure plays an
important role that is just not causing larger friction, as the inverted I-Vs Shown in
Figure 4.10 were obtained when the tip is not sliding laterally. We believe that the
explanation lies in the recently reported flexoelectricity under external load [88].
Under this hypothesis, external pressure would generate a flexovoltage that
overwrites the instrument (external) bias, and the experimental inverted |-Vs suggest
that the flexovoltage has the direction of a reverse bias. Reinforcing our
interpretation of the data as the conclusions of Sun et al., who observed that current
under bias could be increased by applying force on silicon based Schottky diodes [40].
Hence, we believe that the inverted diode behaviour is the result of flexoelectricity
under high pressure. This is evident under static conditions (Figure 4.10), but it is

most probably also present under dynamic (sliding) conditions. To further verify the
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Figure 4.12. Band diagram for a Schottky junction made by a platinum AFM tip and n-type silicon
substrate (monolayer-modified, details in Scheme 4.1) (a) before contact, (b) after contact, and (c)
during sliding experiments under a large normal load. During the sliding process, the friction
induced electron—hole pairs are separated by the junction in-built electric field, which leads to a DC
current having the direction of leakage current (reverse bias current). Under high contact pressure
there is also a flexovoltage which promotes the movement of electrons from metal to tip. Eac, Es,
E., and E, indicate the vacuum energy level, the Fermi level, the bottom of the conduction band,
and the top of the valence band, respectively. The convention is such that the energy of an electron
decreases as it moves towards the bottom of the diagram.

onset of flexoelectricity we recorded the current signal while conducting F-D
measurements (i.e. with no deliberate lateral movement of the junction). The result
of these controls are shown in Figure 4.11 and revealed a progressive increase in a
positive sign current (from platinum to silicon) as the tip if forced against the silicon
substrate under no external bias. Similarly to anomalous photovoltaic-to-
micromechanics coupling effects in multiferroic materials [89], during the sliding
process charge carriers are collected effectively by the tip and lead to a net leakage
current. We believe that DC output is the result of both tribovoltaic and flexovoltage
effects (Figure 4.12). The Schottky diode formed by the platinum tip and silicon has a
built-in voltage due to differences in work functions. During the sliding process,
electron—hole pairs induced by friction are separated by the junction’s built-in
electric field, in agreement with the output having the sign of a leakage current. In
addition, there is the onset of a flexovoltage under high contact pressure. This
pressure (or pressure-fluctuations) induced voltage manifests as an electric field that
accelerates electrons in the same direction as in response to the tribovoltage (from

tip to silicon).
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4.4 Conclusion

We have explored the connections between zero-bias current and friction, and
between current and pressure in metal-monolayer—silicon Schottky diodes (dynamic
and static junctions). We bring clear evidence that beside probable friction-induced
electron-hole pairs, static charging of the semiconductor is a major contributor to the
DC output of a sliding Schottky TENG. Friction excess is readily measurable in
junctions where the current flow is prevented, it is substrate doping and type-
dependent and it strongly correlates with the DC output when the current is allowed
to flow under zero external bias. This excess friction is however not measurable when
current flows in the TENG, and exposure of the junction to conditions that remove
surface statics (UV exposure) removes the excess friction. We also show that under
pressures typical of an AFM experiment there is a significant flexovoltage even when
the tip is not sliding. This flexovoltage is large in systems that are good TENG
performers. It can be easily detected as “inverted” diode current—voltage (I-V)
characteristics, suggesting that simple and readily accessible static AFM |-V is an ideal
research tool in the search and screening for optimal Schottky TENG materials.
Further development of DC-TENGs will benefit from an improved understanding of
flexoelectricity, and materials with larger flexovoltages may represent a viable path
to TENGs with a smaller reliance on friction, hence intrinsically less prone to

degradation of performances under prolonged operation.
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Abstract

Triboelectric nanogenerators (TENGs) are advanced devices designed to harness
mechanical energy from various sources such as vibrations, friction, or shear and
convert it into electrical energy. Schottky-based TENGs are a type of TENG that
incorporates a semiconductor—-metal barrier, known as a Schottky barrier, into their
design. This barrier aids in rectifying the generated electrical output, eliminating the
need for external current rectification circuits. Further, silicon-based Schottky TENGs
can leverage existing surface functionalization procedures to improve device output
and durability. Almost without exception, these procedures commence with an
oxide-free and hydrogen-terminated silicon surface (Si—-H). Replacing hydrogen with
its heavier isotope deuterium (Si—D) does not hinder access to established surface
chemistry procedures, and based on previous reports the isotope exchange is likely
to improve resistance of the non-oxide semiconductor against its anodic
decomposition. In this report we have developed the optimal surface chemistry
procedures for preparing Si—D surfaces and explored to what extent this isotope
effect translates into improved performances and durability of Schottky TENGs. Our
findings reveal that the maximum current output of TENGs constructed on Si-D
Si(111) crystals is comparable to that of mainstream Si—H devices. Additionally, we
highlight a generally higher density of surface electrical defects in Si-D compared to
Si-H, and verify the contribution of a flexoelectric term to the mechanical-to-
electrical energy conversion mechanism. Ultimately, our experiments demonstrate
that the primary advantage of replacing hydrogen with deuterium lies in enhancing

device longevity.
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5.1 Introduction

Triboelectric nanogenerators (TENGs) are a class of miniature power-generation
devices that convert vibration into electrical energy, relying on the principles of
triboelectricity, electrostatic induction and flexoelectricity [1-10]. TENGs can harvest
mechanical energy from body motion [11-13], wind [14-17], fluid flow [18-20], falling
rain droplets [21-23], and vibrations [24-26].

Unlike non-regenerative power sources such as batteries, TENGs are ideal for
deployment in applications such as medical implants or remote sensors [27, 28], in
other words, in situations where the action of replacing or recharging a battery is not
straightforward. For most TENGs’ designs and materials, the output is alternating
current (AC-TENGs), which has to be rectified into direct current (DC) if used to power
up an electronic device. Removing the rectification requirement adds therefore
practical scope to TENGs, and explains the increase in research activities towards
TENGs made of materials that can lead directly to DC (DC-TENGSs) [3, 29-38]. Sliding
diodes, such as metal-semiconductor and semiconductor—semiconductor rectifying
junctions, are one of the most promising forms of DC-TENGs [4, 6, 39-45]. A
comprehensive understanding of how friction, strain and/or shear result in the DC
output of a sliding diode DC-TENG remain part of an open debate, but it is an
established fact that the actual surface chemistry of the material making up the
sliding junction can be engineered to maximise the DC-TENG output and extend its

durability [4, 46].

Herein we focus on Schottky DC-TENGs made by sliding sharp metallic tips on oxide-
free crystalline Si(111) surfaces. A key technical impediment to a broader adoption
of this technology is the inevitable anodic decomposition, hence increase in electrical
resistance, of silicon [47]. However, while oxidation of this non-oxide semiconductor
is inevitable, it can be slowed down by chemical capping of the silicon surface atoms.
In this context, one of the most successful chemical strategies to protect a silicon
crystal from oxidation is the thermal or UV-assisted hydrosilylation reaction of 1-
alkynes or 1-alkenes (monolayer-forming molecules, Si—C-bound monolayers) with
hydrogen-terminated silicon (Si—H) [48-51]. As shown in Scheme 5.1, the Si—H surface

can be prepared by dissolving the native silicon dioxide (SiO;) top layer of a
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commercial silicon wafer, through standard non-clean room chemistry procedures
and using inexpensive fluoride-containing aqueous etching solutions, such as
hydrofluoric acid (HF) or ammonium fluoride (NH4F) [52-55]. However while hydride
terminations remain the mainstream starting point for several silicon surface
modification chemistries, there are alternatives to the Si—H “capping” strategy [56].
For example, Si—Cl and Si—Br can serve as the starting substrate for the formation of
robust Si—-C-bound monolayer [57, 58]. The choice of the etching and capping
strategies are likely to be crucial to the performances of Si-based TENGs, and the
reason is that the hydrosilylation step is never complete: around 50% of the Si—H atop
sites remain unreacted upon the attachment of 1-alkynes [48, 59-62]. Since the
hydrogen capping atom is therefore likely to be still present when the semiconductor
is used as part of a Schottky TENG, it is important to gain experimental evidence on
the impact, if any, of the capping agent on device output. This aspect has been to
date entirely overlooked, and an obvious starting point is to explore whether or not
replacing hydrogen with deuterium (Si—H vs Si—D) leads to an isotope effect on the
zero-bias current output of a DC-TENG. Deuterium atoms chemisorbed on a silicon
surface are harder to remove than hydrogen, and it has been suggested that
deuterium-terminated silicon surfaces are less prone to oxidation than their
hydrogen counterpart [63]. The surface energy of Si-D (2.67 eV) is lower than that of
Si—H (3.90 eV), which suggests higher stability for the former [64, 65]. Recent research
on nanoscale friction has also demonstrated lower friction on deuterium-terminated
silicon surfaces compared to hydrogen-terminated ones [66]. Ganguly et al. have also
observed that the light-induced drop in electrical conductivity is less marked in Si-D
than in Si—H [67]. The Si—D appears therefore a very promising substrate on which to
build DC-TENGs. To date a systematic comparison between Si—H and Si—D surfaces as
TENG substrate is lacking, which is the purpose of this paper. We investigate isotope
effects on the triboelectric performance (zero-bias electrical output) of sliding
Schottky diodes made on monolayer-modified Si(111) crystals passivated by
covalently grafting 8-nonyn-1-ol on either Si-D or Si—H substrates (Scheme 5.1). We
explored relationships between zero-bias current and friction, nanoscale topography,
flexoelectricity, static current—potential (I-V) characteristics, and transient

photocurrent decays.
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5.2 Experimental section

5.2.1. Chemicals

Hydrogen peroxide solution (MOS Puranal™, 30 wt % in water, Honeywell), sulfuric
acid (VLS| Puranal™, 95-97%, Honeywell), aqueous ammonium fluoride solution
(40 wt%, Sigma-—Aldrich), potassium fluoride (99.0%, Sigma—Aldrich), deuterium
oxide (D20, 99.9% atom %D, Cambridge Isotope Laboratories, Inc.), deuterated
hydrochloric acid (DCl, 37%, Sigma-Aldrich), redistilled dichloromethane (DCM),
deuterated DCM (CD2Cl2, 99.9% atom %D, Sigma—Aldrich) isopropanol and Milli-Q™
water (>18 MQ cm) were used for silicon cleaning and etching procedures. Prime
grade, single-side polished, (111)-oriented (+0.05°) silicon wafers (Siltronix, S.A.S,
Archamps, France) were 475-525 um thick, and lowly doped (7-13 Q cm) n-type
(phosphorous-doped). 8-Nonyn-1-ol (97%, Biosynth Carbosynth) used for monolayer
assembly were used as received. Gallium—indium (Galn) eutectic (99.99%, Sigma-
Aldrich) was used to ensure an ohmic electrical contact between the sample holder

and the back of the silicon wafer.

5.2.2. Surface functionalization

Prior to surface functionalization, Si(111) wafers were cut into 1 x 1 cm squares and
rinsed sequentially with DCM, isopropanol, and water. Samples were then blown dry
under a nitrogen stream and cleaned by immersion for 30 min in a hot Piranha
solution (a 3:1 mixture (v/v) of sulfuric acid (95-97%) and hydrogen peroxide (30%)
heated at ~100 °C), followed by extensive rinsing with water. Si-D samples were
prepared by immersing, under ambient light and at room temperature, the clean
samples in an etching solution prepared by adding a small amount of ammonium
sulfite (~10 mg) and 0.5 mL of 37% DCl to 30 mL of a KF solution (1 wt% or 10 wt%) in
D,0 [68]. This procedure is based on minor modification of literature procedures [68].
The etching solution was argon-saturated (99.997%, Coregas) and during the etching
the sample’s polished side was facing upwards. A gentle flow of argon gas was
maintained over the etching bath during the entire etching procedure. Si—-H samples

were prepared according to a previously published method [3, 55, 69], which is
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Scheme 5.1. Surface passivation and functionalization of oxide-free n-type Si(111) substrates. Route
1. Silicon surfaces covered with a native oxide layer (SiO,) were (i) cleaned with hot Piranha solution,
and (ii) etched in potassium fluoride solutions (either 1 wt % or 10 wt % in D,0) to form deuterium-
terminated samples (Si—D). Route 2. Silicon surfaces were (i) cleaned with hot Piranha solution, and
(i) etched in ammonium fluoride solutions to prepare hydrogen-terminated samples (Si—H). Si—-D and
Si—-H samples were then reacted with 8-nonyn-1-ol under UV light to yield S1 and S2 samples,
respectively.

analogous to the Si—D procedure with the difference that the etching bath is de-
oxygenated 40% aqueous NH4F. The freshly prepared Si—-D samples were rinsed
sequentially with DO and CD,Cl;, while the freshly prepared Si-H samples were
rinsed sequentially with water and DCM. Both sample types were then blown dry
under a nitrogen stream and placed inside a Petri dish prior to the monolayer forming
step. Chemical passivation of the sample (tethering on oxide-free silicon of an organic
monolayer) was performed as follows: the polished side of freshly prepared Si-D and
Si—H samples was covered with 1-2 drops (~ 50 pL) of degassed 8-nonyn-1-ol. The
liquid 8-nonyn-1-ol sample was then carefully contacted with a 1-mm thick, 75 x 75
mm, quartz plate (GE 124, SPI Supplies) to minimize its evaporation. The Petri dish
containing the etched sample covered by the monolayer-forming liquid sample was
then placed inside nitrogen-gas filled (>99.999%, Coregas) acrylate reaction chamber
fitted with an UV light (312 nm, nominal power output of 30 W, VL-215.M, Vilber)
located at a distance of ~200 mm from the sample. After a 2 h UV-assisted
hydrosilylation reaction, samples were then rinsed with either DCM (Si—H samples)
or CDCl; (Si-D samples), transferred into a glass reaction tube, covered with either
DCM (Si—H samples) or CD,Cl; (Si-D samples), and rested at + 4°C until further

analyzed.
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5.2.3. Atomic force microscopy (AFM)

The simultaneous acquisition of topography, friction, and current maps was achieved
through AFM experiments conducted in conductive mode (C-AFM) using a Park NX10
system (Park Systems Corporation, Suwon, Korea), equipped with a variable
enhanced conductive (VECA) probe hand and a FEMTO current amplifier (DLPCA-200).
Unless otherwise specified, all AFM data were processed and analyzed using the XEI
software (Park System Corp.). The AFM tips were conductive solid platinum tips
(25Pt300B, Rocky Mountain Nanotechnology, USA) with a radius <8 nm, a spring
constant of 18 N/m and a nominal resonance frequency of 14 kHz. The default scan
size was set to 5 x 5 um and the scan rate was set to 1.0 Hz. Line scan lengths were 5
um long. The bias routing is such that a current of positive sign indicates electrons

flowing from the AFM tip to the silicon substrate.

Force—distance (F-D) spectroscopy measurements were conducted to measure the
tip—silicon adhesion force, to estimate the tip—silicon contact area, and to acquire
high-speed current transients across the junction In the F-D measurements the
maximum deflection was set to 2000 nN, the ramp speed to 300 nm/s, and the ramp
size to 300 nm. F-D curves were analyzed using OriginPro 9.0.0 (OriginLab Corp.) in
order to determine the pull-off force (the force at the lowest point of the retract
trace). For each sample, 25 F-D curves at separate locations across the sample were
recorded. A titanium roughness test sample (part RS-12M, Bruker, USA) was utilized
to estimate the tip radius by analyzing the topography data in Gwyddion 2.59 (Czech
Metrology Institute) using the blind estimation function. The silicon—platinum
contact area of each junction was estimated based on the Derjaguin, Muller and
Toporov (DMT) model of adhesion [70] (Section S1, Support Information). High-speed
current profiles recorded during the F-D measurements were processed with
OriginPro 9.0.0 (OriginLab Corp.). For the current—potential (I-V) AFM measurements
the deflection set-point was set to 360 nN, and the applied bias (sample bias) was
ramped from - 2.0V to 2.0 V (and then returned to - 2.0 V) at a rate of 8 V/s. Prior to
each measurement, the open-circuit current was manually adjusted to zero to offset

the influence of instrument built-in voltage..
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5.2.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis of the chemically passivated silicon
substrates was conducted using a Kratos Axis Ultra DLD instrument (Kratos Analytical
Ltd, UK). The system was equipped with a monochromatic Al Ka (1486.6 eV) radiation
source operating at 225 W, and a hemispherical analyzer (165 mm radius) running in
fixed analyzer transmission mode. The photoelectron take-off angle was set to
normal to the silicon sample, and the chamber operated at 2 x 1078 Torr. The analysis
area was 300 x 700 um, and an internal flood gun was used to minimize sample
charging. Survey scans (accumulation of three scans) were acquired over the range
of 0 to 1100 eV, with a dwell time of 55 ms, a pass energy of 160 eV, and a step size
of 0.5 eV. High-resolution scans (accumulation of 10 scans) utilized a pass energy of
20 eV and a step size of either 0.05 eV (Si 2p, 90-110 eV) or 0.1 eV (C 1s, 277-300
eV). XPS data analysis was performed using CasaXPS (version 2.3.18), and any residual
charging was corrected by applying a rigid shift to bring the main C 1s emission (C-C)
to 285.0 eV..

5.2.5. Transient photocurrent mapping (PCM)

Time-resolved measurements of photocurrent decay (transient photocurrent
mapping, PCM) were conducted using a NX10 AFM (Park Systems Corporation)
equipped with a pulsed red laser (635 nm, nominal power output of 5 mW). The laser
on/off timing was controlled by the PCM module attached to the SmartScanTM
software, ensuring dark conditions by temporarily disabling the AFM tip feedback
during the experiment. Photocurrent acquisition time was set to 20 ms, with a 4 ms
period laser pulse initiated after a 3 ms delay from the start of acquisition. No
external bias was applied throughout the process. The junction analyzed in the PCM
experiments was formed by contacting AFM platinum tips (25Pt300B) with

monolayer-coated silicon wafers, with no relative movement between them.

5.3 Results and discussion

Commercial Si(111) wafers were firstly etched to remove their native oxide (SiO>)
layer and to form deuterium- or hydrogen-terminated surfaces (Scheme 5.1, Si-D and

Si-H). Si-D and Si-H samples were then reacted with a hydroxyl-terminated
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monolayer-forming molecule (8-nonyn-1-ol) to protect the substrate from oxidation
while retaining sufficient electrical conductivity. This monolayer surface chemistry
(S2 films) is known to yield high tribocurrent outputs when used as the frictional layer
of a Si—H-based sliding Schottky diode DC-TENGS [3, 68]. XPS survey scans and narrow
scans (Figures 5.1-5.3) for S1 and S2 samples indicate negligible substrate oxidation.
However, such hydrosilylation reaction does not guarantee a full monolayer coverage,
resulting in residual Si—D or Si—H sites, which cannot be detected by XPS [59-62, 69,
70]. As discussed in the introduction, deuterium-terminated Si electrodes have been
suggested to be more resistant against oxidation than commonly used Si—H
substrates [63, 71-73], however, their relative stability under TENG operational
conditions and triboelectric/flexoelectric fields remain unknown. Herein, through
atomic force microscopy (AFM) we compare the electrical performances of
chemically passivated (S1 and S2) Si—H and Si—D samples both under mechanically

static and dynamic conditions.
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Figure 5.1. XPS survey scans of (a) deuterium-terminated (Si-D) samples and (b) hydrogen-
terminated (Si—-H) samples that were reacted with 8-nonyn-1-ol (S1). All survey scans showed
elemental emissions in agreement with the chemical nature of the monolayer-forming molecule
and substrate. Oxygen contaminations are ubiquitous in XPS, and most likely arising from the
presence of oxygenated co-adsorbates, for instance, tightly bound water [74].

- 136 -



Chapter 5 Surface isotope effects

a) b)
—
- =
=] ©
p &
g =
= @
2] C
e k5
L c
2 IS
= ©
e) [0)
@ N
: -
b
T T T T T T T T T T T T T T T T T T T T

—— — .
104 103 102 101 100 99 98 97 96 292 290 288 286 284 282 280 278
Binding energy (eV) Binding energy (eV)

Figure 5.2. XPS narrow scans of a) Si 2p and b) C 1s regions for 8-nonyn-1-ol modified deuterium-
terminated (Si—D) substrates (etched for 30 minutes in 10 wt% KF solution). The substrates were n-
type of 7-13 ohm cm resistivity. The black thick lines are experimental XPS data (106-94 eV for Si 2p
and 292-278 eV for C 1s), while the black thin traces are fitted contributions belonging to Si 2p3/2
at 99.5 eV (0.6 eV FWHM), Si 2p1/2 at 100.1 eV (0.6 eV FWHM1)[75], Si-bound to hydrogen (Si—H)
at 100.75 eV (0.9 eV FWHM)[76] , methylene carbons (C—C) at 285.0 eV (1.4 eV FWHM), silicon
bound olefinic carbons (Si—C=C) at 283.6 eV (0.9 eV FWHM), and oxygen bond carbon (C-0) at 286.3
eV (1.4 eV FWHM)[77].
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Figure 5.3. XPS narrow scans of a) Si 2p and b) C 1s regions for 8-nonyn-1-ol modified hydrogen-
terminated (Si—H) substrates. The substrates were n-type of 7-13 ohm cm resistivity. The black thick
lines are experimental XPS data (106-94 eV for Si 2p and 292-278 eV for C 1s), while the black thin
traces are fitted contributions belonging to Si 2p3/2 at 99.5 eV (0.6 eV FWHM), Si 2p1/2 at 100.1
eV (0.6 eV FWHM1)[75], Si-bound to hydrogen (Si—H) at 100.75 eV (0.9 eV FWHM)[76] , methylene
carbons (C—C) at 285.0 eV (1.4 eV FWHM), silicon bound olefinic carbons (Si—-C=C) at 283.6 eV (0.9
eV FWHM), and oxygen bond carbon (C-0) at 286.3 eV (1.4 eV FWHM)[77].
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5.3.1. Optimization of Si—D surface preparation

While the preparation of Si—H surfaces is well established, there are relatively fewer
protocols for making Si—D surfaces. The previously reported wet chemistry approach
towards Si—D substrates [71] did not yield surfaces of roughness as good as that of
Si—H substrates prepared by the NHsF-etching of native Si(111), whose root mean
square roughness (Rq) is generally as good as 0.2 nm [68]. Therefore, since the
surface preparation of Si—H is well established, this section focuses on the etching
optimization towards Si-D, i.e. how to successfully passivate the Si(111) surface
without sacrificing surface flatness. This is crucial for nanoscale DC-TENGs analysis,
as differences in roughness are known to lead to different tribocurrent outputs and
would have complicated the analysis of the tribocurrent data. We tested several
concentrations of the etchant (1 and 10 wt % of KF in D,0) and varied the etching
time (1, 10, 30 min). Samples prepared under all these conditions were analysed by
conductive AFM (C-AFM) to probe simultaneously their electrical performance (zero-
bias current output) and their surface topography (Figure 5.4). Samples etched for
30 min with 10 wt % of KF led to an oxide-free surface (Figure 5.2), with relatively
good topography and high zero-bias current output (Figure 5.4). We note that
although all etching conditions led to satisfactorily flat samples of root mean square
roughness (Rq) ranging from 0.21 to 0.35 nm, the zero-bias current varied significantly
with etching time. The recorded zero-bias current density for surfaces immersed in 1
wt % KF solution (in D20) was 1.58 x 10* A/m? (1 min, Rq=0.26 nm), 3.41 x 10° A/m?
(10 min, Rq = 0.35 nm), 1.09 x 10* A/m? (30 min, Rq = 0.21 nm), and in 10 wt% KF
solution (in D20) is 1.18 x 10° A/m? (1 min, Rq =0.23 nm), 2.77 x 10°> A/m? (10 min, Rq
=0.28 nm), 1.23 x 107 A/m? (30 min, Rq = 0.25 nm) respectively. All samples exhibit a
zero-bias current of positive signs, indicates the electrons flow from tip to samples,
which is the direction of leakage current. In conclusion, for 10 wt% KF solution (in
D,0), the zero-bias current density of surface functionalized Si(111) sample increases
with etching time. As for 1 wt% KF solution, extending etching time cannot well

passivate Si(111) surface due to incomplete elimination of the native oxide.
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Figure 5.4. AFM height 5 x 5 um images and corresponding zero-bias current map of 8-nonyn-1-ol
coated Si—D substrates etched in 1 wt % potassium fluoride solution (in D20) for (a, d) 1 min, (b, e) 10
min, and (c, f) 30 min, and in 10 wt % potassium fluoride solution (in D,0) for (g, j) 1 min, (h, k) 10 min,
and (i, 1) 30 min. The applied force was set to 360 nN. The scale bar in panels (a—c) and (g—i) represents
1 um. The positive signal of current indicates the electrons flowing from tip to sample.

Regardless of whether a Si—D surface is formed on Si(111) by etching in 1 wt % or 10
wt % KF in D;0, samples etched for 10 min were consistently rougher than samples
etched for shorter or longer times (1 and 30 min). With the 1 wt% KF etching solution,
the zero-bias current density reached a maximum with 10 min of etching time.

Surprisingly, extending the etching time to 30 min caused the zero-bias current to
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return to the level observed with the 1 min etching. This could be due to incomplete
coverage of Si—D sites [78], possibly causing surface re-oxidation over time, leading
to a decrease in conductivity. For the 10 wt% KF etching solution, 30 min etching time
enables the silicon surface to become atomically flat and allows for significant zero-
bias current density to be observed in C-AFM measurements. No apparent oxidation
is detected by XPS (Figure 5.2). Therefore, Si(111) samples that were etched for 30
min in 10 wt % KF in D0 were selected as the model Si—D system on which to graft a
monolayer (S1 samples) and then perform a systematic comparison against Si-H

surfaces as DC-TENG platform.

5.3.2. Zero-bias current on monolayer-modified Si—D and Si—H samples

We then moved to answer the question as to whether or not S1 samples are less
prone to oxidation than S2 samples, and to what degree they maintain a stable zero-
bias current output under friction and friction-induced electric fields (i.e. upon sliding
of a metal tip against the sample’s surface). In a C-AFM experiment, friction and
current signals can be recorded simultaneously, and considering the previously
reported suggestion of an electronic contribution to friction [79-81], we asked the
question whether or not friction could influence the zero-bias current output
observed during the sliding of the Schottky diode. We therefore conducted multiple
lines scans along 5-um-long lines across both S1 and S2 samples in order to probe the
distribution of zero-bias current peaks, their relationship with the friction profile, and
the stability over time of the zero-bias current. Figure 5.5 shows topography, zero-
bias current and friction profiles of 20 scans recorded along the lines marked in figure
over the AFM images of S1 (line A-B) and S2 (line C—D) samples. Examination of the
current and height data for S1 samples (Figure 5.5a) indicates that there is no clear
correlation between current distribution (peaks in current) and sample topography.
Conversely, data in Figure 5.5d reveal that the current and height profiles of S$2
samples are somewhat more correlated, with the zero-bias (triboelectric) current
spikes generally occurring at the edges of the Si(111) terraces, which are most likely
(211) facets [68]: the electrical conductivity of Si(211) is higher than that of Si(111)

[82-84]. The difference in the current—topography matching patterns, between
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Figure 5.5. (a) AFM topography image (left), and zero-bias current map (right), (b) forward (from left
to right) and (c) backward (from right to left) line (A—B line) scans of friction (upper) and zero-bias
current (lower) data recorded on functionalized Si(111)-D substrates (Scheme 5.1, S1). The position
of the A-B line is marked in panel (a). (d) AFM topography image (left), zero-bias current map (right),
(e) forward (from left to right) and (f) backward (from right to left) line (C-D line) scans of friction
(upper) and zero-bias current (lower) data acquired on functionalized Si(111)—H substrates (Scheme
5.1, S2). The position of the C-D line is marked in panel (d). The blue shaded regions marked in the
friction profiles represent the standard deviation of 20 scans.

hydrogen- and deuterium-based samples may be attributed to the latter lacking a
clear terraced structure, making it more difficult to identify such patterns.
Nevertheless, we cannot rule out the possibility of Si(211) nanoscopic domains being
exposed on the deuterium-based Si(111) surface (S1 samples) which explains why in

Si—D samples the zero-bias current distribution is not correlated with topography.

Interestingly, for S1 samples the most prominent zero-bias current peaks persist in
the same locations over 20 consecutive scans (multiple forward and backward scans
over the same line). Additionally, out of the 20 scans conducted (shown in different

colors in Figure 5.5b,c, lower plots), approximately 3 to 5 occurrences of current
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spikes were consistently observed at the same location, namely, peaks 1 and 2 in the
forward scan (Figure 5.5b, lower plot), and peaks 1' and 2' in the backward scan
(Figure 5.5c¢, lower plot). However, the corresponding friction profiles (Figure 5.5b,c,
upper plots) at the same location do not exhibit significant variation or identical
features in that precise spot. On the contrary, the distribution of the current spikes
over 20 scans on samples S2 shows a more random pattern, with the majority of the
current “spikes” occurring in the forward scan (peaks 3, 4, 5, Figure 5.5e) while there
was a significant decrease, or even disappearance, at the same location in the
backward scans (peaks 3’, 4’, 5, Figure 5.5f). As for the corresponding friction profiles
(Figure 5.5e,f, upper plots), there is no significant change or identical feature within

the areas of current spikes for sample S2 either.

From a more general perspective, the root-mean-square roughness (Rq) of samples
S1 and S2is 0.25 £ 0.19 nm and 0.19 * 0.145nm respectively. In addition, according
to the zero-bias current map (Figure 5.5d), the zero-bias current density for sample
S2is obtained to be 1.19 x 10’ A/m?, which is comparable to the value reported above
for sample $1 (1.23 x 107 A/m?). Since the roughness are similar, so that any chemical
difference between S1 and S2 (Si-D and Si—H) is not significant in terms of the

electrical performance of DC-TENGs.

As mentioned above, the zero-bias current acquired during 20 scans along marked
lines is more stable in sample S1 than sample S2 over time. This is consistent with the
previously reported finding of deuterium-terminated silicon surface, suggesting that
because sample S1 is more resistant to oxidation under triboelectric field, thereby
ensuring a stable output of tribocurrent. Conversely, zero-bias current map of sample
S2 (Figure 5.5d, right) is brighter than sample S1 (Figure 5.5a, right). In addition, the
mean current of sample S2 is 0.656 nA, which is 10 magnitudes higher than sample
S1, 0.061 nA, suggesting that the overall zero-bias current of sample S2 tends to be
higher, which may lead to a rapid oxidation under the triboelectric field coupled with
thermal effect induced by friction [85], eventually resulting in a rapid decay of zero-

bias current after prolonged operation.
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5.3.3. Triboelectric and flexoelectric effect on Si—D and Si—H samples

Strain gradients can lead to surface polarization (i.e. a voltage) in many materials,
including silicon [86-89]. A direct measurement of the (macroscopic) flexoelectric
coefficient — magnitude and sign — of silicon is still lacking, mainly because of the
technical challenge of introducing a macroscopic strain stimulus without breaking
this hard and brittle material. There are however several reports indicating that a
nanoscale strain gradient is likely to significantly polarize silicon [90, 91]. To explore
the possible contribution of flexoelectricity on the observed zero-bias current, we
conducted, high speed current capture tests (in F-D spectroscopy), transient
photocurrent mapping and current—potential (I-V) measurements at 25 different
locations either with or without current surges spotted on sample S1 (Figure 5.6) and

S2 (Figure 5.8).

On the surface of a S1 sample we randomly selected 25 different locations, including
both regions with marked current spikes (marked with red crosses in Figure 5.6a) as
well as regions of negligible tribocurrent output (marked with white crosses in Figure
5.6b) for testing. Figure 5.6c,d shows the zero- bias current signal recorded as the
platinum AFM tip is pressed down and lifted up (along the sample normal direction)
so that the normal force is increased and decreased cyclically during the F-D
spectroscopy (Figure 5.7). Both locations that did output a tribocurrent (Figure 5.6c¢)
as well as those that performed poorly as a TENG(Figure 5.6d), as normal force is
increased there is a large current surge (with the direction of a reverse bias leakage
current) observed when the applied force is beyond 1500 nN (contact pressure ~ 9.4
Gpa). Such high contact pressure could lead to plastic deformation (strain gradient)
of silicon [92], potentially leading to flexoelectricity [93]. The key point is that a strain
gradient is likely to cause surface polarization and that a similar situation is likely to

occur when the tip is sliding laterally.

Interestingly, four F-D measurements out of the 25 conducted in areas that were
good TENG performers (Figure 5.6c) exhibited a current density exceeding 1.0 x 103

A/cm? (when the load reaches 1500mN, contact pressure reaches ~9.4 Gpa) with 2
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Figure 5.6. (a,b) Representative zero-bias AFM current map acquired on a S1 sample, with red cross
symbols marking regions of interest that are further analysed through force—distance (F-D), current—
potential (I-V) and transient photocurrent spectroscopies. (c,d) High-speed capture current profiles
obtained during F-D measurements. (e,f) -V measurements, and (g,h) transient photocurrent decay
data. All data (except |-V curves) were recorded under zero external bias on 8-nonyn-1-ol
functionalized low-doped n-type deuterium-terminated (Si—D) surfaces (S1 samples). A current of

positive sign indicates a net flow of electrons from tip to sample.
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instances reaching ~1.75 x 103 A/cm?. Although the current feedback in other
locations is not as pronounced, the current density can also generally reaches ~ 2.5 x
10? A/cm?. Conversely, in areas that were poor TENG performer (Figure 5.6d), only
one F-D test showed a maximum current density of ~1.5 x 103 A/cm?, and one a
maximum current density of ~ 1.0 x 10®> A/cm?. The remaining locations exhibited
relatively low current response under normal force, with the maximum current
density being below 2.5 x 10? A/cm?. The putative flexoelectric effect is therefore
more significant in areas with good TENG output, leading to a larger flexoelectric field

(directed from sample to tip) in those regions.

This presence of a flexovoltage which bears the sign of an additional reverse bias term
can be further revealed through the analysis of “static” current—potential (I-V)
measurements (Figure 5.6e,f) where such “mechanical” term would add or substrate
to the external (instrument-controlled) bias. When a positive external voltage bias is
applied to the silicon (n-type) side of a Pt-Si Schottky diode, the junction is in reverse
bias, and only a negligible leakage current flows [94, 95]. When a negative voltage
bias is applied to the semiconductor, the diode is under forward bias and past an
internal intrinsic barrier (knee voltage of ~0.4 V) [96] the junction current increases
exponentially with voltage [3, 94, 97]. However, a very surprising feature of the |-V

curves obtained by pressing the platinum AFM tip onto n-type S1 samples (Si-D based

2000
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Figure 5.7. A representative force—distance (F-D) curve. Data recorded on 8-nonyn-1-ol
functionalized low-doped n-type Si(111)-D surfaces.
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monolayer-modified Si(111) samples) is an exceedingly large leakage. Under a
moderately low external reverse bias (small positive sample bias) the extent of
leakage flow is already significant. Conversely, the forward current is significantly
hindered, as it the apparent knee voltage shifts positive. In other words, there
appears to be an additional directional bias term (non-instrument-defined) which
adds to the instrument reverse bias and detracts from the instrument forward bias.
Notably we found that |-V data acquired at regions that were good TENG performers
(Figure 5.6e) the leakage increases more than the forward current decreases, possibly
indicating that beside the flexoelectric contribution, TENGs’ performances also rely

on electric conductivity.

We then turned to the role of surface states, such as electron—hole pairs
recombination sites, in terms of affecting tribocurrent outputs [98, 99]. To this end
we conducted measurements of transient photocurrent decays (Figure 5.6g,h) at the
sample locations marked in Figure 5.6a,b. No difference was found between regions
that performed well or poorly as TENG. With Si—-D-based samples, all transient
photocurrents appeared like the charging and discharging of a capacitor, indicating a

large density of surface defects [100].

To reveal an isotope effect we conducted experiments analogous to those in Figure
5.6 also on S2 samples, and the results are in Figure 5.8. The key tests on the presence
or absence of a flexoelectric effect (Figure 5.8c,d) and tests on the presence or
absence of an additional, strain-related, reverse bias term in |-V curves (Figure 5.8¢,f)
are essentially indistinguishable (qualitatively) between S2 and S1 samples. However,
in quantitative term, both F-D and |-V curves yielded greater current values if the
substrate was hydrogen- rather than deuterium-terminated. This observation can be
explained by comparing the results of the transient photocurrent decay tests (Figure
5.8g,h versus Figure 5.6g,h). Unlike for S1 samples, the photocurrent extracted from
S2 samples exhibits a typical on and off response, with a stable current density of ~
200 A/cm? during the laser-on period. Such a current response indicates fewer
surface states on hydrogen- versus deuterium-based samples [100, 101]. Less surface

states provide fewer recombination sites for electron-hole pairs, allowing more

- 146 -



Chapter 5

Surface isotope effects

2.00x10%-
& 1.75x10%-
1.50x10%-
= 1.25x10*
1.00x10*-
7.50x10°-
5.00x10° |
2.50x10° _h

0.00--

Alcm

Current density

d)

Current density (A/cm?)

-1500-1000 -500

[©)
~

0 500 1000 1500 2000

Force (nN)

—
SN

6.0x10°

4.0x10°-

2.0x10°
0.0

-2.0x10°

Current density (A/cm?)

-4.0x10°

(o]
~

500

Current density (A/cm?)

Sample Bias (V)

400
300
200-

100

Mean current density (A/cm?)

4
o
]

0

0 -mend LASEN, sy
.

on

" 5000

——|

10000 15000 20000

Time (nsec)

2.00x10"
1.75x10%1
1.50x10*
1.25x10*
1.00x10%1
7.50x10%1
5.00x10°
2.50x10°
0.00+

-1500-1000 -500 O

500 1000 1500 2000

Force (nN)

6.0x10°
4.0x10°
2.0x10°
0.0
-2.0x10°

-4.0x10°

500

Sample Bias (V)

400

300

200

100

Mean current density (A/cm?)

-100

0

5000

.,ww\wvl

0t LBSE pomssmerrsiscmanan i

on
10000 15000 20000

Time (usec)

Figure 5.8. (a,b) Representative zero-bias AFM current map acquired on a S2 sample, with white cross
symbols marking regions of interest that are further analysed through force—distance (F-D), current—
potential (I-V) and transient photocurrent spectroscopies. (c,d) High-speed capture current profiles
obtained during F-D measurements. (e,f) -V measurements, and (g,h) transient photocurrent decay
data. All data (except |-V curves) were recorded under zero external bias on 8-nonyn-1-ol
functionalized low-doped n-type deuterium-terminated (Si—H) surfaces (S2 samples). A current of

positive sign indicates a net flow of electrons from tip to sample.
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charge carriers to move directionally under the electric field, resulting in a larger

current.

5.4 Conclusions

We have refined the wet chemical etching protocols to achieve deuterium-
terminated and oxide-free Si(111) crystals. Following surface chemical derivatization
through monolayer chemistry, we conducted a systematic comparison between Si—
D- and Si—H-based Schottky triboelectric nanogenerators (DC-TENGs). Despite
detecting a higher occurrence of electrical defects on Si-D compared to Si-H, our
investigations revealed no discernible isotope effect concerning the maximum
attainable TENG current density. Both substrates exhibited comparable performance,

with zero-bias current densities reaching as high as ~ 107 A/m?2.

The primary advantage of substituting hydrogen with its heavier isotope lies in
enhancing device longevity. This observation aligns with prior studies demonstrating
the superior ability of Si-D to mitigate anodic decomposition of the underlying
substrate. Furthermore, our research unveils the presence of a flexoelectric
component contributing to the TENG output, suggesting the potential significance of
strain gradients in the mechanical-to-electrical energy conversion mechanism within
a Schottky TENG. We also note that our findings underscore the necessity of
minimizing or addressing strain, and potentially shear, when conducting routine
nanoscopic electrical measurements on metal-semiconductor junctions. For instance,
the accuracy of externally applied voltage, as defined by the instrumentation, during
an AFM-based current—voltage measurement is likely to be compromised by the

presence of a flexoelectric term.
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6.1. Conclusion

Chapter 1 and 2 introduced the physical and chemical properties of semiconductors,
their roles, and functions in DC-TENGs. Through a survey and summary of the recent
research on semiconductor-based DC-TENGs, Chapter 1 identified the key focus areas
and research questions of this thesis: enhancing the output current density while
controlling the material wear caused by frictional forces and exploring the main

mechanisms and influencing factors of triboelectricity.

Results presented in Chapter 3, mainly through the surface functionalization of silicon
surfaces, indicate that the zero-bias current output of an out-of-equilibrium Schottky
diode does not directly correlate with the microscale dynamics of stick-slip friction.
Furthermore, the chapter also reports on the observation that silicon surfaces
containing abundant electrical defects tend to produce larger DC outputs when
integrated into Schottky diode TENGs. Additionally, the results of this chapter contain
implicit evidence that the incorporation of flexoelectricity significantly enhances DC
outputs, resulting in zero-bias current densities of up to 10° A/m? recorded on

hydroxyl-terminated monolayer-coated Si(211) substrates.

In Chapter 4, the relationship between zero-bias current and friction, as well as
between current and pressure in metal-monolayer-silicon Schottky diodes, both
dynamic and static junctions, is investigated in further details. The findings suggest
that besides the possible generation of e—h pairs induced by friction, the static
charging of the semiconductor significantly contributes to the DC output of a sliding
Schottky TENG. Furthermore, we demonstrate that significant flexovoltage exists
under typical AFM experiment pressures, even when the tip is not sliding, particularly
in systems exhibiting good TENG performances. This flexovoltage, revealed visually
as "inverted" diode current—voltage characteristics, underscores the potential of
simple static AFM |-V measurements as an effective tool for researching and
screening optimal Schottky TENG materials. The results presented and discussed in
this chapter indicate that the advancement of DC-TENGs will greatly benefit from a
deeper understanding of flexoelectricity, and materials with higher flexovoltages may

offer a promising avenue towards TENGs with reduced reliance on friction, thus
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exhibiting greater resilience to performance degradation during prolonged

operation.

Having demonstrated in Chapters 3 and 4 the power of silicon surface chemistry, and
in particular of hydrosilylation reactions, to augment the output of DC-TENGs,
Chapter 5 addresses the question as to what scope and practical value there is in
replacing the starting material from Si—H to Si—D. The rational of this isotopic switch
is in the putative lower friction and higher stability of deuterium-terminated silicon
crystals versus hydrogen-terminated silicon. The results presented in Chapter 5
indicate that TENGs constructed on Si(111)-D crystals exhibit comparable maximum
current output to mainstream Si(111)—H devices and that the DC output of a Schottky

diode TENG does not correlate with friction-induced energy release.

We also observed a higher density of surface electrical defects in Si-D compared to
Si—H and confirmed the contribution of a flexoelectric term to the mechanic-to-
electrical energy conversion mechanism. Ultimately, the main, and not small,
advantage revealed by our experiments is that replacing hydrogen with deuterium

enhances device longevity.

Generally speaking, via this study, we ruled out the tenet of a connection between
tribocurrent and friction. We also found that surface states, functional groups on
material surfaces, flexoelectric effects under high contact pressures, and friction-
induced e—h pairs collectively influence the output of DC tribocurrent. We believe
that our findings will start a new debate among physicists, chemists and
nanotechnologists whose interests span from green energy, autonomous power
sources, control of friction and wear, electrostatic actuation and interfacial charge

transport.

6.2. Future Outlook

While this study has explored several of the most obvious factors that may influence
tribocurrent and has conducted a detailed investigation into each of them, there are
still many unknowns regarding the working principles of TENGs. The existing

framework cannot satisfactorily explain working mechanisms or explain several of
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the issues encountered. Therefore, future research efforts are needed to clarify on

the working principles and influencing factors of DC-TENGs.

One notable pending question, for example, is on the role and magnitude of the
flexoelectric effect, and whether or not this can be maximised to achieve higher
current outputs. Quantitative research on how zero-bias current respond to
materials’ deformation under applied strain can be further explored to determine the
role of flexoelectricity on the zero-bias output of TENGs. To achieve this, soft
materials, such as silicon thin films, fabric textiles, can be used for experiments,
where the current signal and the deformation of materials (strain applied) can be

recorded simultaneously.

Also, due to the presence of moisture in the air, water may gradually adsorb onto the
sample surface, potentially affecting the tribocurrent output. Some open questions
need to be addressed, such as, is surface water involved? Is the charge of the aerial

surface of water playing a role? Or a wet interface is just leading to a larger contact?

Additionally, semiconductors with large band gap, for instance, perovskite, GaN, and
SiC, can be attempted to probe their impacts on triboelectric field, hence the zero-
bias current signal. One thing that needs more attention is to ensure their surface
roughness is similar by adjusting the etching process. They can also form a p-n
junction with themselves or other semiconductors to further explore the electrical
performance of p-n junctions based DC-TENGs, which is similar to Schottky diode

based TENGs.

For existing laboratory-scale TENG models, appropriate scale-up experiments can be
conducted to investigate whether they still exhibit good electrical performance on a
larger scale. Various fabrication methods and numerous functionalized materials
(surface chemistry) can be attempted to enhance energy conversion efficiency and
reliability, and eventually find the appropriate one for a durable, stable, flexible, and
even bio-compatible DC-TENGs. Moreover, integration with other emerging
technologies such as flexible electronics, Internet-of-Things (loT) devices, and energy
storage technologies, could open up new applications in flexible energy harvesting

devices, self-powered sensors, and even medical monitoring systems.
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As research continues to push boundaries and manufacturing processes mature,
silicon-based DC-TENGs might be able to catalyse a sustainable energy revolution,
driving innovation, and empowering a future where renewable energy are

cornerstones of our technological landscape.
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Determination of the binding configuration for the 8-nonyn-1-ol

monolayer

While 1-alkynes are known to selectively yield Si—=C-bound monolayers when reacted
with Si—H surfaces [1-3], we nonetheless considered the possibility of alternative
binding configurations for the bi-functional, and asymmetric, 8-nonyn-1-ol
monolayer-forming molecule. This molecule bears both acetylene and hydroxyl
groups, hence there is the possible formation of either Si=C—C or Si—-O—C/Si—C(OH)
surface bridges, as well as both configurations potentially coexisting. To this end we
designed control experiments, shown in Figure 3.2, which rely on the orthogonality
of the copper (l)-catalyzed alkyne—azide cycloaddition (CuAAC) reaction to detect the
presence (or absence) of a free alkyne functionality at the monolayer distal end. An
azide-tagged redox-active ferrocene molecule was thus reacted on (111)- and (211)-
oriented silicon electrodes coated under UV-assisted conditions with either 1,8-
nonadiyne or 8-nonyn-1-ol. By means of cyclic voltammetry-based measurements of
the Faradaic charge for CUAAC-reacted electrodes we were able to directly measure
the surface density of surface-confined ferrocene molecules. Using the 1,8-
nonadiyne system as the reference system — a system that due to the adsorbate’s
symmetry can only expose terminal acetylenes — quantitative electrochemical
information allowed us to infer that almost all surface-confined molecules in a 8-
nonyn-1-ol monolayer have hydroxyl units as their terminal groups (Figure 3.2). This
finding indicates, as depicted in Scheme 3.1 (Chapter 3), a prevalent Si—-C-bound
configuration at the buried monolayer interface. This conclusion is reinforced by
water contact angle measurements (Figure 3.7), which reveal that surface samples
made from 8-nonyn-1-ol are significantly more hydrophilic than the 1,8-nonadiyne
surface. A larger wettability (54° vs 74°, Figure 3.7) is consistent with a hydroxyl-

terminated monolayer.
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Estimation of AFM platinum tip—silicon contact area

The DMT (Derjaguin—Muller—Toporov) model of solid adhesion is generally suitable
for hard and weakly adhesive materials [1], such as silicon. The contact area

estimated by this model is described as:

2

A= TL'{% (L+ 271Ry)}3

where

R is the tip radius, K is the reduced Young’s modulus, L is the normal applied force,

and 2mRy is the adhesion force.

The adhesion force is obtained by averaging data from multiple F-D (force—distance)

curves.
The reduced Young’s modulus (K) is given by:

4 1-vZ 1-—v3

1
k=3¢ E g )

where E is Young’s modulus, and v denotes the Poisson ratio. For silicon and platinum
Poisson ratios are 0.222 and 0.395, respectively, and the Young’s modulus are 162.9
GPa and 177.3 GPa, respectively [2]. The reduced Young’s modulus is therefore 70.78
GPa. The experimental contact areas varied in the range 70-100 nm?, the actual
sample value was used to correct in each case absolute currents into current

densities.
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Table S1. Parameters for contact area and the current density estimation

IMax Fadhesion | Load Rtip Acontact | Current
Molecule density
(nN) (nN) | (nm) | (nm?)
(A/m?)
1-nonanol 8.1 pA 262.1 98.4 8.2 x 10*
1-nonyne 3.1pA 181.9 89.9 3.4 x 10*
Si(111) | 8-nonyn-1-ol | 3.0 nA 178.0 365.0 | 19.8 89.4 3.4 x 107
1,8- 46.9 pA | 238.5 96.0 49x10°
nonadiyne
138.0 37.5 71.0 1.9 x 108
1-nonanol
pA
1-nonyne 30.2pA | 67.3 74.5 4.1x%x10°
Si(211) 349.0 39.8 365.0 18.9 71.3 49x10°
8-nonyn-1-ol
nA
1,8- 78.7pA | 72.0 75.0 1.0 x 10°
nonadiyne
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